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Abstract:



In this study, the environmental impacts of monolithic silicon heterojunction organometallic perovskite tandem cells (SHJ-PSC) and single junction organometallic perovskite solar cells (PSC) are compared with the impacts of crystalline silicon based solar cells using a prospective life cycle assessment with a time horizon of 2025. This approach provides a result range depending on key parameters like efficiency, wafer thickness, kerf loss, lifetime, and degradation, which are appropriate for the comparison of these different solar cell types with different maturity levels. The life cycle environmental impacts of SHJ-PSC and PSC solar cells are similar or lower compared to conventional crystalline silicon solar cells, given comparable lifetimes, with the exception of mineral and fossil resource depletion. A PSC single-junction cell with 20% efficiency has to exceed a lifetime of 24 years with less than 3% degradation per year in order to be competitive with the crystalline silicon single-junction cells. If the installed PV capacity has to be maximised with only limited surface area available, the SHJ-PSC tandem is preferable to the PSC single-junction because their environmental impacts are similar, but the surface area requirement of SHJ-PSC tandems is only 70% or lower compared to PSC single-junction cells. The SHJ-PSC and PSC cells have to be embedded in proper encapsulation to maximise the stability of the PSC layer as well as handled and disposed of correctly to minimise the potential toxicity impacts of the heavy metals used in the PSC layer.
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1. Introduction


The global energy demand of industry and households is responsible for more than 50% of the global greenhouse gas emissions [1] and continues to increase [2]. Photovoltaic (PV) solar energy conversion can support the transition from fossil fuels to more sustainable energy generation and reduce global greenhouse gas emissions significantly. However, photovoltaic technology is still evolving rapidly, not only for the emerging third generation PV technologies like organic solar cells (OPV), dye-sensitised solar cells (DSSC), and perovskite (PSC) solar cells, but also for the more mature technologies like second generation copper-indium-gallium-selenide (CIGS) and cadmium-telluride (CdTe) solar cells and the first generation crystalline silicon-based (CS) solar cells.



A promising new technology for the highly efficient generation of photovoltaic electricity is silicon heterojunction (SHJ) solar cells. De Wolf et al. [3] performed an extensive review of SHJ cells and concluded that this cell type is viable for industrial production due to its high efficiency, simple processing, and high temperature stability, in addition to the use of thinner wafers. Louwen et al. [4] performed a prospective life cycle assessment of SHJ solar cells and identified the potential of SHJ cells to reduce the life cycle environmental impacts of photovoltaic electricity compared to mono-crystalline silicon cells.



Another promising technology for cost efficient solar electricity generation is perovskite solar cells (PSC), which, according to Snaith [5], are currently limited mostly by stability. However, recent results published in late 2016 and early 2017 [6,7,8,9,10,11,12,13] show promising improvements of PSC cell stability if the PSC layer is combined with inorganic hole and electron transport layers or the replacement of organic with inorganic cations. Gong et al. [14], Espinosa et al. [15], and Serrano-Lujan et al. [16] applied life cycle assessment (LCA) methodology to PSC for laboratory scale production. Celik [17] performed an LCA for scaled production of PSC from lab to fab. They all determined that the electricity demand of the various deposition processes and the stability as well as the lifetime of PSC are crucial in order for it to be competitive with first and second-generation solar cells.



PSC can be combined with first and second generation solar cells in either monolithic 2-terminal or stacked 4-terminal tandem solar cells with high efficiency [9,10,11,12,18,19,20,21,22,23,24,25]. The combination of the SHJ and PSC technologies in multi-junction tandem cells has the potential to achieve a conversion efficiency of up to 30%, significantly reducing the area required for photovoltaic electricity generation [26]. Espinosa and Krebs [27] compared the environmental impacts of organic single-junction and tandem cells. They revealed that a relative increase in efficiency of more than 20% is necessary in order for the tandem cell to perform better than the single-junction. Monteiro-Lunardi et al. [28] combined the results of Espinosa et al. [15] and Louwen et al. [4] to perform a LCA of SHJ-PSC tandem cells based on laboratory data for perovskite production. They concluded that the use of aluminium instead of silver or gold for the electrodes as well as the avoidance of organic hole and electron transport materials will reduce the environmental impacts of tandem cells.



This study aims to compare the future environmental impacts of crystalline silicon based PV modules with single junction PSC cells and monolithic SHJ-PSC tandem cells with a prospective LCA. The prospective assessment of crystalline silicon cells is based on future predictions for key parameters of the photovoltaic cells according to the International Technology Roadmap for Photovoltaics (ITRPV). In addition, the cell structure of the monolithic SHJ-PSC tandem cells and the PSC single junction cells are adjusted to prospective industrial production processes using an industrial production design relying on scalable deposition processes and inorganic hole and electron transport layers for improved stability. The industrial production designs of single-junction perovskite and monolithic 2-terminal tandem cells are based on recent published literature in late 2016 and early 2017 [9,10,11,12,25].



The model approach applied in this paper combines future predictions for key parameters of the photovoltaic supply chain with parametrised life cycle inventory for all cell types in order to enable an appropriate comparison of photovoltaic technologies with different levels of maturity. This prospective approach results in a range of different future results similar to the approaches in Louwen et al. [4], Celik et al. [17], Frischknecht et al. [29], and Rufer and Braunschweig [30]. Furthermore, the comparison does not only include mono-crystalline but also poly-crystalline silicon cells, which currently cause similar or lower environmental impacts than the mono-Si [31], as future reference for the PSC single-junction and the SHJ-PSC tandem cells.




2. Materials and Methods


2.1. Goal and Scope


The goal of this study was the quantification of relevant environmental impacts of monolithic 2-terminal SHJ-PSC tandem cells, as well as those of PSC solar cells. In addition, the environmental impacts of these two cell types were compared with current and future competing crystalline silicon-based solar cells by means of a prospective Life Cycle Assessment (LCA) with a time horizon of 2025. The Life Cycle Inventory (LCI) data were based on primary data on the structure of novel photovoltaic cells obtained from recent literature published in late 2016 and early 2017 [9,10,11,12].




2.2. Functional Unit and System Boundaries


The functional unit in this study is 1 kWh low voltage AC electricity delivered to the electricity network, following the recommended functional unit for the comparison of different photovoltaic technologies according to the International Energy Agency Photovoltaic Power Systems Programme (IEA-PVPS) methodology guidelines on LCAs of photovoltaic electricity [32]. A schematic representation of the production system under study is shown in Figure 1. The system for the SHJ and PSC solar electricity generation includes raw material extraction, energy supply and its associated energy use, crystalline silicon production, the mounting system including the aluminium supply chain, and the production of inverters and electrical equipment, as well as cell and module production. The inventories include all relevant material and energy flows as well as onsite emissions and treatment of waste air. Furthermore, module transport to the site of the power plant and maintenance during the operation of the power plant (including the replacement of damaged modules and cleaning of the power plant) are included. The system boundaries comply with the recommendations of the IEA-PVPS [32]. The system is divided into fore- and background systems. The raw material and energy supply chains are part of the background system, whereas the production of the PSC solar cells and the SHJ-PSC tandem cells, as well as the construction of the PV power plant and the operation of the PV power plant, are part of the foreground system. The foreground processes are shown with borders and without shading in Figure 1, whereas the background processes are borderless and shaded grey. The processes in the foreground system are established or parametrised in this study, whereas the processes in the background system rely on generic data from various data sources such as the ecoinvent v3.3 database [27,33,34,35,36].


Figure 1. Schematic representation of the perovskite (PSC) and silicon heterojunction (SHJ) production systems, foreground system with border without shading, background system shaded grey; foreground system includes newly established or parametrised processes, whereas the background system relies on generic data from various data sources.
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2.3. Life Cycle Impact Assessment


The IEA-PVPS [32] recommends Life Cycle Impact Assessment (LCIA) with a set of 18 different midpoint indicators, including the recommendations by Hauschild et al. [37] in the International Reference Life Cycle Data System (ILCD) Handbook for LCIA and three additional midpoint indicators. This recommended set of LCIA methods was applied in this study and it includes the reporting of greenhouse gas emissions [38], primary energy demand [39] and non-renewable energy payback time (NREPBT). The software SimaPro 8.3 [40] in combination with the ecoinvent database [33] was used for the LCIA.




2.4. Prospective Scenarios and Model Approach


The model approach applied uses process-based LCA data in combination with attributional allocation. The key parameters for wafer based crystalline silicon technologies are subject to prospective future scenarios based on expected future trends. A similar modelling approach was applied in Louwen et al. [4], Frischknecht et al. [29], and Rufer and Braunschweig [30]. These key parameters were modelled based on future projections in the International Technology Roadmap for Photovoltaics (ITRPV) for mono-Si single-junction solar cells [41], in Burschka et al. [42], and in Yang et al. [43] for non-bifacial perovskite single-junction cells and in Werner [10], Albrecht et al. [18], Bush et al. [9], and Almansouri et al. [26] for monolithic 2-two terminal SHJ-PSC tandem cells. The parameters for the different solar cell types are summarised in Table 1. A relative decrease in efficiency of 8.5% from cell to module was assumed for all solar cell types. This corresponds to the current cell to module efficiency ratio for mono-Si solar cells [31]. The ITRPV Roadmap [41] predicts an increase in the cell-to-module power ratio of more than 100% by 2025. However, the realisation of such a high cell-to-module power ratio requires the redirection of sunlight from the inactive module area to the active cell surface and is not included in the prospective scenarios. Global market shares for crystalline silicon production are based on the IEA PVPS LCI report for photovoltaics [31]. These market shares are based on data for the year 2011 and their update was not within the scope of this study. However, the most recent publication of the IEA PVPS Task 1 [44] suggests similar market shares with a high fraction of production in China for 2014. The electricity used for the deposition processes of the additional layers required for the PSC and SHJ cells were modelled with the European electricity mix based on the European Network of Transmission System Operators (ENTSO-E) as implemented in ecoinvent v3.3 [33]. The global market shares for crystalline silicon production as well as the technology composition of the European electricity mix were not subject to changes in the different scenarios.



Table 1. Summary of different prospective scenarios with abbreviation, technology, parameters for cell and module efficiency, wafer thickness, kerf loss, and description including references for parameter values [3,8,9,10,18,26,31,41,42,43].







	
Abbrevia-Tion

	
Technology

	
Efficiency in %

	
Thickness in Micrometer

	
Description




	
Cell

	
Module

	
Wafer

	
Kerf






	
Mono-Si REF

	
Mono-crystalline silicon, single-junction

	
16.5

	
15.1

	
295

	
145

	
Reference scenario for the current market average according to IEA PVPS [31]




	
Mono-Si ITRPV

	
Mono-crystalline silicon, single-junction

	
26.0

	
23.8

	
140

	
60

	
Future scenario according to the ITRPV [41]




	
Poly-Si REF

	
Poly-crystalline silicon, single-junction

	
16.0

	
14.7

	
295

	
145

	
Reference scenario for the current market average according to IEA PVPS [31]




	
Poly-Si ITRPV

	
Poly-crystalline silicon, single-junction

	
20

	
18.3

	
150

	
60

	
Future scenario according to the ITRPV [41]




	
PSC PESS

	
Perovskite single-junction

	
15.0

	
13.8

	
n.a.

	
n.a.

	
Pessimistic scenario with low efficiency for pervovskite single-junction cell [42]




	
PSC OPT

	
Perovskite single-junction

	
20.0

	
18.3

	
n.a.

	
n.a.

	
Optimistic scenario with high efficiency for perovskite single-junction cell [8,26,43]




	
SHJ-PSC PESS

	
Monolithic two terminal tandem cell using perovskite and silicon heterojunction tandem

	
26.0

	
23.8

	
295

	
145

	
Pessimistic scenario with low efficiency for monolithic two terminal tandem cell using perovskite and silicon heterojunction tandem cell [9,10,18]




	
SHJ-PSC OPT

	
Monolithic two terminal tandem cell using perovskite and silicon heterojunction tandem

	
30.0

	
27.5

	
120

	
60

	
Optimistic scenario with low efficiency for monolithic two terminal tandem cell using perovskite and silicon heterojunction tandem cell [3,26]












3. Life Cycle Inventory


Life Cycle Inventories (LCI) of two new cell types were established for this study; one of an organometallic halide single-junction perovskite solar cell and one of a monolithic two-terminal tandem cell using an organometallic halide perovskite layer in combination with a silicon heterojunction solar cell. Furthermore, LCIs of different deposition processes were established. These deposition processes were the sputtering of indium tin oxide (ITO), tin oxide (SnO2), and nickel oxide (NiOx), as well as the physical vapour deposition of lead iodide (PbI2) using thermal evaporation and the slot die coating of methyl ammonium iodide (MAI, CH3NH3I).



The LCI of the deposition of the amorphous silicon layers for the monolithic SHJ-PSC tandem cell are based on Louwen et al. [4]. The LCI data of cell and module production are based on the LCI data for mono-Si cells and modules (panels) available in the IEA PVPS LCI report [31]. The LCI of cell production includes chemicals for cleaning, screen printing, and metallisation paste for the front and back contacts, including emissions caused by the cleaning agents and the screen printing of the front and back electrodes. The LCI for the panel production includes the interconnection of the cells and encapsulation with ethylene-vinyl acetate (EVA) foil, as well as the aluminium frame and the glass cover for the framed panel.



3.1. Single-Junction PSC


The cell structure of the organometallic halide PSC solar cell is based on the prospective design, which can be produced on an industrial scale with the appropriate deposition processes for industrial production based on published literature [9,10,11,12]. This cell structure intentionally excludes deposition processes like spin coating that are not viable for industrial scale production due to the low throughput and high energy demand [34]. Table 2 shows the cell structure for the organometallic halide PSC solar cell used for the LCI. The substrate for the organometallic halide PSC cell is a glass plate with a thickness of 0.7 mm. The PSC cell does not have a front grid but is segmented using laser scribing [45]. The rear contact is made of sputtered silver and the perovskite crystal structure is synthesised based on thermally evaporated lead iodide and slot die coated methyl ammonium iodide, resulting in a methyl ammonium lead iodide layer with a thickness of 500 nm. For the top contact, electron transport, and hole transport, sputtered layers of indium tin oxide, tin oxide, and nickel oxide were used with a thickness of 120 nm, 10 nm, and 10 nm, respectively.



Table 2. Cell structure, including layer thickness, application process, and function of the different layers of the non-bifacial single-junction perovskite cell (PSC) based on organometallic halides [9,10,11,12,45].







	
Layer

	
Doping

	
Thickness

	
Application

	
Function






	
Indium tin oxide

	

	
120 nm

	
Sputtering

	
Top contact layer




	
Tin oxide

	
n

	
10 nm

	
Sputtering

	
Electron transport layer




	
Methyl ammonium lead iodide

	
i

	
500 nm

	
Thermal evaporation of PbI2 followed by slot-die coating of MAI

	
Absorber layer




	
Nickel oxide

	
p

	
10 nm

	
Sputtering or atomic layer deposition

	
Hole transport material




	
Silver rear contact

	

	
150 nm

	
Sputtering

	
Back contact layer










The LCI data on physical vapour deposition processes of PbI2, ITO, NiOx, and SnO2 are derived from ecoinvent v3.3 [33], Classen et al. [35], and Hischier et al. [36]. The solution based deposition of MAI using slot die coating is based on Espinosa et al. [46] and Baldassari et al. [34]. For the sputtering processes, a utilisation rate of 15% was assumed according to Classen et al. [35] and Hischier et al. [36] and implemented in ecoinvent v3.3 [33]. For thermal evaporation and slot die coating, utilisation rates of 50% and 80% were assumed according to the suggested utilisation rates for vacuum deposition in Classen et al. [35] and the technical data sheets of slot die coating devices [47]. The MAI is dissolved in isopropanol for the slot die coating process with a concentration of 6 wt % according to Werner et al. [10] and Espinosa et al. [46], which corresponds to 41 g of isopropanol per square meter of deposited area with a utilisation rate of 20%. The isopropanol solvent used was modelled as direct emissions to air. The LCI data for the PbI2 and MAI are based on Gong et al. [14]. The LCIs of the deposition processes and raw materials are shown in detail in the supporting information.




3.2. Monolithic 2-Terminal SHJ-PSC Tandem


The cell structure of the non-bifacial monolithic 2-terminal tandem cell using an organometallic halide perovskite layer and silicon heterojunction solar cell shown in Table 3 is based on published literature [3,9,10,11,12] as shown in Table 1. The major differences in the cell are the addition of the mono-Si silicon wafer as a substrate and the amorphous silicon layers for the silicon heterojunction cell, as well as an additional ITO layer between the back surface field and the back contact required for the sputtering of the rear contacts on the amorphous silicon layers. The mono-Si wafer was modelled with a thickness of 295 and 120 mm. The deposition processes for the organometallic halide perovskite layer are identical to the deposition processes used for the PSC single-junction cell. The amorphous silicon layers are deposited by plasma enhanced chemical vapour deposition (PECVD) and were modelled based on the LCI data of Louwen et al. [4]. The same utilisation rates for the other deposition processes were used as were used for the organometallic halide PSC single-junction for the monolithic SHJ-PSC tandem. The SHJ-PSC tandem cell has a front and back grid made of screen printed and sputtered silver, respectively.



Table 3. Cell structure including layer thickness, application process, and function of the different layers of the non-bifacial monolithic 2-terminal tandem cell using an organometallic halide perovskite layer and a silicon heterojunction solar cell [3,9,10,11,12].







	
Layer

	
Doping

	
Thickness

	
Application

	
Function






	
Ag front grid

	

	

	
Ag screen printing

	
Front grid




	
Indium tin oxide

	

	
80 nm

	
Sputtering

	
Top contact layer




	
Nickel oxide

	
p

	
10 nm

	
Sputtering or atomic layer deposition

	
Hole transport




	
Perovskite

	
i

	
500 nm

	
Thermal evaporation of PbI2 followed by slot-die coating of MAI

	
Absorber layer




	
Tin oxide

	
n

	
10 nm

	
Sputtering

	
Electron transport




	
n-µ-c-Si

	
n

	
10 nm

	
PECVD

	
Recombination junction




	
p-µ-c-Si

	
p

	
10 nm

	
PECVD

	
Recombination junction




	
i-a-Si

	
i

	
10 nm

	
PECVD

	
Passivation




	
n-Si

	
n

	
295 and 120 micron

	
Base for others layers

	
Silicon substrate




	
i-a-Si

	
i

	
10 nm

	
PECVD

	
Passivation




	
n-a-Si

	
n

	
10 nm

	
PECVD

	
Back surface field




	
Indium tin oxide

	

	
100 nm

	
Sputtering

	
Back contact layer




	
Ag rear contact

	

	
200 nm

	
Sputtering

	
Back electrode











3.3. Long-Term Stability


The industrialisation of perovskite solar cells requires the stability of the synthetic perovskite crystal structure and conversion efficiency [8]. Berhe et al. [7] highlight multiple causes of the degradation of perovskite solar cells including oxygen, light, moisture, and thermally induced degradation. However, Saliba et al. [8] and Beal et al. [13] showed that the addition of caesium to the synthetic perovskite crystal structure can increase thermal stability as well as stability under full illumination, resulting in a degradation to only 85% of the original efficiency after prolonged illumination of 250 h. Furthermore, You et al. [12] report improved stability for water and oxygen induced degradation if the PSC layer is combined with inorganic materials as hole and electron transport layers instead of organic materials. Zhu et al. [11] report the stability of the synthesised PSC under a controlled and humid atmosphere of up to one month if the PSC layer is combined with nickel and tin oxide. Additionally, Bush et al. [9] report improved stability of monolithic silicon-PSC tandem cells that were resistant to 1000 h damp heat tests at high temperatures and humidity. According to Berhe et al. [7] the recent improvements regarding PSC cell stability are promising for a successful practical application. The cell structures as described in Table 2 and Table 3 use SnO2 and NiOx as the inorganic hole and electron transport layer for improved stability. The PSC solar cells are combined in tandem cells with crystalline silicon cells, which have a proven lifetime of 30 years of more. Therefore, an optimistic lifetime of 30 years with a linear degradation rate of 0.7% per year was used for PSC solar cells, which corresponds to the recommended lifetime and degradation according to the IEA PVPS methodology guideline [32] for crystalline silicon solar cells. Due to the uncertainty about the lifetime and degradation of PSC solar cells, different lifetimes and degradation rates were analysed in a sensitivity analysis.




3.4. Other Data Sources


The LCI data on the crystalline silicon supply chain, cell and module production as well as market information for the silicon supply chain are based on the IEA-PVPS LCI report [31], and data on the mounting system, inverter, and operation are based on Jungbluth et al. [48] and ecoinvent [33]. A framed module is used for the encapsulation of all cell types. For crystalline silicon based cells encapsulation in an unframed laminate is possible, reducing material demand. However, considering the necessity of a fail-safe encapsulation for PSC, the unframed laminate was not considered an alternative. The data on the photovoltaic yield in central Europe (Austria) were based on the annual photovoltaic electricity output of 1027 kWh per kWp according to EPIA [49]. This corresponds to an annual yield of 919 kWh per kWp, including 0.7% linear degradation per year (10.5% on average for a lifetime of 30 years) and a total lifetime electricity yield of 27,570 kWh for a lifetime of 30 years.





4. Results and Discussion


4.1. Prospective Life Cycle Environmental Impacts


The comparison of the current and prospective environmental impacts of photovoltaic electricity produced by the different solar cell types including future scenarios for the most crucial parameters, shown in Figure 2 reveals that SHJ-PSC-PESS and SHJ-PSC-OPT cause lower environmental impacts than mono-Si-REF and mono-Si-ITRPV for all midpoint indicators except for mineral and fossil resource use. The resource use impacts for mono-Si-REF and mono-Si-ITRPV (and poly-Si REF and poly-Si ITRPV) are significantly lower than SHJ-PSC-PESS and SHJ-PSC-OPT (PSC-PESS and PSC-OPT, <20%); this a clear trade-off between mineral and fossil resource use and the other midpoints. The use of ITO as a transparent conductive oxide (TCO) in the PSC and SHJ cell structure causes high resource use due to the utilisation of indium. Candelise et al. [50] report the use of scarce indium as a potential barrier for thin film photovoltaics like CIGS due to indium supply constraints. Arvidsson et al. [51] highlight the environmental impacts of the use of indium as a scarce resource in liquid crystal displays, which are used in electronic devices like phones, tablets, computers, and televisions. Nevertheless, indium is the most interesting resource for urban mining according to Zimmermann et al. [52] due to its wide use in a variety of electronic devices combined with its high price, scarcity, and low supply. The use of PSC single-junction cells and, to a lesser extent, PSC-SHJ tandems, can reduce the environmental impacts for all midpoints except mineral and fossil resource depletion, provided that the lifetime of the PSC cells is increased to an optimistic 30 years. This reduction of environmental impacts is mainly caused by the lower energy demand required for the deposition of the PSC layer compared to the production of crystalline silicon wafers. The direct comparison of crystalline silicon and SHJ cells is not shown in Figure 2. However, Louwen et al. [4] provide detailed results for this comparison.


Figure 2. Comparison of life cycle based impacts caused by different PV power plants for greenhouse gas emission, ozone depletion, human toxicity non-cancer, human toxicity cancer, particulate matter, ionising radiation, photochemical ozone formation, acidification, terrestrial eutrophication, freshwater eutrophication, marine eutrophication, freshwater ecotoxicity, land use, mineral and fossil resource depletion, and primary energy demand [32,37] per kWh of low voltage electricity produced at inverter; with installation on a roof-top in Central Europe with actual electricity yield 919 kWh per kWp and year including average degradation of 10.5% with a lifetime of 30 years; * optimistic lifetime of 30 years for the perovskite solar cell (PSC) layer.



[image: Energies 10 00841 g002]







4.2. Comparison Literature: Electricity Demand and Greenhouse Gas Emissions


The electricity demand for the production of photovoltaic cells not only depends on the wafer type and deposition process but also on the scale of production. Figure 3 shows the electricity demand for the different processing steps in the photovoltaic supply chain for different cell technologies, production scales, and deposition processes. This figure reveals high variability in electricity demand in the different published results for PSC depending on the scale of production. Baldassarri et al. [34] highlight the differences in electricity demand between spin coating and other deposition techniques like sputtering and slot die coating. Laboratory spin coating is ranked as having the highest energy demand with the lowest throughput [34]. The electricity demand for the production of one square meter mono-crystalline silicon wafer including the crystalline silicon supply chain is 290 kWh for mono-Si REF and 140 kWh for mono-Si ITRPV compared to the demands of deposition of the PSC and SHJ layers on an industrial scale of 14 and 24 kWh, respectively.


Figure 3. Comparison of the electricity demand for the different processing steps in the photovoltaic supply chain for different cell technologies, production scales, and cell structures according to Serrano-Lujan et al. [16], Espinosa et al. [15], Gong et al. [14], Celik et al. [17], ecoinvent v3.3 [33], Baldassarri et al. [34], Espinosa et al. [46], IEA-PVPS [31], Louwen et al. [4], and Lunardi et al. [28].
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The electricity used for the deposition processes of the additional layers required for the PSC and SHJ cells was modelled with the European electricity mix based on the European Network of Transmission System Operators (ENTSO-E) as implemented in ecoinvent v3.3 [32]. The differences in the electricity demand for cell production cause similar differences in the life cycle environmental impacts of energy related LCIA methods like greenhouse gas emissions. Celik et al. [17] harmonised the greenhouse gas emissions per kWh of electricity produced by PSC solar cells published in the recent literature for a lifetime of fivr years but did not include the life cycle greenhouse gas emissions caused by the mounting system, the module, and cell production, as well as the required inverters. Figure 4 shows the harmonised comparison in [17] for a lifetime of 30 years including the life cycle greenhouse gas emissions of the inverter, mounting system, cell, and module production. The different electricity demand as shown in Figure 3 directly influences the result for greenhouse gas emissions. The deposition of the PSC layer causes a large share of the total life cycle of greenhouse gas emissions for lab scale production. However, in the case of scaled industrial production, the contribution of the PSC layer is only minor.


Figure 4. Comparison of harmonised greenhouse gas emissions per kWh of low voltage electricity produced by perovskite solar cells (PSC) according to Serrano-Lujan et al. [16], Espinosa et al. [15], Gong et al. [14], and Celik et al. [17], including the contribution of inverter, mounting system, module, and cell production; harmonised yield and lifetime with standard insolation of 1700 kWh/m2·y and a performance ratio of 0.75%; electricity yield of 1275 kWh per kWp and year, excluding degradation with a lifetime of 30 years; * optimistic lifetime of 30 years for PSC layer.
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4.3. Potential Toxicity Induced by PSC Layer Composition


Another important environmental impact to consider is toxicity due to heavy metals such as lead and tin that are contained in the synthetic perovskite crystal structure. However, Hailegnaw et al. [53] determined no catastrophic toxicity impacts even for the total destruction of the solar power plant and the direct exposure of the cell to rain. The full leakage of the lead contained in the PSC layer (less than one gram per square meter) will only cause an increase in lead concentrations in the ground below to around 70 ppm. According to Hailegnaw et al. [53], these concentrations ‘cannot be considered even close to disastrous’ compared to the concentration of 30 ppm in natural uncontaminated soil and 50 to 200 ppm in urban areas. Babayigit et al. [54] analysed the toxicity impacts of the heavy metal containing compounds PbI2 and SnI2 on zebrafish. They revealed that the heavy metal salts PbI2 and SnI2 decompose to very strong hydroiodic acid, causing higher lethality for the zebrafish due to acidification than due to the presence of heavy metals. Furthermore, Babayigit et al. [55] highlight the importance of correct handling and the importance of the fail-safe encapsulation of the perovskite solar cells, which is not only required for the safe use for the PSC solar cells but is also required to improve the stability of the PSC cell. If the PSC cells are embedded in proper encapsulation as well as handled and disposed of correctly, the toxicity impacts of the heavy metals used in PSC cells are considered to be minimal.




4.4. Contribution Analysis for Greenhouse Gas Emissions


The carbon footprint, including the contribution of the different parts of the photovoltaic power plant shown in Figure 5, corresponds to 56 g CO2-eq per kWh for the scenario mono-Si REF. In this case, the mono-Si wafer (43%), the photovoltaic module production (18%), the mounting system (16%), and the electric inverter (11%) are the main contributors. For PSC-OPT, the carbon footprint is 40 g CO2-eq per kWh, with the module production (36%), the mounting system (30%), the electric inverter (16%), and the PSC cell (7%) as the main contributors. For SHJ-PSC-OPT, the carbon footprint is 47 g CO2-eq per kWh, with the mono-Si wafer (37%), photovoltaic module production (16%), mounting system (16%), electric inverter (13%), and the SHJ-PSC layer (6%) as the main contributors (see Figure 5). These results are valid for slanted-roof installations in central Europe with an actual electricity yield of 919 kWh per kWp, including an average degradation of 10.5% (0.7% per year) with a lifetime of 30 years.


Figure 5. Contribution of the different components of the photovoltaic power plant to the life cycle greenhouse gas emissions per kWh of low voltage electricity produced at the inverter; with installation on a rooftop in central Europe with an actual electricity yield of 919 kWh per kWp and year, including an average degradation of 10.5% with a lifetime of 30 years; * optimistic lifetime of 30 years for PSC layer.
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The single-junction PSC is the photovoltaic technology with the lowest carbon footprint per kWh of electricity produced given that the lifetime of the PSC solar cell is 30 years and the annual degradation is not more than 0.7% per year (10.5% on average for a lifetime of 30 years). The low energy demand for the production of the PSC layer compared to the production of the silicon wafer in combination with the comparable efficiency of PSC solar cells ranging between 16 to 20% reduces the carbon footprint of the PSC solar cells to below that of crystalline silicon based solar cells. The production of the PSC layer causes only between 5 and 12% of the greenhouse gas emissions of the mono-Si wafer (and between 11 and 18% of the poly-Si wafer). The 30-year lifetime with degradation of 0.7% per year used for the underlying calculations of the results shown in Figure 5 is very optimistic for single-junction PSC compared to the current lifetime [6,7,8,9,10,11,12,13]. However, per kWh of electricity produced, a relevant share of the life cycle greenhouse gas emissions is caused by the production of the module and the balance-of-system components like the inverter and the mounting system. For the life cycle greenhouse gas emissions of the PSC to be lower than the crystalline silicon cells, the PSC solar cells have to achieve a similar lifetime. Otherwise, the life cycle greenhouse gas emissions per kWh of electricity produced by PSC solar cells will be higher than crystalline silicon based solar cells, mainly due to the high greenhouse gas emissions caused by the production of the mounting systems, modules, cells, and inverters.



The additional layers required for the SHJ and PSC cells are comparable due to the similarity of the deposition techniques used (thermal evaporation and sputtering) and the layer thickness. However, the deposition of the additional SHJ layers causes lower greenhouse gas emissions than the deposition of the PSC layer.




4.5. Sensitivity Analysis for Lifetime and Degradation


Due to the currently limited stability and lifetime of the PSC solar cell, a comparison of the mono-Si cells with a lifetime of more than 30 years is not fully appropriate. In order to enable a fair comparison of different cell types, we calculated the life cycle greenhouse gas emissions of the PSC solar cells with variable lifetimes from one to 30 years relative to the life cycle greenhouse gas emissions of mono-Si solar cells with a fixed lifetime of 30 years as recommended by the IEA-PVPS methodology guideline [32]. Figure 6 shows the result range calculated for the scenarios mono-Si-REF, mono-Si-ITRPV, poly-Si-REF, and poly-Si ITRPV, as well as the intersection with the lifetime dependent scenarios for PSC-PESS and PSC-OPT (or SHJ-PSC-PESS and SHJ-PSC-PESS). The life cycle greenhouse gas emissions per kWh of electricity produced by PSC-PESS are lower compared to mono-Si REF if the lifetime of the PSC cell exceeds 12 years. However, if the benchmark for the PSC cells is the prospective scenario for mono-crystalline silicon-based solar cells mono-Si ITRPV, the benchmarks for the lifetimes increases to 27 and 21 years for the scenarios PSC-PESS and PSC-OPT, respectively.


Figure 6. Life cycle greenhouse gas emissions per kWh of low voltage level electricity produced at inverter depending on the lifetime relative to mono-Si-REF silicon with a given lifetime of 30 years; installation on a rooftop in central Europe with actual electricity yield 919 kWh per kWp and year including an average degradation of 0.7% per year; lifetime variable for PSC and SHJ-PSC tandem.
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The comparison of the single-junction PSC and the SHJ-PSC tandem reveals that the SHJ-PSC tandem will not outperform the single-junction PSC in terms of life cycle greenhouse gas emissions per kWh of electricity produced with the given efficiency increase according to the prospective scenarios summarised in Table 1. The module efficiency of the SHJ-PSC tandem cell is 9.2% higher than the PSC single junction cells. However, due to the negligible environmental impact of the PSC layer compared to the mono-Si wafer, the increase in efficiency of 9.2% is not sufficient to reduce the life cycle greenhouse gas emissions per kWh of electricity produced by SHJ-PSC tandem cells below those of electricity produced by PSC single-junction cells. However, the life cycle greenhouse gas emissions of SHJ-PSC-OPT are lower compared to the prospective scenarios Mono-Si-REF and Poly-Si-REF if the lifetime of the PSC layer exceeds 27 years. Single-junction PSC solar cells and SHJ-PSC tandem cells will be able to outperform future first generation mono-Si solar cells if the lifetime of the PSC is at least 21 years and 27 years, respectively.



The lifetime is not the only important variable in the case of PSC solar cells. According to Berhe et al. [7], the PSC also degrade faster when exposed to oxygen, light, moisture, or high temperatures compared to silicon based solar cells. In order to account for this increased degradability, we increased the degradation rate for the PSC single-junction cell from 0.7% linear degradation per year, which corresponds to 10.5% per year on average for a lifetime of 30 years, to 1.5%, 3%, 5%, and 10%.



For a degradation rate of 10% and 5% per year, the lifetime of the PSC cell is only 10 and 20 years since electricity production will be zero after year 10 and 20, respectively. Figure 7 shows the comparison of the PSC-OPT, subject to different degradation rates with Mono-Si REF, Poly-Si REF, Mono-Si ITRPV, and Poly-Si ITRPV. The end of life (EoL) of the perovskite cells with high degradation is marked with EoL. Figure 7 shows that an increase in the degradation rate from 0.7% to 3% for perovskite cells with optimistic efficiency (PSC-OPT) results in higher greenhouse gas emissions per kWh of electricity produced compared to the mono-Si ITRPV and Poly-Si ITRPV scenarios, even if a lifetime of 30 years can be achieved for the PSC solar cells. Accordingly, a PSC single-junction cell with 20% efficiency has to exceed a lifetime of 24 years with less than 3% degradation per year in order to be competitive with the crystalline silicon single-junction cells.


Figure 7. Life cycle greenhouse gas emissions per kWh of low voltage electricity produced at inverter; depending on the lifetime and degradation relative to mono-Si-REF (with a given lifetime of 30 years and annual degradation of 0.7%); installation on a rooftop in central Europe with actual electricity yield 919 kWh per kWp and year; lifetime variable for PSC; degradation rates of 0.7%, 1.5%, 3%, 5%, and 10% for PSC cells.
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4.6. Surface Area Demand and Non-Renewable Energy Payback Time (NREPBT)


In most European countries, there is only limited space available for photovoltaic installations [56]. PV technologies with higher module efficiency reduce the required surface area and thus allow for a higher installation of PV capacity on a national level. Figure 8 shows how the area required per kWp of photovoltaic power plant is reduced with increasing efficiency. With this decreased area demand for electricity production, the material demand for mounting systems is also reduced. The area requirements of the tandem cells are significantly lower compared to the other cell types due to the increased efficiency of the tandem cells. Compared to a PSC single junction cell with an efficiency of 15% a PSC-SHJ tandem cell with 30% efficiency only requires 50% of the area for the same peak power. If the installed PV capacity has to be maximised with only limited surface area available, the SHJ-PSC tandem would be preferred over the PSC single-junction because their environmental impacts are similar, but the surface area demand of SHJ-PSC tandems is only 70% or less of the PSC single-junction cells.


Figure 8. (a) Surface area requirements per kWp relative to the surface area requirement of PSC cells with a cell efficiency of 15% (b) and non-renewable energy payback time (NREPBT) in years for installation in central Europe; actual yield 919 kWh per kWp and year including 10.5% degradation; grid efficiency for Central Europe: 0.36, based on ENTSO-E electricity mix [32,33].
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The non-renewable energy payback time (NREPBT) according to the IEA PVPS methodology guideline on LCA of photovoltaic electricity [32] is calculated as the ratio of the non-renewable primary energy demand of the complete photovoltaic power plant including balance-of-system components in MJ oil-eq and the annual mitigated primary energy demand caused by the produced photovoltaic electricity in MJ oil-eq per year according to Frischknecht et al. [39]. The comparison of the NREPBT of the different photovoltaic cell types in Figure 8 reveals that the mono-Si-REF has the highest NREPBT with 3.9 years, followed by the SHJ-PSC PESS and mono-Si-ITRPV with 2.7 and 2.0 years, respectively. The PSC-OPT has the lowest NREPBT with 1.5 years, followed by SHJ-PSC-OPT and PSC-PESS with 1.7 and 1.8 years, respectively. The NREPBT calculations are valid for central Europe with an actual yield of 919 kWh/kWp, including 10.5% degradation and a grid efficiency of 0.36, which corresponds to a primary energy demand of 9.87 MJ oil-eq per kWh of electricity according to the European ENTSO-E grid mix on the low voltage level in ecoinvent v3.3 [33]. The low NREPBT of PSC cells is caused by the low electricity demand for the production of the PSC layer compared to the crystalline silicon wafers.




4.7. Limitations, Data Quality Considerations and Future Research Requirements


The scope of the study is appropriate for the comparison of crystalline silicon, PSC and SHJ-SPC tandem solar cells. However, there are some limitations. The prospective scenarios in this paper do not include scenarios for future electricity mixes, future market shares in the crystalline silicon supply chain, future cell and module production, and future mounting systems for building integration. The electricity mix as an important factor for the environmental impacts, especially for the crystalline silicon solar cells, was not subject to prospective scenarios. Significant changes in the technology composition of the electricity mixes, especially in China, the US, and Europe have to be expected by the year 2025. However, changes in the underlying electricity mix will affect the results of all cell types and therefore are not crucial for the comparisons in this paper. We used the same LCI data for the encapsulation in modules for all cell technologies; mainly due to a lack of specific information about the encapsulation of PSC single junction and SHJ-PSC tandem cells. Furthermore, we did use not prospective scenarios for mounting systems and inverters. The unchanged LCI for module production, inverters, and mounting systems leads to a relevant increase in contribution of these balance-of-system components in the final results, especially for solar cells with low environmental impacts like PSC solar cells.



The data quality in general is considered high. The LCI data for the crystalline supply chain and the SHJ solar cells are based on recent results [4,31] as well as the PSC cell structure [9,10,11,12,25]. The deposition processes for the PSC layer are based on older data [35,36,46] due to the lack of primary industrial data. We used conservative utilisation rates of these deposition processes in order to account for the low data quality. However, even with these conservative utilisation rates, the deposition process of the PSC (and SHJ) layers does not have a major contribution to the final results.



Future research is still required to reduce the degradation under real operating conditions and increase the stability of the PSC layer. Also, the failsafe encapsulation and the efficient integration of the photovoltaic modules into buildings become more relevant with the continuous improvement of solar cells. Encapsulation directly influences the stability and the toxicity impacts as well indirectly influences other environmental impacts via the materials used for the encapsulation. In the case of the PSC solar cell, less material intensive encapsulation, which still meets the high requirements for PSC solar cells, could reduce the total environmental impacts significantly. The same applies to more efficient mounting systems that have reduced material demand. Both these aspects can be tackled with a direct integration of the photovoltaic power plant into the building, reducing the demand for additional mounting systems.





5. Conclusions


This study compared the environmental impacts of monolithic tandem cells using silicon heterojunction and organometallic perovskite solar cells (SHJ-PSC) and single junction organometallic perovskite solar cells (PSC) with the impacts of crystalline silicon based solar cells using a prospective life cycle assessment with time horizon of 2025. The analysis showed that, the stability of the PSC layer is not only crucial for economic and industrial viability, but is also the most important factor for environmental impacts. The toxicity and resource use impacts of the PSC layer are tied to the materials used. Therefore, adjustments in the structure of the PSC layer have to be re-evaluated regarding toxicity and mineral resource use. The electricity demand for the deposition of the PSC layer and crystalline silicon wafer production is crucial for most environmental impacts including greenhouse gas emissions and NREPBT. The lifetime of the PSC layer has to exceed at least 20 years in order to be environmentally competitive with crystalline silicon solar cells. However, this requires major improvements in the stability of the PSC cells, which currently only have stabilised efficiency for several hundred hours. Given a comparable lifetime with crystalline silicon solar cells, the PSC single junction and, to a lesser extent, SHJ-PSC tandem solar cells cause similar or lower environmental impacts than crystalline silicon solar cells, with the SHJ-PSC tandem solar cell having a considerably lower surface area requirement compared to the limited efficiency PSC single junction solar cell. Accordingly, the SHJ-PSC tandem cells should be preferred to crystalline silicon and PSC single-junction cells if the photovoltaic yield has to be maximised with minimal environmental impacts and only limited surface area available.
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