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Abstract

:

Bifacial photovoltaic (BPV) panels represent one of the main solar technologies that will be used in the near future for renewable energy production, with a foreseen market share in 2030 of 70% among all the photovoltaic (PV) technologies. Compared to monofacial panels, bifaciality can ensure a gain in energy production per unit panel area together with a competitive cost. However, it is of paramount importance to identify whether there is also an environmental benefit when adopting bifacial technologies as opposed to traditional monofacial ones. To obtain a proper insight into the environmental impact, this paper reviews the Life Cycle Assessment (LCA) studies of bifacial solar panels, identifying the most crucial processes and materials that raise environmental burdens. The analysis also contributes to determining whether the major aspects that influence energy production in real operation scenarios and, most of all, that can ensure the gain associated with bifaciality, are considered and how these can further affect the overall environmental impacts. In this sense, it was found that the installation parameters like the mounting structure, or the choice of ground material to raise the albedo as well as the diffuse irradiation that hits the rear surface of thepanel, are commonly not considered during LCA analysis. However, none of the analyzed studies address the issue in a comprehensive way, hampering an effective comparison between both the different works and traditional monofacial PV panels. Recommendations for future LCAs are finally proposed.
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1. Introduction


The ever-increasing global energy crisis and the escalation in the emission of greenhouse gases have led to a constant rise in the use of renewable sources for power production to satisfy the world’s energy demand. According to the International Energy Agency, in terms of total installed capacity, the major increase in contribution from the year 2000 up today is associated with photovoltaic systems, followed by wind and hydroelectric power production. The latest available data report that the worldwide solar power installed capacity in 2021 was approximately 885 GW, with a global energy production of 1003 TWh. With respect to 2020, energy generation from photovoltaic panels increased by 467 TWh, marking a yearly +25% and accounting for 4.5% of global energy production [1].



Despite the significant reduction in the environmental impacts of solar technologies in comparison to those of traditional fossil-fuelled thermoelectric plant [2], lots of efforts are still being focused on improving the eco-profile of PV cells, panels and plants. Enhancing conversion efficiency together with a reduction in energy and materials consumption, are still the major concerns of PV developers. In this sense, the research of new technologies that can boost electricity generation with lower environmental impacts is still to be realized.



During the last decade, among the most investigated PV systems, bifacial solar technology has played a major role thanks to its readiness level and the rapid increase in the installation market share over the last few years. Indeed, as reported by the International Technology Roadmap for Photovoltaic, a constant rise is foreseen in the market share of PV systems for bifacial solar cells from 20% in the year 2020 up to 70% in 2030. The academic community has also been focusing its attention on bifacial solar cells, as can be seen from the research trend over the last decade reported in Figure 1. From 2013 up to 2022, the yearly number of published papers found in the Scopus database on bifacial solar systems increased from 41 to 187, marking the academic interest in the technology.



It is, however, of paramount importance to identify the environmental burdens associated with any energy production system and, therefore, also those for bifacial PV panels. Life cycle assessment (LCA) methodology is a powerful tool to determine the environmental impacts and energy consumption associated with each life cycle stage, including of the raw materials supply, production, use and final disposal, of any kind of goods and services. Through LCA it is possible to identify the most energy-intensive processes as well as the materials and life cycle steps that present the higher associated environmental impacts.



To assess the potential of this technology, the focus of this paper is considered to be dual. On one hand, it presents a review of the current literature on LCA studies applied to bifacial solar cells, with the purpose of finding less-impacting technologies and production processes, highlighting the aspects that still need further study in order to be improved. On the other hand, it evaluates whether the approach of using the same methodological considerations used for monofacial systems can also be adopted for bifacial systems, or if further analysis should be integrated into the computation of the environmental impacts.



The Section 1 of this work presents the analysis of the state of the art of the PV system, from the first generation of solar cells up today’s technologies, with a focus on bifacial systems. The Section 2 focuses on LCA methodology and its critical aspects, while the Section 3 is dedicated to the analysis of the current published literature on the LCA of bifacial solar panels. The Section 4 presents the results from the literature for comparison.




2. Bifacial Solar Cell Technologies


It is fairly well-known that sunlight is one of the most abundant and widespread sources of energy available on the Earth, with normal incident values at sea level of about 1000 W/m2 [3]. In comparison to other renewable energy sources, its higher natural abundance and reliability, as well as the technological readiness and easy and economical installation for domestic applications, have made solar cells the most used and widespread devices for energy production from non-conventional sources [4]. In a traditional photovoltaic system, aside from the solar panels, other different components, usually referred to as Balance of System (BOS), are needed to allow correct operation. Within the BOS are included all the cables and switches, the inverter, the mounting structure, the batteries as well as other possible components used to monitor the external conditions, such as solar meters, anemometers, solar trackers, etc.



From the early stage of development of solar cells up today, three main PV technologies can be listed:




	
First generation: The solar cells are made of crystalline silicon which can be in the form of either mono- or multi-crystalline. These represent the two technologies that have achieved the highest market share among all, due to the consolidated production process and knowledge of the conversion mechanism.



	
Second generation: this typically refers to thin-film solar cells, like amorphous silicon, cadmium telluride (CdTe), copper-indium-gallium-selenide (CIGS) or the more recent silicon hetero-junction solar panels.



	
Third generation: All the panels do not use silicon as the main substrate but rather adopt organic or semi-organic materials. In this category perovskite solar cells, quantum dot cells and dye-sensitized solar cells can be listed.








If on one hand second- and third-generation PV systems still struggle to achieve a significant market share, on the other hand, the recently developed bifacial PV is making its way to becoming the most used solar system in the near future. One of the major advantages that contributed to the fast and widespread development of this system is that it adopts the same technology used in monofacial silicon crystalline cells, with the main difference being replacing the opaque rear surface with a transparent one in order to allow light to hit the cell’s back surface. In this way, energy production can be enhanced thanks to the possibility of exploiting the reflected and diffuse light that hits the rear side of the panel. A schematic cross-section of a p-type bifacial solar cell is presented in Figure 2. To realize the photovoltaic panel, the solar cell is further encapsulated and placed between two sheets of solar glass.



In the following Table 1, the main characteristics of the available bifacial solar cell technologies are listed [5,6]:



Among the technologies reported in the previous table, PERC seems to be the most promising for bifacial applications. Indeed, the enhanced efficiency and energy production, the longer lifetime, a more favourable temperature coefficient, together with the possibility of using the already-available industrial production lines, make PERC the best option from a cost-effective perspective.



The use of bifacial panels can boost energy production from 7.75% to 15% per unit surface in comparison to the same monofacial panel, depending on the albedo and installation conditions [7]. Although there is a higher price per Watt for bifacial solar panels in comparison to that for monofacials [8], the Levelized Cost of Energy (LCOE) for these systems can be in the range of 2% to 6% lower than their monofacial counterparts [9]. Nowadays, one of the proposed strategies to reduce panel cost is to lower the amount of silver used for the front contact and replace it with copper. The use of Cu-plating instead of Ag paste could also lower the thermal energy demand required for the production process [10]. Yet, problems related to the possible shunting of the p-n junction still need to be properly addressed.



When dealing with bifacial solar cells, more installation variables in comparison to those for monofacial systems must be considered to maximize the incident irradiation on the rear surface of the panels. Figure 3 presents a schematic layout of an open field installation that shows the configuration parameters that can affect energy production. Module elevation, as well as inter-row distance, can significantly change both the amount of incident light that reaches the ground as well as reflected light that hits the back surface of the cell. If, on one hand, a higher installation, and an increased row distance raise energy production, on the other hand the corresponding rise in material and energy consumption to ensure an optimal field configuration could lower the overall energy and environmental benefits related to the energy production during the use phase. The choice of ground material also presents a direct impact on the environmental burdens of the plant. Indeed, the material adopted affects the albedo of the ground surface and therefore the amount of reflected light that can hit the panel’s back surface. Light reflectors as plane or adjustable mirrors, or even prisms placed between adjacent solar panels, were also proposed as possible options to enhance the amount of irradiation that hits the back surface [11].




3. Critical Aspect of LCA Methodology Applied to Solar Cell Technology


When approaching and comparing different LCA studies of solar cell technologies, particular attention must be paid to the main variables that can majorly affect the results. Indeed, both LCA and solar cell parameters can induce relevant variations in the outcome of the analysis. Hereafter are presented the principal variables of the LCA method and the PV cell parameters that shall be considered [12,13].



3.1. LCA Variables


	
Functional unit (F.U.): The functional unit is the parameter to which all the impacts refer. The International Energy Agency proposed three possible functional units when dealing with solar systems: 1 kWh of energy produced, 1 kWp of rated power and 1 m2 (or other geometrical aspect, e.g., 1 panel or 1 cm2, etc.) of active surface. It is therefore clear that changing the F.U. will lead to different results, since all the energy and material flows will be relative to a different parameter.



	
System boundaries: The system boundary defines the extension of the analysis that it is meant to pursue. Although the manufacturing of the cell requires the highest share of energy and is responsible for most of the emissions, restricting the analysis only to this stage would arrive at partial and incomplete results. Different studies have computed the possible benefits of the recycling process of solar panels [14,15,16,17]; however, this stage is often not included in the computation due to the scarcity of data on commercially viable processes.



	
Definition of the impact categories: The choice of the impact categories and their definition through the assessment methodology is freely performed by the authors of each study. The Photovoltaic Power System Program of the International Energy Agency [18] as well as the JRC report on life cycle impact assessment methodology [19] define a wide range of significant impact categories that should be considered when studying the eco-profile of solar technologies. In fact, the main issue when dealing with a restricted panel of impact indicators is that a distinct process or material used can have almost negligible effects on the chosen indicator but significantly impact another. Gazbour et al. [13] proposed a rank of impact categories in order of importance that should be considered when defining the eco-profile of a solar system, by normalizing the impacts in relation to other renewable and non-renewable energy sources. The analysis showed that material and energy depletion, land use, water consumption and eutrophication, and effects on human health should be the main aspects to be considered when approaching a LCA analysis of solar cells.



	
Data quality: A relevant aspect that influences the accuracy of a LCA study is the quality of the data used, which can be directly derived from measurement or by the producers or either gathered from the literature, databases or LCA libraries. In [20], it is shown how using updated data can significantly improve the eco-profile of monofacial and bifacial solar panels. Indeed, the authors compared the data obtained by using only the Ecoinvent database with those obtained by updating process production and available technologies (in terms of cell efficiency, material consumption, auxiliary devices, etc). Analyzing the carbon footprint, the results showed a reduction in emissions from approximately 70 gCO2eq/kWh for traditional monofacial panels modelled through the Ecoinvent database, to approximately 16 gCO2eq/kWh and 13 gCO2eq/kWh, for, respectively, updated monofacial panels and bifacial solar panels mounted on a wooden structure [18,19,20,21]. Finally, although PV systems have reached their maturity level, production companies are still undertaking continuous ongoing research to improve the efficiency and reduce material consumption both in the production of the panels and all the auxiliary devices. However, inventory datasets are often not updated at the same rate as the technological progress, resulting in outdated values for material and energy consumption.







3.2. Technological Variables


Many technological-related variables need to be addressed when approaching a LCA study of solar systems. Performance in terms of conversion efficiency, degradation and performance ratio, lifetime, intensity of solar irradiation to calculate energy production, the electrical mix of the production and installation country, and the upgrading of the manufacturing process can alter the final results of the LCA analysis.




	
Efficiency: Photovoltaic technologies have witnessed yearly increases in conversion efficiency from their first application up to nowadays. The utilization of updated solar cells’ efficiency is of paramount importance when evaluating the eco-profile of any solar system. Indeed, efficiency is directly connected to the amount of energy that can be produced throughout the lifetime of the solar panel and, therefore, it affects the impacts per kWh across all the indicators.



	
Manufacture: The country of manufacture of BPV panels influences the final results across all the available indicators. Indeed, the grid energy mix adopted can significantly alter the eco-profile of a solar panel [21]. A recent study conducted by Muller et al. [22] reports a percentage reduction in GWP index (in terms of kgCO2eq/kWp) of 27% and 40% when changing from a Chinese energy mix to, respectively, the German and European energy mixes for a glass backsheet solar panel. This condition is due to the fact that almost 63% of the GWP impacts of panel production are associated with the electricity consumption required for silicon transformation.



	
Use phase: With respect to monofacial systems, in the case of BPV panels, more conditions must be fulfilled to ensure the best possible performance. In fact, not only must the maximization of the solar irradiation that directly hits the front side of the panel be ensured, the same condition should also be achieved for the diffuse irradiation that can be gathered from the rear side. Therefore, the use phase, in terms of energy produced during the entire lifetime of the panel, is strictly related to the installation site, in terms of both geographical location and system configuration. In fact, latitude and altitude decide the solar irradiation that directly hits the front side of the panel, as do the environmental conditions, like temperature, that significantly influence the voltage parameters [23]. At the same time, the choice of the mounting structure, system configuration and ground material have a direct effect on the energy gain associated with the rear surface and, therefore, of the global energy produced. The increase in installation height can boost the reflected irradiation gathered by the rear surface and reduce the self-shading effect of the panel, leading to a rise in energy production from the back side [24]. The analysis performed by Yusufoglu et al. [25] showed approximately 75% in rear-side gain when increasing panel elevation from 10 cm up to 1 m. The shading effect increases when the latitude decreases, imposing the need for higher mounting structures to ensure the same energy output [26]. Moreover, increasing the height favours the cooling effect of the rear side of the panels, raising efficiency and lifetime [26]. Common setups are considered between 0.5 and 1.5 m [24]. However, it must be considered that the more material and energy consumption associated with a bigger mounting structure could counterbalance the environmental gain associated with the rise in electricity generation [20]. In open field installations, row distance also has a direct impact on energy production. According to Shoukry et al. [27], a 5 × 11 installation configuration at a latitude of 27°, with a panel elevation of 1.5 m and a fixed distance between the rows of 2.5 m can induce an 18% reduction in energy gain for the elements placed at the centre of the field. In fact, comparing a standalone installation with a bifacial gain of 33.85%, for an open field configuration, the authors reported a decrease in bifacial gain from 31.41% (panels at the edge of the row) to 27.72% (panels at the centre). Finally, ground albedo represents one of the key factors that influence the amount of reflected irradiation that reaches the rear surface of the panel. The study reported in [26] shows that ground-mounted systems with an albedo of 0.25 result in a global average increase in power production of around 10%, both due to the shading effect and low reflectance of the ground. Increasing the albedo up to 0.5 can double the bifacial gain, while also considering that an installation height of 1 m can achieve a +30% energy gain with respect to the base scenario. Each natural or construction material presents a specific albedo that allows different bifacial gains to be achieved. Grass, cement and aluminium present values of albedo and bifacial gain of 0.2 and 8%, 0.3 and 13% and 0.5 and 21%, respectively [28]. However, significantly different are the environmental impacts associated with each of the possible ground materials, highlighting the importance of a proper evaluation when calculating the environmental burdens of the whole system.








A further aspect is related to the technical performance of BPV panels and, specifically, to the performance ratio, degradation rate and lifetime. The performance ratio depicts the amount of energy that is collected from the solar system, with respect to the theoretical amount that could be produced by the same plant. The degradation rate describes the annual loss of performance of a solar cell. Jeaun Kim et al. [29] recently conducted a review to establish the degradation rate of solar modules under different stress conditions during their lifetime, finding a strict connection with field work conditions and atmospheric parameters. Since most BPV panels adopt the same technology of silicon monofacial panels, it is helpful to understand what could be the performance and degradation rate of these panels, to determine the actual yearly energy production that a BPV can guarantee. On average, for European installations, the authors reported a degradation rate for multiple silicon solar cells in the range of 0.8–1.1%. Different considerations must be addressed when dealing with solar cells containing perovskite, due to its rapid degradation when exposed to external ambient parameters [30]. Accelerated degradation leads to a significant reduction in the lifetime of the cell. Rezaei Funami et al. [31] report a 50% performance loss after 10 days for reference perovskite technologies.



Therefore, particular attention should be paid in the decision-making process to the real operating parameters that are meant to be associated with the reference technology.



Since all emissions are directly scaled to the total energy produced, for a comprehensive evaluation, it is important to include all the considerations mentioned above when approaching a LCA study of bifacial PV plants. At present, despite the publication by the International Electrochemical Commission of a proposal for standardizing the irradiance test conditions for monofacial and bifacial solar panels, these are still not yet widely adopted [32].





4. Recent Literature Assessment


This section reports the results of the LCA studies on bifacial solar panels found in the literature. To collect all the articles, research was firstly conducted by employing the Scopus database using the following queries: “LCA bifacial solar cells”, “Life cycle assessment bifacial solar cells”, “LCA bifacial photovoltaic” and “LCA solar cells”. Of the 398 papers found, excluding duplicates and articles that were not in line with the focus of the research, 4 works were selected. Additionally, the research was extended through the consultation of numerous LCA review articles to find possible other works, but no other study related to the topics of interest was found.



The main characteristics of bifacial solar cells discussed in the present review are reported in the following Table 2.



Of the four papers that analyze the LCA of bifacial solar panels, three of them investigated silicon technology while the last one compared silicon technology with single and tandem perovskite solar cells. For each topic, works are presented in chronological order of publication.



Gazbour et al. [33] compared Cumulative Energy Demand (CED), Energy Payback Time (EPBT) and Global Warming Potential (GWP) of classic monofacial mono-crystalline PV panels with mono and bifacial solar panels made using a more recent production technique proposed by her team at CEA-INES. For the first case, only the Ecoinvent 3.1 database was used as the data source, and the process was modelled by using process blocks present in SimaPro 8.1. The updated processes were modelled by collecting primary data and considering a diamond wire-sawing process instead of the less efficient slurry wire sawing, a frameless structure with a glass backsheet instead of aluminium and the use of monolike silicon, a newer structure that can guarantee performance which is almost as good as mono-crystalline silicon but with lower manufacturing costs. The Ecoinvent 3.1 database was used for the inventory regarding feedstock, mounting process and the inverter. The functional unit adopted was 1 kWh of electrical energy produced from a 570 kWp open ground system. The expected lifetime was 30 years, the average irradiation 1496 kWh/m2, while the performance ratio and the annual degradation were, respectively, 85% and 0.8%. A 15% increase in energy production was found when upgrading from monofacial panels (1272 kWh/kWp) to bifacial ones (1462 kWh/kWp). The results of the study showed a CED, EPBT and GWP for bifacial panels of 17.5 GJ/kWp, 1.05 years and 31.19 gCO2eq/kWh, respectively. Regarding the GWP, approximately 18 gCO2eq/kWh relates to a panel’s production, while the remaining part is associated with the BOS components. The upgrade in process production (from the standard to the newer techniques proposed by CEA-INES) and the use of bifacial panels instead of monofacials, led to a 21.47 GJ/kWp reduction in the CED index, which decreased from 39 GJ/kWp to 17.53 GJ/kWp. Energy consumption for the manufacture of ingots and wafers decreased from 6.08 GJ/kWp for monofacial panels to 4.39 GJ/kWp in the case of bifacials. Moreover, the adoption of the double-glass frameless solution in bifacial panels instead of the aluminium backsheet used in monofacials, allowed a reduction in energy demand from 5.94 GJ/kWp to 2.35 GJ/kWp. Finally, the authors reported a 58.4% reduction in carbon footprint (from 75.05 gCO2eq/kWh to 31.19 gCO2eq/kWh) when upgrading to monolike silicon bifacial panels.



Despite the use of primary data and the breakdown of the result for each singular component that support hotspot analysis, some gaps in the assessment are present. Specifically, data used in the assessment referred to the laboratory scale and not to industrial manufacturing processes, and the End of Life (EoL) stage is not included in the study. Only two indicators (GWP and CED) are analyzed, thereby restricting the scope of the study.



The work conducted by Jia et al. [34] evaluated the environmental profile of two monofacial and four bifacial solar panels, through the investigation of the impacts on six environmental indexes and one economic indicator. For all the different solar cells, the authors considered the PERC technology with a cell efficiency of 22.5%, and the traditional backsheet present in monofacial cells was replaced by a transparent backsheet. Aside from the technology adopted, modules differ by the number of cells, gross module area and weight. Regarding system boundaries, a comprehensive framework was proposed, including raw material supply, manufacturing, transportation, installation, use, maintenance and end of life. BOS was excluded.



The determination of the life cycle inventory (LCI) was investigated through the collection of data directly from different China PV manufacturers, using questionnaires. By gathering information from the product warranties, lifetime was considered to be equal to 25 years for monofacial panels and 30 years for bifacials. The inventory analysis shows the following variation in material consumption, when upgrading from 1 kWp monofacial PERC to 1 kWp bifacial PERC panels: a +25% increase for solar glass, a reduction in the range of 33–43% for aluminium, a −67% decrease for the metallization paste, and a decrease of between 54% and 74% for tap water. Figure 4 presents, for each technology, the total GWP in terms of gCO2eq/kWh and the relative contribution of each material and process production.



The analysis of GWP showed a decrease of 23% in the emission of GHG when upgrading from monofacial to bifacial panels, thanks to the higher amount of energy produced per unit area. However, only part of this contribution is due to the adoption of bifacial systems, while the major share is related to the longer lifetime considered for bifacial systems in comparison to that for monofacials. Indeed, the authors reported a 10% rear-side gain in electricity production, together with a decrease in the emission when adopting a larger wafer size. In the same work, three further analyses were conducted to evaluate the differences in the energy gain from the back surface of the panels according to different ground conditions, the effect of a possible recycling process instead of landfill disposal and a comparison between a transparent backsheet and dual glass encapsulation. Regarding ground material, the authors included the impact analysis of the different terrains, finding that the three best materials to improve energy production and the eco-profile of the system were desert, thermoplastic polyolefin (TPO) and white gravel, allowing the generation of 25%, 25% and 20% more energy than the base scenario, respectively. In terms of GWP, desert and TPO allow an impact reduction of approximately 50% with respect to the worst scenario (light asphalt), while white gravel achieved almost a 30% decrease. The better effect of desert is mainly due to its natural origin, which avoids any further impact due to material production, while TPO combines a long lifetime together with narrow thickness and a modest material consumption. The recycling step especially allowed a reduction in the impacts on the Abiotic Depletion Potential, Freshwater Eutrophication Potential and Human Toxicity Potential with cancer effects, mostly thanks to the recovery of silver, aluminium, copper and silicon. The analysis conducted by the authors represents, at present, the most complete study on the environmental impacts of BPV panels found in the literature. In fact, the inclusion of the EoL phase, the broader panel of impact indicators, and the use of primary data gathered directly from the manufacturer factory and sensitivity analysis to evaluate the effect of different ground materials, allow a more complete picture of the environmental burdens associated with the entire lifetime of the plant. However, the choice of considering different lifetimes for the BPV and monofacial PV hinders the effective comparison of the two different technologies. Although the authors refer to the adoption of different lifetimes (30 years for BPV and 25 years for monofacial PV) in accordance with the product warranties, it is common to assume, for modern technologies like the ones presented in the study, an expected lifetime of 30 years, as also suggested in the guidelines for the LCA of mono and bifacial PV solar systems proposed by the IEA.



In [35], the authors calculated the energy and greenhouse gas payback time of mono-crystalline bifacial panels according to different mounting configurations, realized in a demonstration structure that was purpose-built in Chengdu (CN). The specific cell technology is not further described. The proposed locations were on an inclined roof and a “solar house” which included a vertical installation on the south façade, vertical installation on the east façade and a flat roof. Within the system boundaries, the authors also considered the BOS and the structure realized for the demonstrator. The work reports the GHG emission for the sole panel production, equal to 443.6 kgCO2eq, and the GHG payback time for the whole solar house and the inclined roof equalled 2.3 and 1.7 years, respectively. The energy payback time was 5 years for the inclined roof and 6.6 years for the flat installation.



The methodological approach, in terms of impact indicators considered, functional unit and specific panel technical parameters, does not allow the performance of either a comparison with other case studies or delineation of a complete eco-profile of the system and its components. In fact, since the results are reported in aggregated form in terms of kgCO2eq, it was not possible to distinguish the contribution of the impacts of the single system components. Moreover, the impacts related to the BOS and the building frame are not specifically reported but are directly included in the final computation of the payback time, hampering the possible evaluation of their incidence throughout the whole system.



Ahangharnejhad et al. [36] studied the energy and environmental behaviour of different single- and multi-junction monofacial and bifacial perovskite solar cells according to different albedo conditions. The proposed technologies were high and low bandgap single-junction bifacial cells and two or four terminals with multi-junction configurations. The results were then compared to those for traditional single-junction crystalline silicon panels. The functional unit was 1 m2 of active area, a cradle-to-end-of-use was defined as system boundary with an expected lifetime of 25 years. The results show worse performance when using bifacial hetero-junction solar cells in comparison to standard c-Si and perovskite single-junction technologies. In terms of energy gain, among the four technologies considered, bifaciality allowed an increase in energy production of between 4% and 18% in comparison to that of their monofacial counterpart. As reported in Figure 5, when upgrading from a monofacial to a bifacial structure, the environmental impacts increase in the range of 20–60%, for each square metre of surface area produced. This condition is mainly due to a higher amount of solar glass, anti-reflective coating and the contacting layers. The authors also found an increase in energy yield of up to 61% for different configurations of bifacial silicon tandem perovskite solar cells with snow ground conditions, when changing the installation site from Toledo (Ohio) to Golden (Colorado). The reference values of the annual average global horizontal irradiance were, respectively, 5.5 kWh/m2 and 4 kWh/m2. The GWP of perovskite bifacial PV is reported to be in the range of 11–15 gCO2eq/kWh.



The work was further completed using sensitivity analysis to evaluate the energy yield in relation to four different ground covers: snow, grass, sandstone and concrete. The results show that snow, followed by grass and concrete, is the best option to increase energy generation, while for sandstone the production is only slightly higher than for monofacial panels. However, although for the rest of the study, different impact indicators were considered, for this analysis, only the energy yield was found to hamper the evaluation of how the choice of ground material can alter the final eco-profile. Moreover, the analysis takes into account only the optimal performance in terms of the irradiation that hits the front and rear surfaces of the panel and does not consider any possible shading due to the installation configuration. Regarding the comparison work, bifacial perovskite PV presents a lower GWP index in terms of gCO2eq/kWh in comparison to that of traditional crystalline silicon PV. However, some deficiencies in the methodology should be pointed out. Firstly, it is not properly specified which reference crystalline technology was chosen as the reference benchmark, it being only specified that information was gathered from the Ecoinvent database. Secondly, for the perovskite technologies, it considered an optimistic expected lifetime of 25 years. At present, it is fairly widely assumed that perovskite technology ensures a very limited lifetime and is subject to fast degradation, with even a 50% performance loss during the first 10 days of operation [31]. Hence, impacts were calculated in accordance with a production process that cannot achieve the cell lifetime considered for the identification of the environmental burdens and energy production. Finally, in the study it also assumed a scale-up of the process from-lab-to-fab, introducing a further element of uncertainty in the determination of BPV performance [37,38].




5. Discussion


Among all the papers analyzed, in terms of environmental impacts, the highest share of energy consumption and emission of pollutants was found to be associated with the production stage of the silicon wafer and the module frame. When dealing with panel production, or in general with energy-intensive processes, the location of the industrial plant plays a significant role in the number and amount of pollutants generated [22]. Indeed, each country presents a specific national energy mix, according to the share of the different energy sources and the conversion technologies adopted, which can alter the environmental profile as well as the energy and greenhouse gas payback time. Moreover, the production process involves an extensive use of different chemical compounds [38] that need to be addressed in terms of environmental impacts and embodied energy. The following Table 3 and Table 4 list the main methodological aspects of the LCA analysis together with the key parameters of the technologies involved, as well as the results obtained in terms of GWP impact. As can be seen, there are several methodological and technical parameters that differ among the studies reported. Functional unit, irradiation, performance ratio, lifetime and degradation rate often differ from one work to another, hampering direct and effective comparison among them. To mitigate this condition, the IEA, in the methodological guidelines reported in [38], proposed a set of standardized parameters to be used during the LCA of mono and bifacial solar panels. The guidelines suggest the values that should be used for technical parameters (lifetime, degradation, performance rate, etc.) in relation to the installation configuration (rooftop, ground mounted, etc.) and the maturity of the technology considered. However, most of these parameters are found to be different in the studies reported in the present review.



From Table 3, not all the studies use the same methodological parameters to perform the LCA analysis. Two papers out of four adopt the kWh of energy produced as the functional unit, one uses both kWh and panel unit area (1 m2), and one refers to the whole system configuration.



Different approaches can also be found with respect to the selection of impact categories. Indeed, the only indicator that is used in all the works is the GWP or the greenhouse gas emissions. Only two papers report results for more than three impact categories, analyzing the effects on human health, resource depletion and environmental deterioration.



Regarding system boundaries, two works also include the end of life, while the other two consider only manufacturing and use phase. The extension of the system boundaries in terms of the components included in the LCA also differs among the studies. Indeed, while two papers investigate only the solar panel, the other two also include the contribution by the inverter and the mounting structure. As can be seen from Table 4, when also considering these latter components, the GWP of the system changes significantly in comparison to the average impact of only the panel itself. In [33], the inclusion of the inverter and the mounting structure led to a roughly 72% increase in the GWP, increasing from approximately 18 gCO2eq/kWh for the sole panel to 31 gCO2eq/kWh when considering the whole system. According to the authors, 85% of this further contribution (11 gCO2eq/kWh) is specifically due to the mounting structure, even though the geometry and material used are not specified. Hence, in general terms, the environmental analysis should be extended to include all the parameters and boundary conditions, like installation height, row distance, etc., that significantly affect energy production and the environmental impacts when scaled to a functional unit such as the kWh.



The study in [22] also includes within the system boundaries the building frame realized to install the solar system as well as the BOS and the auxiliary components. However, due to the peculiar functional unit adopted and the lack of specific data of the singular elements of the system, it was not possible to derive any information about the GWP index of each component (PV panel, inverter, building frame, etc.).



With respect to data quality, in [33,34], the authors used primary data gathered from producers, while in [36], manufacturing data were directly taken from the laboratory, but for the scale-up of the process, different assumptions were made to derive the associated impacts. The major concern about this last paper is that the authors consider for the base scenario an expected lifetime of the perovskite solar cell of 25 years, which is significantly higher than actual values. Moreover, it is considered that the same cell structure and material adopted could be optimal for the scale-up of the technology from-lab-to-fab, even if at present this option is very far from being realized. Hence, an objective comparison is hindered by the subjective assumption that the same technologies and manufacturing steps can lead to performance, in terms of total energy production and lifetime, that is even one or two orders of magnitude higher than the actual level. In [35], only the Ecoinvent database was used.



The variation in results, when using updated inventory data instead of secondary data, can clearly be seen in [34] where CED decreases from 39 GJ/kWp ( Ecoinvent database) to 24 GJ/kWp when primary data of the upgraded production process are used. The main reductions in terms of energy consumption are associated with the manufacturing of ingots and wafers, with the crystallization process requiring 16.7 GJ/kWp and 6.08 GJ/kWp, respectively.



Regarding performance evaluation, from Table 4, the major discrepancy among the analysis, except for the intrinsic technological parameters, is related to the irradiation conditions, which are different in each of the four works reported, introducing a further variable for the determination of the produced energy and the calculation of the impact associated with the functional unit. In this sense, neither the methodological guidelines for the LCA of PV systems, nor the standard for test conditions reported in [39] set unique values or procedures to conduct testing and performance evaluations. This latter standard provides three different irradiation methods to evaluate bifacial PV performance: an independent measurement of both sides, simultaneous illumination with 1000 W/m2 of the front side and two or more back surface irradiance values, and an outdoor assessment. Among the papers analyzed in the present review, only [34] adopts test conditions like the ones proposed in the standards, even if for the rear side only one irradiance value was considered.




6. Conclusions and Final Remarks


The study focused on the environmental performance of bifacial solar cell technologies, trying to highlight the main processes and materials responsible for the paramount environmental burdens, as well as the major aspects that must be addressed to ensure optimal energy production. The analyzed works report the better environmental performance of BPV panels in contrast to that of monofacial PV. Aside from the energy gain associated with bifaciality, which is strictly related to the ground albedo and the geometry of the installation, the reduced use of aluminium during manufacture (up to a −43%), due to the substitution of the backsheet with a glass layer, helps to decrease the impacts across different categories [34]. A significant reduction in water consumption (54–74%) and metallization paste (67%) is also reported. Among all the different technologies, the production of the silicon wafer still represents the paramount source of pollution and resource consumption both for bifacial and monofacial PV panels. Perovskite bifacial PV reported the best results in terms of gCO2eq/kWh, but the gaps in the methodological approach and the early stage of technological development hamper a definitive comparison.



For the use phase, BPV panels present more technical aspects that shall be accounted for in comparison to monofacials. In fact, the installation configuration, in terms of height, row distance and ground materials directly affects the energy production, which is the paramount factor that drives the adoption of BPV panels instead of traditional PV. However, these aspects are not considered when approaching the LCA study to identify the associated environmental burdens. This gap should be properly addressed in a more comprehensive way in comparison to what is generally the case for the BOS components, since these are the actual parameters that allow bifacial systems to exploit the back-side gain and, therefore, to perform the way in which they were projected to. As a matter of fact, the use of different ground materials, or mounting structures that require materials with high embodied energy, can counterbalance the positive gain associated with bifacial systems.



For the end of life, due to the lack of reliable data on recycling and end-of-life scenarios, most of the works tend to either exclude this step or account for it only through landfill disposal. Only one study compared the effect of recycling and landfill disposal in terms of percentage of impact reduction across seven impact indicators. However, there is still great uncertainty concerning real applications due to the limited number of operative plants and relative operational data.



Beyond the environmental performance of the technology, the assessment presented in this paper shows the methodological gaps associated with the LCA of BPV panels. It was found that the use phase presents most of the criticality, since it is basically considered to contain the same elements and architecture as for monofacial panels, but with increased electricity production due to bifaciality. However, even if the energy gain is ensured only if more components are added to the systems, these are not properly accounted for in the environmental computation.



The LCA studies and the considerations reported here paint a picture of the favourable aspects and the limits of bifacial PV systems. It is evident that bifacial systems can favour electricity production through the gain associated with the back side, although such contribution is strictly related to the installation parameters. Despite all the studies reported in the present review showing better environmental performances of BPV panels over those of monofacial panels, the lack of uniformity and consistency in the methodological approach hinders a definitive comparison.



The present work sets a possible starting point to allow a more extensive and comprehensive LCA analysis of the optimization of bifacial gain and minimization of environmental burdens associated with the whole PV system. Moreover, future works will be useful to determine whether BPV panels ensure effectively better environmental performances in comparison to that of monofacial panels, since the studies published up today highlight gaps that hamper a definitive answer.
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Figure 1. Trend in published research papers on bifacial solar cells. 
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Figure 2. Schematic section of a bifacial solar cell. 
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Figure 3. Schematic layout of shading problems in open field bifacial solar panel installation. 
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Figure 4. Global GWP and impact share for each material and process production. 
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Figure 5. Acidification potential, GWP and resources consumption for the different technologies. 
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	PERC—Passivated emitter rear contact
	
	
Efficiency: front side 19.4–21.2%; rear side 16.7–18.1%



	
Bifaciality factor: 80–90%



	
Wafer material: mostly p-type crystalline silicon








	PERL—Passivated emitter rear locally diffused
	
	
Front-side efficiency: 19.8%



	
Bifaciality factor: 80–90%



	
Wafer material: mostly p-type crystalline silicon



	
Rear-side contact regions are modified by local diffusion of boron








	PERT—Passivated emitter rear totally diffused
	
	
Efficiency: front side 19.5–22%; rear side 17–19%



	
Bifaciality factor: 80–90%



	
Wafer material: commercially available modules mostly based on n-type crystalline silicon but also p-type based can be found








	IBC—Interdigitated back contact
	
	
Front-side efficiency: 23.2%



	
Bifaciality factor: 70–80%



	
Wafer material: mostly produced from n-type crystalline silicon



	
Absence of metal grid contact at the front side








	HIT—Heterojunction with intrinsic thin layer
	
	
Front-side efficiency: 24.7%



	
Bifaciality factor: >95%



	
Wafer material: mostly produced from n-type crystalline silicon








	DSBCSC: double-sided buried contact solar cell
	
	
Front-side efficiency: 22%



	
Bifaciality factor: 74%



	
Wafer material: mostly produced from p-type crystalline silicon















 





Table 2. Main technological parameters of bifacial panels.
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	Technology
	Cell Efficiency
	BOS
	Lifetime
	Reference





	Monolike silicon
	16.4%
	yes
	30
	[33]



	PERC
	22.5%
	no
	30
	[34]



	(undefined) crystalline silicon
	Not given
	yes
	25
	[35]



	Perovskite silicon tandem
	29–34.6%
	No
	25
	[36]










 





Table 3. Comparison of LCA methodological aspects adopted in the different works.
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F.U.

	
System Boundaries

	
Impact Categories

	
LCI

	
LCIA Method

	
GWP [gCO2eq/kWh]

	
Ref.




	
Manufacturing

	
Use

	
EoL

	
Notes






	
1 kWh

	
yes

	
yes

	
no

	
Mounting frame, cabling and inverter included