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Fig. S1. Prototypical schematics of perovskite-silicon tandem solar cell (on the left)
and perovskite-perovskite tandem solar cell (on the right) from the literature
(14, 17).
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Fig. S2. Full-spectrum life cycle environmental impacts of a 1 m? of the perovskite-
perovskite tandem solar cell on a logarithmic scale. Acronyms go counter
clockwise: climate change (CC); ozone depletion (OD); human toxicity, cancer
effects (HTC); human toxicity, non-cancer effects (HTN); particulate
matter/respiratory effects (PM); ionizing radiation, human health (IR);
photochemical ozone formation (POF); acidification (AC); eutrophication,
terrestrial (ET); eutrophication, freshwater (EF); eutrophication, marine (EM); eco-
toxicity, freshwater (ETF); land use (LU); resource depletion, water (RDW);
resource depletion, mineral, fossil, renewable (RDM); cumulative energy demand,
renewable (CER); cumulative energy demand, non-renewable (CEN). Life cycle
environmental impacts embedded in the raw materials of the wide bandgap sub-cell
(A). Life cycle environmental impacts associated with assembling phase of the
wide bandgap sub-cell (B). Life cycle environmental impacts embedded in the raw
materials of the low bandgap bottom cell (C). Life cycle environmental impacts
associated with assembling phase of the low bandgap bottom cell (D).
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Fig. S3. Comparison of results regarding energy payback time and GHG emission factor
in existing literature on tandem LCA (8, 20, 23).

Fig. S3 shows the results of EPBT and GHG emission factor reported in LCA studies on
tandem perovskite PVs compared to the results obtained in this work. Referenced silicon PVs in
each paper, if any, are also incorporated for a better understanding. In terms of EPBT, Lunardi et
al. reported much higher values due to the use of energy-intensive spin-coating, expensive metals,
and different grid conversion efficiency based on different assumption of electricity mix (8). Itten
and Stucki reported higher GWP impacts than the values in this work, but the GHG emission factor
of the perovskite-silicon tandem is close to that in this work because a longer lifetime of 30 years

was assumed in their work (23).



Supplementary Tables
Table S1. Calibrated material inventory of 1 m? of the perovskite-silicon tandem solar
cell and silicon heterojunction (SHJ) bottom cell (17, 21).

Unit Value
SHJ cell fabrication (21)
Wafer production Single-Si wafer m? 1.00E+00
Texturing/cleaning Deionized water kg 3.34E+01
Hydrogen fluoride kg 9.50E-02
Sodium hydroxide kg 1.56E-01
Hydrogen peroxide kg 5.60E-02
Hydrochloride acid kg 6.10E-02
Ammonia kg 1.10E-02
Compressed air m3 2.50E-01
PECVD of a-Si:H Deionized water kg 3.94E+02
Silane kg 1.62E-03
Hydrogen kg 2.42E-03
Oxygen kg 2.60E-04
NF; (for cleaning) kg 2.20E-03
TCO sputtering Deionized water kg 5.12E+02
ITO kg 2.74E-03
Screen printing Compressed air m3 1.10E+00
Silver paste kg 2.96E-02
Gas abatement Deionized water kg 1.20E+01
Oxygen kg 5.10E-03
Nitrogen kg 4.30E-03
Propane kg 3.30E-03
Compressed air m3 1.40E-02
PSC fabrication
MgF, kg 2.47E-04
Cu kg 2.32E-04
12O kg 8.65E-05
Sno; kg 6.85E-05
Ceo kg 2.48E-05
LiF kg 2.64E-06
CsBr kg 4.80E-05
FAI kg 1.55E-04
Pbl, kg 1.04E-03
FABr kg 1.41E-04
Ethanol kg 3.12E-03
Spiro-TTB kg 2.18E-05
AZO kg 9.27E-04
Encapsulation
Adhesive kg 2.02E-02
PET kg 6.17E-02
Treatment Fluid waste to treatment m? 3.35E-02
Direct emissions Ethanol kg 3.12E-03

Landfill kg 1.04E+00




Table S2. Calibrated energy inventory of 1 m? of the perovskite-silicon tandem solar

cell (17).
Power (W) Time (s) Electricity (kwh)
SHJ cell fabrication (21)
Texturing/cleaning - - 6.47E-01
PECVD of a-Si:H - - 6.59E+00
TCO sputter - - 6.30E+00
Screen printing - - 5.24E-01
Curing - - 3.10E-01
Gas abatement - - 4.50E-02
PSC fabrication
MgF; sputtering 8.04E+04 182 4.10E+00
Cu sputtering 6.13E+04 218 3.74E+00
1Z0O sputtering 6.33E+04 200 3.53E+00
SnO; sputtering 6.80E+04 18 3.59E-01
Ceo Sputtering 6.63E+04 27 5.15E-01
LiF sputtering 6.04E+04 2 3.49E-02
Perovskite layer screen printing 6.42E+03 6 1.07E-02
Spiro-TTB screen printing 6.42E+03 6 1.07E-02
AZQO sputtering 8.38E+04 91 2.15E+00
Encapsulation 1.50E+03 30 1.25E-02

Total 28.88




Table S3. Calibrated material inventory of 1 m? of the perovskite-perovskite tandem
solar cell on glass (14).

Unit Value
Low bandgap PSC
AZO kg 9.27E-05
Ni kg 9.06E-05
FAI kg 2.05E-04
Snl, kg 4.43E-04
SnF; kg 1.87E-05
MAI kg 1.26E-04
Pbl, kg 3.66E-04
DMF kg 9.36E-04
DMSO kg 2.73E-04
Toluene kg 6.88E-04
Ceo kg 3.96E-05
BCP kg 5.62E-06
Cu kg 7.17E-04
Wide bandgap PSC
Solar glass kg 1.54E+00
AZO kg 3.71E-03
PTAA solution kg 9.19E-03
Csl kg 2.29E-05
FAI kg 2.43E-04
MABr kg 2.96E-05
PbBr; kg 9.71E-05
Pbl, kg 6.91E-04
DMF kg 8.88E-04
DMSO kg 2.58E-04
Ceo kg 3.96E-05
BCP kg 5.62E-06
Cu kg 7.17E-04
Encapsulation
Adhesive kg 2.02E-02
PET kg 6.17E-02
Direct emissions
DMF kg 1.82E-03
DMSO kg 5.31E-04
Toluene kg 1.99E-03
Acetonitrile kg 7.86E-04
4-tert-butylpyridine kg 6.92E-03

Landfill kg 1.63E+00




Table S4. Calibrated energy inventory of 1 m? of the perovskite-perovskite tandem
solar cell on glass (14).

Power (W) Time (s) Electricity (kWh)
Low bandgap PSC fabrication
AZO sputtering 8.38E+04 9 9.11E-01
NiO sputtering 9.83E+04 36 1.86E+01
Perovskite layer screen printing 6.42E+03 6 3.85E-02
Perovskite layer annealing 1.80E+04 600 1.08E+01
Ceo Sputtering 6.45E+04 55 1.85E+01
BCP sputtering 6.45E+04 11 1.57E+01
Cu sputtering 7.15E+04 182 2.80E+01
Wide bandgap PSC fabrication
AZQ sputtering 8.38E+04 364 4.55E+01
PTAA screen printing 6.42E+03 6 3.85E-02
PTAA annealing 1.80E+04 600 1.08E+01
Perovskite layer screen printing 6.42E+03 6 3.85E-02
Perovskite layer annealing 1.80E+04 600 1.08E+01
Ceo sputtering 6.45E+04 55 1.85E+01
BCP sputtering 6.45E+04 11 1.57E+01
Cu sputtering 7.15E+04 182 2.80E+01
Encapsulation 1.50E+03 30 1.25E-02

Total 61.65




Table S5. LCI and LCIA results for 1 kg of Ceo (55).

Value Unit
Process input
O-xylene 2.400E+01 kg
Toluene 1.371E+02 kg
Oxygen 1.097E+02 kg
Electricity 2.233E+02 kWh
Process output
Ceo0 1.000E+00 kg
Impact categories [Unit] Value
Radiative forcing as Global Warming Potential (GWP100) [kg CO: eq.] 5.394E+02
Ozone Depletion Potential (ODP) [kg CFC-11 eq.] 2.258E-05
Comparative Toxic Unit for humans [CTUh, c] 3.012E-06
Comparative Toxic Unit for humans [CTUh, n-c] 1.332E-05
Intake fraction for fine particles [kg PM2.5 eq] 2.110E-01
Human exposure efficiency relative to U235 [kg U235 eq.] 1.267E+01
Tropospheric 0zone concentration increase [kg NMVOC eq.] 1.471E+00
Accumulated Exceedance (AE) [mol H" eq.] 1.748E+00
Accumulated Exceedance (AE) [mol N eq.] 4.197E+00
Fraction of nutrients reaching freshwater end compartment (P)[kg P eq.] 5.803E-02
Fraction of nutrients reaching marine end compartment (N) [kg N eq.] 3.951E-01
Comparative Toxic Unit for ecosystems [CTUe] 1.536E+02
Soil Organic Matter [kg C deficit] 1.903E+02
Water abstraction related to local scarcity of water [m* water eq.] 3.722E+02
Scarcity [kg Sb eq.] 5.967E-04
Gross energy content of renewable primary energy resources [MJ eq.] 1.792E+02
Gross energy content of nonrenewable primary energy resources [MJ eq.] 1.470E+04




Table S6. LCI and LCIA results for 1 kg of tin chloride (56).

Value Unit
Process input
Hydrochloric acid 4.140E-01 kg
Nitrogen 2.880E-01 kg
Tin 6.840E-01 kg
Steam 4.450E+00 kg
Electricity 7.917E-01 kWh
Deionized water 4.500E+00 kg
Cooling water 4.000E+02 kg
Process output
Tin chloride 1.000E+00 kg
Wastewater 4.600E+00 kg
Hydrogen chloride 4.140E-04 kg
Impact categories [Unit] Value
Radiative forcing as Global Warming Potential (GWP100) [kg CO: eq.] 1.021E+01
Ozone Depletion Potential (ODP) [kg CFC-11 eq.] 1.077E-06
Comparative Toxic Unit for humans [CTUh, c] 2.159E-07
Comparative Toxic Unit for humans [CTUh, n-c] 4.771E-06
Intake fraction for fine particles [kg PM2.5 eq] 3.082E-02
Human exposure efficiency relative to U235 [kg U235 eq.] 9.323E-01
Tropospheric o0zone concentration increase [kg NMVOC eq.] 6.756E-02
Accumulated Exceedance (AE) [mol H" eq.] 1.035E-01
Accumulated Exceedance (AE) [mol N eq.] 2.996E-01
Fraction of nutrients reaching freshwater end compartment (P)[kg P eq.] 1.859E-02
Fraction of nutrients reaching marine end compartment (N) [kg N eq.] 2.345E-02
Comparative Toxic Unit for ecosystems [CTUe] 1.253E+01
Soil Organic Matter [kg C deficit] 2.529E+01
Water abstraction related to local scarcity of water [m® water eq.] 6.324E+00
Scarcity [kg Sb eq.] 1.305E-01
Gross energy content of renewable primary energy resources [MJ eq.] 1.202E+01
Gross energy content of nonrenewable primary energy resources [MJ eq.] 1.409E+02




Table S7. LCI and LCIA results for 1 kg of tin iodide (56).

Value Unit
Process input
lodine 7.400E-01 kg
Nitrogen gaseous 2.880E-01 kg
Tin chloride 5.510E-01 kg
Steam 4.450E+00 kg
Electricity 7.917E-01 kWh
Deionized water 4.500E+00 kg
Cooling water 4.000E+02 kg
Process output
Tin iodide 1.000E+00 kg
Wastewater 4.790E+00 kg
Impact categories [Unit] Value
Radiative forcing as Global Warming Potential (GWP100) [kg CO: eq.] 1.209E+01
Ozone Depletion Potential (ODP) [kg CFC-11 eq.] 3.420E+00
Comparative Toxic Unit for humans [CTUh, c] 2.125E+02
Comparative Toxic Unit for humans [CTUh, n-c] 2.513E-01
Intake fraction for fine particles [kg PM2.5 eq] 1.446E+01
Human exposure efficiency relative to U235 [kg U235 eq.] 2.852E-02
Tropospheric ozone concentration increase [kg NMVOC eq.] 3.102E-03
Accumulated Exceedance (AE) [mol H" eq.] 8.454E+00
Accumulated Exceedance (AE) [mol N eq.] 9.067E-01
Fraction of nutrients reaching freshwater end compartment (P)[kg P eq.] 2.400E+02
Fraction of nutrients reaching marine end compartment (N) [kg N eq.] 4.854E-01
Comparative Toxic Unit for ecosystems [CTUe] 1.648E+01
Soil Organic Matter [kg C deficit] 5.067E+00
Water abstraction related to local scarcity of water [m® water eq.] 1.548E-01
Scarcity [kg Sb eq.] 5.711E-03
Gross energy content of renewable primary energy resources [MJ eq.] 2.264E+02
Gross energy content of nonrenewable primary energy resources [MJ eq.] 1.212E+00




Table S8. LCI and LCIA results for 1 kg of caesium bromide (56).

Value Unit
Process input
Cs2C0s3 8.320E-01 kg
Hydrobromic acid 4.130E-01 kg
Nitrogen gaseous 2.880E-01 kg
Steam 4.450E+00 kg
Electricity 7.917E-01 kWh
Deionized water 4.500E+00 kg
Cooling water 4.000E+02 kg
Process output
Caesium bromide 1.000E+00 kg
Wastewater 4.750E+00 kg
Impact categories [Unit] Value
Radiative forcing as Global Warming Potential (GWP100) [kg CO: eq.] 7.812E+00
Ozone Depletion Potential (ODP) [kg CFC-11 eq.] 1.053E-06
Comparative Toxic Unit for humans [CTUh, c] 1.380E-07
Comparative Toxic Unit for humans [CTUh, n-c] 1.306E-06
Intake fraction for fine particles [kg PM2.5 eq] 5.166E-03
Human exposure efficiency relative to U235 [kg U235 eq.] 3.397E-01
Tropospheric ozone concentration increase [kg NMVOC eq.] 2.087E-02
Accumulated Exceedance (AE) [mol H" eq.] 4.127E-02
Accumulated Exceedance (AE) [mol N eq.] 8.821E-02
Fraction of nutrients reaching freshwater end compartment (P)[kg P eq.] 2.736E-03
Fraction of nutrients reaching marine end compartment (N) [kg N eq.] 1.166E-02
Comparative Toxic Unit for ecosystems [CTUe] 5.511E+00
Soil Organic Matter [kg C deficit] 1.935E+01
Water abstraction related to local scarcity of water [m® water eq.] 1.132E+01
Scarcity [kg Sb eq.] 3.341E-03
Gross energy content of renewable primary energy resources [MJ eq.] 3.933E+00
Gross energy content of nonrenewable primary energy resources [MJ eq.] 1.057E+02




Table S9. LCI and LCIA results for 1 kg of caesium iodide (57).

Value Unit
Process input
Sulfuric acid 7.550E-01 kg
Lime 4.317E-01 kg
lodine 4.884E-01 kg
Hydrogen 3.849E-03 kg
Deionized water 1.027E+01 kg
Pollucite ore 1.695E+00 kg
Crushing 1.695E+00 kg
Heat 1.289E+01 MJ
Electricity 2.700E-02 kWh
Process output
Water (emission to air) 9.925E+00 kg
Aluminium oxide (emission to water) 1.962E-01 kg
Silicon dioxide (emission to water) 9.250E-01 kg
Sodium hydroxide (emission to water) 3.040E-01 kg
Waste gypsum 1.332E+03 kg
Caesium iodide 1.000E+00 kg
Impact categories [Unit] Value
Radiative forcing as Global Warming Potential (GWP100) [kg CO; eq.] 2.326E+01
Ozone Depletion Potential (ODP) [kg CFC-11 eq.] 5.110E-06
Comparative Toxic Unit for humans [CTUh, c] 1.128E-06
Comparative Toxic Unit for humans [CTUh, n-c] 1.721E-05
Intake fraction for fine particles [kg PM2.5 eq] 2.017E+00
Human exposure efficiency relative to U235 [kg U235 eq.] 1.992E+00
Tropospheric ozone concentration increase [kg NMVOC eq.] 2.804E+00
Accumulated Exceedance (AE) [mol H" eq.] 4.294E+01
Accumulated Exceedance (AE) [mol N eq.] 5.372E-01
Fraction of nutrients reaching freshwater end compartment (P)[kg P eq.] 4.614E-03
Fraction of nutrients reaching marine end compartment (N) [kg N eq.] 4.962E-02
Comparative Toxic Unit for ecosystems [CTUeg] 5.312E+01
Soil Organic Matter [kg C deficit] 2.230E+02
Water abstraction related to local scarcity of water [m® water eq.] 7.431E+01
Scarcity [kg Sb eq.] 1.328E-03
Gross energy content of renewable primary energy resources [MJ eq.] 1.214E+01
Gross energy content of nonrenewable primary energy resources [MJ eq.] 4.643E+02
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