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ABSTRACT
Perovskite–silicon tandem solar cells (TSC) are considered a promising technology. However, their transitions from lab prototypes 
to industrial scale pose environmental concerns. This study presents a prospective life cycle assessment (LCA) of four potential 
designs of perovskite–silicon tandem cells (TSC 1, TSC 2, TSC 3, TSC 4). By modeling future-oriented scenarios, we analyze and 
present results for four LCA metrics: global warming potential (GWP), cumulative energy demand (CED), energy payback time 
(EPBT), and carbon payback time (CO2PBT). Results show that the carbon footprint and energy consumption of tandem solar 
devices are expected to decrease over time, indicating that they will demonstrate better environmental performance compared 
to single-junction silicon devices. Among the tandem designs analyzed, TSC 3 exhibits the lowest environmental impact per m2; 
however, TSC 4 shows superior environmental performance per kWh for all assessed impact categories. The analysis highlights 
that although material selection is crucial, optimizing the overall device architecture to enhance efficiency is equally important 
in achieving tandem devices with a low environmental footprint. Key recommendations for optimizing the tandem architecture 
include reducing the silicon wafer thickness in future tandem designs, the use of thinner indium-based transparent conductive 
oxide, and prioritizing recycling and re-use of the critical materials.

1 |  Introduction
Solar energy is considered a cornerstone energy source in tran­
sitioning to a sustainable energy future [1]. One of the most 
common applications of solar energy is photovoltaic (PV) technol­
ogy, which converts sunlight into electricity. In the last seven 
decades, researchers have developed various materials and archi­
tectures for PV technology, starting from first-generation (1G) 
solar cells, which include single-crystalline and monocrystalline 
silicon (Si), second-generation (2G) that include thin-film cells 
and modules (amorphous silicon, cadmium telluride, and copper 
indium gallium [2]), and the third generation (3G), which consists 

of emerging organic-based, inorganic, or hybrid solar cell technol­
ogies such as dye-sensitized solar cells (DSSCs), quantum dot 
solar cells, and perovskite solar cells (PSCs) [3].
With current PV panel installation accounting for ~10% of the 
world's electricity generation, there is a strong motivation for the 
development of very high-efficiency technologies [4] to drive down 
the cost of PV installation. One common approach to improving the 
overall power conversion efficiency (PCE) of solar cells is combining 
multiple single-junction solar cells (also called “subcells”) in a 
tandem configuration [5]. In particular, the tandem architecture 
combining perovskites and silicon (PSC–Si) is considered one of the 
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most promising configurations due to the advantages offered by the 
perovskite such as high-efficiency potential, low production costs, 
tunable bandgap, and the advantages from combination with silicon 
technologies [6].
PSC–Si can be combined in three ways: two-terminal (2T), where 
the PSC will be in direct contact with the silicon cell through a 
series connection; four-terminal (4T), where the PSC and silicon 
will be electrically separated; and three-terminal (3T), where the 
top PSC and silicon subcells share a common terminal while 
maintaining their independent terminals [7]. Among these con­
figurations, the 2T has more potential for industrial applications 
mainly because it offers a good balance between enhanced per­
formance, low costs, and complexity of assembly. With the 4T 
requiring two sets of electrical contacts and the 3T requiring 
an additional terminal, they present extra cost and processing 
steps, making the 2T the most viable choice for initial industri­
alization of this technology [8]. The 2T tandem PSC–Si solar 
cells can be categorized as negative-intrinsic-positive (NIP) or 
positive-intrinsic-negative (PIN) 2T PSC–Si depending on the 
stacking order of the layers in the PSC subcell.
The current highest certified efficiency value for 2T PSC–Si tan­
dem cell at laboratory scale is 35% [9, 10]. This value now exceeds 
the theoretical efficiency limit for any single-junction cell technol­
ogy. With the potential for even higher efficiency and the possibil­
ity of further enhancements, they are now on the transition from 
research laboratories to the industry. Nevertheless, for solar cell 
technology to reach commercialization, it should satisfy certain 
technological, economic, and social factors that include having 
high efficiency, be scalable, be stable, cost-competitive, and envi­
ronmentally friendly [11]. Hence, moving from laboratory scale 
to stable industrial PSC–Si tandem solar cells (TSCs) is a huge 
task that still requires scientific and technological advancements 
throughout PSC–Si TSC’s entire commercialization timeline. This 
encompasses improvements in material selection, optimization of 
device design, characterization methods, and the establishment 
of testing standards for PSC–Si modules. In addition to these 
technological advancements, it is also important to have insights 
on the environmental impacts and benefits of the technology. 
This will help justify the sustainability of material choices, man­
ufacturing processes, and design strategies for end-of-life (EOL) 
management, thereby facilitating their broader implementation.
A widely recognized approach for assessing environmental 
impacts is life cycle assessment (LCA). LCA evaluates the environ­
mental consequences of both existing and emerging PV technol­
ogies throughout their entire life cycle, including the extraction 
of raw materials, manufacturing, transportation, usage, and dis­
posal. It quantifies all the inputs (materials and energy) and 
outputs (emissions and wastes) across all the stages, allowing us 
to assess the environmental footprint of PV technologies [12–18]. 
LCA has been used in studies on TSC. However, these analyses 
were typically conducted during technology development and 
were based on optimal materials and conditions that contribute to 
the achievement of high PCE in the laboratory without necessarily 
considering scalability. The LCA studies were based on laboratory 
data, which involve processes with high energy demand and are 
incompatible with industrial production [19, 20]. Only one study 
contains an analysis of PSC–Si that includes real data from an 
industrial manufacturing line [21]. However, considering that 
PSC–Si technology is still undergoing development and might 
take several years before it is fully commercialized, there is a 

need for an evaluation of its environmental impacts from a future 
perspective to support its development.
To this aim, prospective LCA (pLCA) is the appropriate approach 
because it allows the use of multiple upscaling scenarios (fore­
ground and background) to anticipate the environmental impact 
of emerging technologies at the laboratory or pilot scale, and 
project to a future point of mass production or use [22–26]. Few 
studies have evaluated the future life cycle environmental impacts 
of PSC–Si. Among the relevant studies published, Itten et al 
[27]. conducted a pLCA with a time horizon of 2025 for PSC single-
junction and PSC–Si TSC. Tian et al. [28] evaluated the life cycle 
energy use and environmental implications of perovskite-based 
tandems. Similarly, Leccisi et al [29]. performed a comprehensive 
analysis of the energy demands and the environmental impacts 
of scalable perovskite-based single-junction and tandem devices. 
All three studies compared their results to the benchmark sili­
con and reported that PSC–Si exhibited lower environmental 
impacts compared to silicon solar cells. However, although these 
LCAs provided valuable inputs for decision-making, they did not 
account for changes that would occur in the background. To 
this aim, Van Der Hulst et al [30]. performed pLCA on bifacial 
and monofacial PSC–Si to single-junction silicon PV cells with 
a time scope of 2090. They reported that the environmental 
impacts of tandem devices decrease over time with the bifacial 
panels presenting a lower environmental footprint than monofa­
cial panels. However, they did not account for changes in the 
tandem architecture.
This article seeks to fill this gap by applying pLCA to evaluate the 
environmental implications of four promising TSC architectures 
informed by existing literature on materials and processes suita­
ble for industrial production. Specifically, this article considers 
the anticipated advancements in the TSC configurations, manu­
facturing processes and changes in the background processes, 
providing insights into the environmental consequences of pro­
ducing and deploying the PSC–Si in the future. Given that the PSC 
subcell is still undergoing development and novel materials are 
being developed and improved for better efficiency and stability, 
future PSC–Si may incorporate different material combinations. 
However, a prospective assessment is also vital at this stage 
to identify environmental hotspots, inform sustainable design 
choices, and guide policymakers and manufacturers toward min­
imizing the environmental footprint of PSC–Si devices.
We begin by providing an overview of PSC–Si TSC technology 
to highlight some of the materials and advancements made in 
scaling up PSC–Si from laboratory to industrial scale. This is 
followed by a description of the prospective environmental impact 
assessment approach taken in this study, and finally, we present 
the results and conclusions.

2 |  Review and Insights on the Materials Suitable for 
Upscaling of PSC–Si
2.1 |  Materials
2T PSC–Si TSC module typically consists of two main subcells: 
a perovskite top cell and a silicon bottom cell [31]. The perov­
skite absorber layer, combined with the electron transport layer 
(ETL) and hole transport layer (HTL), as well as a transpar­
ent conductive oxide (TCO), forms the top PSC subcell, which 
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captures high-energy photons. Meanwhile, the silicon bottom 
subcell absorbs lower energy photons. A recombination layer or 
tunneling junction facilitates efficient charge transfer between 
the two subcells. The module is protected by encapsulating mate­
rials that shield it from environmental damage, and it features 
anti-reflective coatings to enhance light absorption. Additionally, 
an aluminum frame and junction box ensure structural integrity 
of the module [32]. Recently, discussions in the literature have 
focused on the potential pathways for future PSC–Si architectures
[31, 33–37]. Various materials and configurations have been 
analyzed to identify alternatives suitable for industrial implemen­
tation. This section highlights some of these materials that could 
be adopted for the initial TSC designs on an industrial scale.

2.2 |  Transparent Conductive Oxide (TCO)
The TCO functions as the front or transparent electrode, allowing 
electrical current to flow while also enabling the light to pass 
through [38]. The most common TCO material is indium tin 
oxide (ITO) because it provides the highest available transmit­
tance for visible light along with the lowest electrical resistivity 
(1.5−2.0 × 10−4 Ωcm) [32]. However, ITO contains indium, which, 
although not considered a critical material in Europe [39], still 
raises global supply concerns [35]. A study by Wagner et al. [40] 
highlights the criticality in the supply of the resource of indium 
if the PSC–Si devices were to be produced at the terawatt scale. 
Replacing ITO with substitutes such as aluminum-doped oxide 
(AZO) and fluorine-doped tin oxide (FTO) may be a promising 
direction. Another option would be to use ultra-thin indium zinc 
oxide (IZO), as demonstrated by Aydin et al. [41], where they mod­
eled a 32.5% efficient cell with a 50-nm thick IZO layer. If scaled to 
terawatt levels, this approach could utilize approximately 0.86 mg 
of indium per watt, which is still above the target of around 
0.38 mg per watt necessary to meet 20% of the total indium supply 
[42]. Nevertheless, this approach presents a viable starting point, 
which, if combined with recovery and recycling efforts, could 
further reduce indium consumption.

2.3 |  Charge Transport Layers
The polarity of the tandem device largely influences the selection 
of charge transport materials [33]. When the ETL of PSC is 
connected to the silicon bottom cell, it constitutes the NIP TSC. 
Conversely, when the HTL of PSC is connected to the silicon 
cell, it forms the PIN TSC. In the NIP-type TSC, the HTL is 
therefore deposited on the perovskite film, and its thickness 
is usually required to be sufficient to completely cover the per­
ovskite surface to avoid direct contact between the perovskite 
and metal electrode [43]. Doped Spiro-OMeTAD has commonly 
been used as an HTL in NIP TSC, but its stability issues, com­
plex synthesis steps, and high parasitic absorption present a 
barrier to its use at an industrial scale. Other alternatives that 
have been developed to replace Spiro-OMeTAD include the inor­
ganic copper thiocyanate (CuSCN) and nickel oxide (NiOx) [44], 
as well as the organic 2,2′,7,7-tetrakis-(N,N-di-p-methyl phenyl­
amino)-9,9-spirobi-fluorene (Spiro-TTB) and poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine (PTAA). However, organic HTLs 
suffer from stability issues linked to their dopants, making the 
development of alternative dopants or dopant-free HTLs a prom­
ising pathway toward their industrial production [45]. Another 

strategy is to minimize the thickness of the HTL to reduce parasitic 
losses while ensuring proper coverage of the perovskite layer. 
In this regard, Spiro-TTB has been reported to be a potential 
substitute to Spiro-OMeTAD and its application has been demon­
strated in some studies [46, 47] where the thickness was precisely 
controlled and uniformly coated with the evaporation technique, 
and the hole mobility was maintained at a high level without 
a dopant.
In PIN-types TSC, self-assembled monolayers (SAMS) like 2-(9H-
carbazol-9-yl) ethyl) phosphonic acid (2PACZ) and its derivatives 
show potential as promising HTLS. Although they are expensive 
to produce and their performance over a large area has not been 
demonstrated yet, they are considered promising because they are 
used in small quantities [40]. Poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT:PSS) also presents as a potential 
HTL for PIN type TSC, considering that its industrial production 
is already established. However, PEDOT:PSS is acidic and may 
corrode the electrode in the long-term operation and reduce 
device stability. Additionally, the work function of PEDOT:PSS 
can sometimes contribute to an imperfect energy level alignment 
with the perovskite layer, hindering efficient hole extraction and 
leading to lower device performance [37].
Regarding the ETL, n-type compact or mesoporous titanium diox­
ide (TiO2) is the most commonly used material in NIP PSC–Si TSC 
devices. However, there are several reasons to consider replacing 
it with tin dioxide (SnO2). SnO2 has higher electron mobility than 
TiO2, can be obtained through a low-temperature process, and 
also possesses good optical band properties [48]. Furthermore, the 
high temperatures required in the sintering process of TiO2 can 
affect the stability of the amorphous-Si:H in the bottom silicon 
cell, which is a significant obstacle to its commercialization. 
Another alternative to TiO2 is zinc oxide (ZnO). However, despite 
having better conductivity and low temperature processability 
than TiO2, ZnO exhibits degradation issues similar to TiO2. Hence, 
SnO2 is the favorite candidate [49].
Regarding PIN TSC, fullerene (C60) and its derivatives including 
[6] phenyl-C61-butyric acid methyl ester (PCBM) are mostly 
employed as ETL. C60 is particularly preferred as the ETL in 
PIN TSC devices due to its small conduction band offset and 
large valence band offset compared to the perovskite. These 
properties enhance electron-extraction and prevent hole conduc­
tion, thereby establishing good electron-selective contact. Other 
advantages of C60 include excellent electron mobility, hydropho­
bic nature, and its ability to passivate perovskite surface antisite 
defects [50]. C60 has already reached an annual production in the 
multiton range and it appears to be feasible for use at an industrial 
scale from a material supply perspective [40]. However, C60 can 
suffer from morphological instability issues over time which can 
affect the long-term stability of the device, and it also has high 
parasitic absorption losses in the visible range [51]. As a result, 
it might not be a viable choice for industrial scale because the 
stability of the device is important. However, until alternatives or 
improvements are made, it might be the best option for now.

2.4 |  Perovskite Layer
The perovskite absorber layer serves as the light-harvesting mate­
rial in the top PSC subcell. Its composition, thickness, crystal 
form, and morphology control the photon absorption, charge 
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dissociation, and charge transport. The typical perovskite struc­
ture is ABX3 where A is either organic or inorganic cations such as 
cesium (Cs+), formamidine (FA+), or methylammonium (MA+); 
B is a metal (such as Pb or Sn), and X represents a halogen 
(mostly I and Br). Initial TSC used single-cation MAPbI3, but 
the efficiency of the TSC devices are generally inferior because 
the bandgap of MAPbI3 does not meet the requirements of the 
ideal top cell (1.73 eV) [52–54]. However, this bandgap can be 
tuned accordingly by modifying the composition of the material, 
particularly its halogens and cations. In recent TSC, double-cation 
perovskites such as Cs0.17FA0.83Pb(Br0.17I0.83)3, which incorporate 
two different A-site cations (such as a combination of cesium 
[Cs+] and formamidinium [FA+]), have shown improved optical 
absorption, thermal stability, and efficiency compared to single-
cation perovskites [55]. Similarly, triple-cation perovskites, which 
use a mix of three A-site cations (commonly Cs+, MA+, and FA+) 
such as Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3, offer even better 
stability. Moreover, triple-cation perovskite films are typically 
more compact and free of pinholes compared to double-cation 
perovskite films, and they currently present TSC with the highest 
efficiencies at present [56, 57]. Given their balance of efficiency 
and stability, the double and triple cations are expected to be key 
candidates for large-scale deployment of TSC. However, from the 
perspective of the material supply of the cations, MA and FA 
are considered relatively scalable, whereas Cs may be subject to 
supply bottlenecks [40, 58]. This scarcity of Cs could limit the 
ability to scale up cesium-containing perovskite films.

2.5 |  Back Contact Layer
Some of the common materials used as the back electrode include 
gold (Au) and Silver (Ag). The high cost of Au makes it impractical 
for large-scale production. Ag is a more affordable alternative, 
although they tend to be less stable than Au and they may 
cause instability of the tandem device by diffusing into the per­
ovskite and reacting with the halide to form silver halides [59]. 
Alternative back layer materials include copper (Cu), aluminum 
(Al), and carbon-based electrodes, provided they are optimized 
to meet the minimum conductivity requirements of the tandem 
device [60].

2.6 |  Silicon Bottom Cell
The type of silicon cell chosen is critical as it affects the deposition 
methods, process temperatures, and the continuity of the top PSC. 
Depending on their doping type, silicon cells can be classified 
as p-type or n-type. In the past, p-type cells such as passivated 
emitter and rear cells (PERC), and aluminum back surface field 
cells (Al-BSF) were widely used [61]. However, n-type silicon cells 
like tunnel oxide passivated contact (TOPCon) cells and silicon 
heterojunction (SHJ) cells are gradually replacing p-type cells [62] 
due to their ability to obtain higher efficiency devices [63, 64].
SHJ has particularly been the preferred choice in tandem configu­
rations because they have high operating voltages, high-efficiency 
potential, low-temperature coefficient, and bifacial characteris­
tics. Moreover, the top layer in SHJ devices are TCOs, which 
can be applied as the recombination junction in 2T tandems 
with only few modifications on their thickness [65]. However, 
ongoing research is leading to various advancements concerning 

the silicon bottom cell. Future industrial PSC–Si may incorporate 
both p-type and n-type silicon.

2.7 |  Encapsulation
In addition to the scale-up of the materials used in the production 
of the TSC, an equally essential step is the integration of the cells 
to form modules. This involves materials that provide structural 
support, interconnection between the cells and encapsulation. 
Encapsulation is necessary for perovskite-based tandem devices, 
which encounter stability issues due to their sensitivity to environ­
mental factors such as moisture, oxygen, temperature, and UV 
radiation [66]. Furthermore, perovskite-based TSC may contain 
lead, which can be mitigated by encapsulation strategies such as 
poly(ionic liquid) (PIL)-based coatings and lead-adsorbing iono­
gels, which effectively sequester lead ions, preventing their release 
into the environment [67, 68]. Industrial encapsulation should 
address the stability and toxicity issues while maintaining trans­
parency, durability, and scalability. The mainstream encapsulant 
material used for the silicon technology is ethyl vinyl acetate 
(EVA); nevertheless, it is not suitable for PSC–Si due to the high 
temperature used in cross-linking EVA, and during its lamination, 
there is the release of byproducts that are harmful to perovskites 
[69]. Some of the alternatives proposed in the literature include 
polyolefins and thermoplastic polyurethane [34].

2.8 |  pLCA Methodology
This work is based on pLCA which is carried out following the four 
LCA phases according to the ISO standards 14040/14044 [70, 71], 
namely, goal and scope definition, life cycle inventory, life cycle 
impact assessment, and interpretation.

2.9 |  Goal and Scope of Study
The goal is to assess the environmental profile of different PSC–
Si TSC configurations to highlight the potential perspectives of 
future industrial development of this technology. The aim is to 
evaluate and analyze the potential changes and advancements 
in environmental performance over time, with the temporal 
scope of the analysis being 2025–2075. To take into consideration 
different states in the future, the analysis integrates changes to 
the TSC architecture to reflect material and processing scalability, 
forecasts of operational parameters (foreground scenarios), and 
modification of the electricity mix utilized in the tandem solar 
devices manufacturing supply chain (background scenarios). 
Considering the study’s goal, the tandem devices will be deployed 
as future energy technology in a mature electricity market. 
Therefore, the functional unit of the analysis is 1 kWh of generated 
direct current electrical energy from the PV module over its life­
time. This analysis takes a cradle-to-grave approach, examining 
the environmental impacts of PSC–Si from the extraction of raw 
materials through to the fabrication of cells and modules, as well 
as their operation and EOL treatment. Concerning the EOL, the 
cut-off approach was applied, where no environmental benefit 
was attributed to the recovery of secondary material. Figure 1 
contains a summary of the system boundaries, including changes 
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FIGURE 2 | Schematic illustration of four 2-terminal (2T) monolithic PSC–Si tandem solar cell architectures considered in this study: (TSC1) N–i–P 
PSC/SHJ tandem, (TSC2) P–i–N PSC/SHJ tandem, (TSC3) PSC/homojunction c-Si tandem, and (TSC4) bifacial 2T PSC/SHJ tandem [41, 47, 62, 72].

in foreground and background, which are explained in detail in 
the prospective assessment section.

2.10 |  Description of the TSC Analyzed
Figure 2 shows the selected TSC designs, including the chosen 
materials and their respective thicknesses. The TSC 1 design 
features a textured silicon heterojunction (HIT Si) as the bottom 

subcell and Ag as the metal electrode. This configuration is 
analyzed as a NIP TSC, as reported in the referenced paper [47]. In 
this arrangement, a noninverted PSC cell is used, which includes 
Spiro-TTB as the HTL, a CsFAPb(IBr)3 perovskite absorber layer, 
C60 for electron transport, and ITO for TCO.
TSC 2 utilizes the same HIT Si and metal electrode (Ag) as 
TSC 1. However, this configuration is analyzed as a PIN TSC, 
which includes IZO as the TCO, C60 as the ETL, a CsFAPb(IBr)3 
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perovskite absorber layer, and 2PACZ as the HTL. Given the 
critical nature of indium, the TSC reported in the referenced paper 
employs IZO as the TCO with a reduced thickness [41], and this 
consideration is also taken into account in the analysis of TSC 2.
TSC 3 features a different silicon bottom cell, the PERC, and also 
the back metal electrode Ag is substituted with Al. Moreover, 
to address the concerns raised on criticality in the supply of Cs
[40, 58], a different perovskite absorber layer, FAMAPbIBr, which 
does not contain Cs, is utilized. The fourth tandem alternative, 
TSC 4, is analyzed as a bifacial tandem configuration that features 
a 200 nm IZO thickness [73]. This is chosen to represent a grid-free 
large-area bifacial module configuration, for which low sheet 
resistance is required for efficient charge collection and can be 
achieved using a relatively thicker TCO [74].
In relation to the deposition process for the materials mentioned 
above, the energy-intensive deposition methods, such as spin-
coating, were replaced by scalable techniques [75–77]. This 
was necessary considering that spin-coating is incompatible 
with large area manufacturing, and considering the textured 
crystalline-silicon (c-Si) bottom cells adopted in the analysis, 
we would require techniques that can ensure the PSC top cell 
are deposited in a conformal manner over large area [78, 79]. 
Therefore, we adopted methods such as slot-die coating for the 
absorber layer, ETLs and HTLs, atomic layer deposition for SnO2, 
and sputtering for the TCO. It is important to note that by using 
slot-die coating instead of spin-coating, material losses were 
considered minimized and assumed to be negligible and were 
therefore not taken into account [80]. The next step after cell 
production is module assembly where we considered the P1, 
P2, P3 processes involved in the interconnection of the cells. 
Furthermore, encapsulation layers based on polyolefin (POE) and 
front glass are included in the analysis.

2.11 |  Life Cycle Inventory (LCI)
Most of the LCI data were obtained from the literature with 
the Ecoinvent version 3.9.1 [81] being the primary database 
used for background data. Specifically, data for silicon heterojunc­
tion cells were sourced from Louwen et al. [82]. For PSC, we 
relied on data from studies that focused on upscaled modules
[28–30, 83, 84]. However, in cases where literature data were 
unavailable, such as for 2PACZ and Spiro-TTB, we modeled the 
data based on stoichiometric equations and followed their synthe­
sis as reported in the literature [85]. The LCIs of all processes are 
provided in the Supporting Information file.
The analysis of the use phase was included to assess the potential 
of TSC as electricity-generating devices. The electricity produc­
tion was calculated in the following equation:

                         ELT = I × PR × PDi ∑
n = 1

LT
1 − DR n                         (1)

where I is the insolation (assumed to be 1700 kWh/m2/year, which 
is representative of Southern Europe and the world average), PR 
is the performance ratio which was set to 80% as the average 
value [86]. PDi denotes power density and was derived from 
literature-reported PCE [46, 72, 87, 88], under standard test 
conditions by normalization to 1-sun irradiance (1000 W/m2) [64]. 
For the bifacial configuration TSC 4, rear-side irradiance was 

additionally considered by assuming a rear incident irradiance 
of 200 W/m2 [89], which translates to an increased electricity 
output that was assumed to be 15% relative to the monofacial 
TSCs. Regarding the degradation rate (DR), a constant annual 
value of 0.9% was assumed for the perovskite (PSK) top subcell 
due to the lack of actual field data on their degradation rate [90], 
whereas the bottom Si bottom subcell was modeled with a higher 
first-year degradation of 1.5% followed by a lower post-DR of 0.6%, 
reflecting their real performance in the field [91, 92]. Regarding 
the LT, which is the lifetime, we assumed a lifetime of 25 years 
of the TSC PV system, which aligns with the industry standard 
average lifespan for PV panels. Given the current instability 
issues of the PSC top subcell, the parameters assumed for the 
degradation rate of the PSC top subcell and the overall lifespan of 
the TSC in this analysis are future projections of these parameters. 
However, given the uncertainty around this, a sensitivity analysis 
is also included.
Concerning the EOL phase, recycling is modeled in which the TSC 
module will be delaminated to remove the encapsulation material 
[93]. After which, the two subcells are separated and undergo 
recycling separately at different points in time. The recycling of 
PSC was modeled on the basis of a chemical dissolution process, 
and the LCI for this process was obtained from Tian et al. [94]. 
For the recycling of the silicon bottom cell, we derived the LCI 
from Latunussa et al. [95] with glass, silicon, and silver recovered 
as output.

2.12 |  Prospective Assessment
In this section, we outline the scenarios considered for the pro­
spective analysis. First, the foreground scenarios were developed 
using the framework proposed by Van Der Hulst et al. [96], 
which was done in three phases as outlined in Table 1. In the 
first phase, we assessed the technological readiness level (TRL) 
and maturity of the technology to identify the necessary steps 
for implementation within the specified timeframe. This was 
necessary because although silicon PV is a proven technology at 
TRL 9, research into its improvement and manufacturing process 
is ongoing. Additionally, its industrial-scale recycling process is 
still in development. In contrast, though PSCs have demonstrated 
high performance at the laboratory, they are still at the early 
stages of commercial deployment (low TRL ≈5) and still require 
further advancements. Therefore, modeling the future production 
and use of TSCs requires consideration of developments that will 
bring them to TRL 9. On the basis of literature and industry road 
maps [33, 35, 64], in the second phase, the changes modeled 
relate to fabrication methods from the current techniques used 
in the lab such as spin coating to scalable techniques like slot-die 
coating, changes in dimensions from small-area tandem cells 
(1 cm2) to modules (1 m2), as well as changes in the tandem 
architecture such as use of alternative materials such as Al instead 
of Au, 2PACZ instead of Spiro-OMeTAD [97]. For the third 
phase, industrial learning in the foreground system were derived 
from projections of the International Technology Roadmap for 
Photovoltaic (ITRPV) [64], where we modeled projections in 
lifetime, PCE and degradation rate of the TSC, as well as reduction 
in the amount of silver used for back contacts and the thickness of 
the silicon wafer from 270 µm in 2025 to the projected 100 µm in 
2050 [98, 99].
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TABLE 1 | Modeled projections for the TSC.

Phase: Step Modeled changes Current state Target state

Phase I: Definition of the 
development stage

Technological development PERC Silicon panel- 
TRL 9,10

HIT Silicon
Monofacial tandem-TRL 

4–7
Bifacial tandem-TRL 5

Industrial scale TRL 9–10

Phase II: 
Process changes

Scalable deposition process
Use of safer solvents

Spin coating, 
Thermal evaporation

DMF

Slot-die coating, Sputtering
DMSO

Changes in 
tandem architecture

Spiro-OMeTAD, Au 2-pacz, IZO, Al

Reduction in the thickness 
of layers

Silicon wafer – 270 µm
ITO-210 nm

Silver use- 9 g/m2

Silicon wafer – ≤100 µm
IZO – 2030–50 nm,
IZO - 2050 > 50 nm

Silver – <2 g/m2

Phase II: Size scaling Product scaling 0.01 m2 1 m2

Phase II. 
Process synergies

Reduction of final 
waste streams

Recovery of glass, 
aluminum frame3

Recycling and recovery of 
Silicon, silver and ITO

Phase III: 
Industrial learning

Increased 
technological performance

Lifetime of <5 Years, 
Degradation rate of 

PSC > 6.5%, Performance 
ratio ≈ 75%

Lifetime = 25–30 years, 
Degradation rate 

of PSC < 2.3%, 
Performance ratio > 80%

Phase III: 
External developments

Decarbonization of 
electricity mix, transport 

and steel production

The current European 
electricity mix

Future European electricity 
mix including more 
renewable energy

For the background system, developments in the electricity mix 
used were modeled using the Python package Premise [100]. 
Premise utilizes data from integrated assessment model (IAM) 
scenarios and Ecoinvent database to update market links and 
technology choices. As a result, prospective LCIs (pLCIs) are 
generated, reflecting a future global economy under specific 
climate mitigation scenarios and socio-economic pathways (SSPs)
[101, 102]. In this article, we relied on the data from the IAM 
model IMAGE [103], which follow SSP2 (also known as the 
“Middle of the road” pathway) and the mitigation scenario rep­
resentative concentration pathway (RCP) 2.6 (limiting radiative 
forcing to 2.6 W/m2 in 2100, roughly equivalent to keeping global 
warming below 2°C) to represent best-case possibilities [104]. 
From this process, the pLCIs that were generated were then com­
bined in a superstructure database to enable practical modeling 
with a single database rather than multiple ones to represent all 
the scenarios and time steps. This superstructure database con­
sists of an extended scenario difference file that contains variances 
in the flow values for all the time steps and scenarios. The scenario 
difference file was imported into Activity Browser [105], which is 
the LCA software that was used for this scenario-based analysis.

2.13 |  Life Cycle Impact Assessment
In this phase, all the data collected in the LCI are converted 
to environmental impact indicators that provide information 
on the environmental performances of the TSC analyzed. For 

this purpose, the environmental footprint method (EF 3.1) was 
employed, where the environmental impacts on climate, resource 
depletion, air, water, and soil quality are categorized and classified 
into 16 midpoint categories [106]. However, this study focuses on 
the environmental impacts of TSC in the global warming potential 
(GWP) impact category because of its high level of confidence 
and robustness guaranteed by the Inter-governmental Panel on 
Climate Change (IPCC) [107]. Furthermore, GWP is relevant to 
highlight the effectiveness of the TSC in reducing greenhouse gas 
emissions throughout their life cycle in comparison to fossil fuel 
energy sources [108].
Moreover, the cumulative energy demand (CED), which is an 
LCIA method that aggregates the total energy required (both 
direct and indirect) during the entire life cycle of TSC, was also 
employed in this analysis. The evaluation of the CED allowed 
us to include an evaluation of the energy payback time (EPBT), 
which quantifies the duration needed for the TSC to generate 
the same amount of energy to offset all the energy input during 
the PV life cycle [109]. The EPBT is calculated as shown in the 
following equation:

                                     EPBT = CED
Eagen
ηG − Eo&m

                                     (2)

where Eagen is the annual electricity produced by the TSC, which 
was calculated as shown in Equation (1), ηG is the primary energy 
to electricity conversion efficiency, which was set to 0.31 [110] 
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FIGURE 3 | Comparison of the GWP of four PSC–Si alternatives with Si. The years 2025, 2030, and 2050 represent years of production and the use 
of TSC, and the TSCs are expected to reach their EOL in 2050, 2055, and 2075, respectively.

FIGURE 4 | GWP contribution analysis of the TSC architectures as of 2025.

for 2025 and increased to 0.44 [111] for 2030 and 2050 with the 
assumption that future electricity mix will develop to include a 
significant share of renewable energy sources. Eo&m is the annual 
primary energy demand for operation and maintenance, which 
was assumed to be zero in this analysis.
In addition to the previously mentioned indicators and focusing 
on GWP, we also included an analysis of the carbon payback time 
(CO2PBT) to provide insights into how long it will take for the TSC 
to offset the GHG emissions produced throughout its life cycle. It 
is calculated using the following equation:

                                  CO2PBT = CCE
Eagen × E . F                                  (3)

where CCE is the cumulative CO2eq emission throughout the life 
cycle of TSC obtained by the GWP, Eagen is the annual electricity 
generated by the PV, which was calculated according to Equ-
ation (1) and EF is the emission factor of the grid (kgCO2eq avoi­
ded per kilowatt-hour of electricity) which was set as 0.383 [112].

3 |  Results and Discussion
In this section, we analyze and discuss the results of the prospec­
tive TSC configurations. As mentioned before, the prospective 
analysis of the four TSC configurations includes the use of mate­
rials and deposition processes that could potentially be scaled 
for industrial use. Additionally, we consider variations in the 
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FIGURE 5 | CED of the potential TSC designs and their evolution from current state (2025) to prospective state (2030, 2050).

size of the tandem cells, changes in silicon wafer thickness, and 
technological improvements in terms of the PCE, performance 
ratio, degradation rate, and overall lifetime of the TSC PV system.
The section begins with a comparison of the environmental 
profiles of the four TSC panels against the environmental profile 
of the PERC silicon module, which is taken as a reference for the 
current leading PV technology in the market. The initial compar­
ison assumes a lifespan of 25 years for the TSC; where both the PSC 
top cell and silicon bottom cell function for 25 years. However, 
due to the uncertainty surrounding the lifespan of PSC cells, a 
sensitivity analysis regarding their lifetime and degradation rate 
is also included. It is noteworthy that the findings presented 
in this study rely on assumptions and projections that utilize 
the available information. Consequently, these findings carry a 
considerable degree of uncertainty, especially when forecasting 
a long period for a rapidly evolving technology. Therefore, this 
assessment should be viewed considering the information avail­
able today, highlighting the anticipated direction. Nonetheless, 
the results underscore the improvements needed in PSC–Si TSC 
devices to support their sustainable development.
Figure 3 illustrates the variations in the GWP of the TSC relative 
to that of silicon, with the bar chart on the left showing the GWP 
impacts of the manufacturing step of the TSC devices, whereas 
the bar chart on the right shows the GWP impacts per 1 kWh 
of electricity produced by the TSC. Generally, it is evident that 
the TSCs have different eco-profiles. TSC 1 has the highest GWP 
per kWh, primarily due to its low PCE of 27% and the materials 
employed in the configuration. In contrast, TSC 4 exhibits the 
lowest GWP/kWh. It is evident that as of 2025, the manufacturing 
of all the TSCs presents a higher GWP in comparison to that 
of silicon. However, the energy performance of the TSC devices 
with higher PCE, TSC 2 and TSC 4, compensates for the environ­
mental burden of the production of the TSC compared to the 
single-junction silicon.
The variations in the GWP/m2 values can be attributed to the 
materials employed in the tandem configurations. Specifically, 
by replacing ITO with IZO and reducing its thickness, as well 
as changing the HTL from Spiro-TTB to 2PACZ, a reduction 

in GWP/m2 result is observed from 285 kgCO2eq/m2 in TSC 
1 to 280 kgCO2 eq/m2 in TSC 2 in 2025. Among the tandem 
devices, TSC 3 shows the lowest GWP/m2 value due to the 
employment of Al as the back electrode; however, the use of 
the materials employed in TSC 3 leads to lower PCE and, conse­
quently, to higher GWP/kWh values when the operational phase 
is considered.
Figure 3 also shows that the prospective TSC designs have 
improved environmental performances from 2025 to 2050, with 
the GWP projected to decrease by approximately 70% for all 
the PV technologies analyzed (tandem modules and silicon). 
The improvements primarily stem from enhancements in the 
technological development identified for the prospective assess­
ment, particularly the adoption of thinner silicon wafers and a 
future European electricity mix that is anticipated to incorporate 
a significant share of renewable sources.
An in-depth analysis of which flows contribute to the GWP 
profile of the TSC as of 2025 is shown in Figure 4. In agreement 
with previous LCA studies [17, 29], the contribution analysis 
shows that in the TSC configurations analyzed, the Si bottom cell 
contributes significantly to the GWP. This environmental impact 
is consistent for both types of silicon analyzed (PERC and HIT). 
Even with assumptions about a reduction in wafer thickness by 
the years 2030 and 2050, the silicon bottom cell accounts for more 
than 50% of the total GWP of the TSC.
Additionally, there are other materials that make a nonnegli­
gible contribution to the GWP of the tandem configurations. 
Specifically, in TSC 1, significant contributions are from Ag, 
which is used as the back electrode, the ITO, which is used as the 
TCO, Spiro-TTB, and the perovskite layer. The high contribution 
of Ag and ITO to the GWP of TSC 1 is consistent with previous 
LCA studies [17, 18, 94], which show that the use of these 
materials have significant environmental burdens due to the high 
embedded energy in Ag and indium and thus high GWP.
In TSC 2, major contributions also come from Ag, IZO, and the 
perovskite layer. However, by changing the HTL from Spiro-TTB 
to 2PACZ, it is evident that HTL no longer contributes majorly 
to the GWP of TSC 2. Although Spiro-TTB is seen as a potential 
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substitute for Spiro-OMeTAD in NIP tandem devices [36], it 
still is an environmental hotspot, and other alternatives should 
be considered.
In TSC 3, Ag was substituted with Al, and a new perovskite layer 
composition was used. However, as illustrated in Figure 4, the 
back electrode and the perovskite layer still present a significant 
contribution to the GWP. Al is a low-cost ideal alternative to Ag, 
however, the high contribution to the environmental impact in 
this analysis comes from the electricity used in the deposition 
process of the Al. Regarding the perovskite layer, both composi­
tions have dominant contributions due to the formamidinium 
iodide (FAI) precursor, the impacts stem from the energy used to 
synthesize it [84].
The process contribution analysis of TSC 4 indicates that ITO used 
as the back contacting material instead of a metal electrode is one 
of the main contributors to the GWP of TSC 4. Although TSC 4 has 

a low GWP per kWh, it was modeled as a bifacial configuration 
containing the highest amount of ITO. From a sustainability 
perspective, mass production of TSC 4 would be a problem 
because of the criticality of indium [40]. Bifacial PSC–Si TSC solar 
modules present a promising opportunity for enhanced stability 
and energy yield compared to monofacial modules. Additionally, 
the bifacial module (TSC 4) analyzed in this study demonstrates 
better environmental performance than the monofacial modules. 
However, for the bifacial modules to be successfully adopted in 
future markets, modifications to the materials and amounts used 
for the TCO will be necessary.
Figure 5 illustrates the comparative analysis of the CED of the 
TSC designs with silicon. The first chart shows the CED of 
the manufacturing step of the TSC in comparison to the man­
ufacturing of the silicon panel, whereas the second bar chart 
shows the CED/kWh. The results demonstrate a similar trend 
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as the GWP, where TSC 1 still presents the highest CED/kWh 
(0.77 MJ/kWh), with TSC 4 exhibiting the lowest CED/kWh 
(0.57 MJ/kWh). A comparison of the CED of the manufacturing 
of the single-junction silicon and the TSC devices shows that the 
TSC presents higher CED than silicon PV due to the additional 
materials and energy required in the manufacturing of the TSC 
panels. However, the high environmental impacts are offset by the 
higher energy performance of the TSC panels, particularly for the 
bifacial module, TSC 4.
A detailed breakdown of the CED contribution as of 2025 is 
presented in Figure 6, where the silicon bottom cell has the 
largest contribution, mainly due to the energy required for silicon 
wafer production. Although the production of the top PSC also 

includes synthesis of materials that are energy-intensive, such 
as the precursor materials, the Si bottom remains to be the 
dominant contributor. However, by anticipating a reduction in 
silicon wafer thickness for the years 2030 and 2050, there is a 
general improvement in the cumulative energy requirements of 
the TSC, as shown in Figure 5.
On the basis of the CED and GWP results from the previous 
section, the calculations for EPBT and CO2PBT are presented in 
Figure 7. These calculations are performed with the assumption 
that the TSC systems will be installed in Europe. The bar chart 
on the left displays the EPBT values, whereas the bar chart on the 
right presents the results for CO2PBT; the top of the bars indicating 
the highest value, which corresponds to the EPBT and CO2PBT 
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FIGURE 10 | GWP comparison with sensitivity analysis on low degradation scenarios and longer lifetime for PSC top subcell.
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FIGURE 11 | CED comparison with sensitivity analysis on high degradation scenarios and lifetime for PSC top subcells.

of the TSCs as of 2025, whereas the bottom of the bar shows the 
values corresponding to the EPBT and CO2PBT projected for 2050.
Assuming a lifespan of 25 years and a lower degradation rate for 
the PSK cells, if the TSC devices are manufactured and deployed 
now their EPBT ranges from 1.9 years for TSC 4 to 2.5 years for 
TSC 1, with a projected decrease to 0.4 years (≈5 months) if they 
are fabricated in 2050 for TSC 4 and 0.6 years (≈7 months) for TSC 
1. As shown in Figure 8, these values are comparable with the 
EPBT values reported in the literature for the other established 
PV technologies [113], showing that if the PSC–Si TSC can be 
developed to reach the industrial lifetime of 25 years, they will be 
competitive within the future PV market. The CO2PBT of the TSC 

ranges from 2.3 years for TSC 4 to 3.1 years for TSC 1, with a similar 
projected decrease to lower values of  ≈5 (TSC 4) to 7 months
(TSC 1) if they are fabricated and installed in 2050.

3.1 |  Sensitivity Analysis
One barrier to the commercialization of PSC-based tandem devi­
ces is the high degradation rate of the top PSC subcell, the short 
lifetime of which affects the overall lifetime of PSC–Si TSC devi­
ces. Various degradation rates have been reported in the literature 
[114] with some studies indicating that PSC–Si TSC devices may 
only be able to enter the market if periodic module restoration 
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is implemented to recycle and reuse the critical materials in the 
degraded PSC. Additionally, they need to have a degradation rate 
of less than 1.4% per year from the onset to be viable [115]. 
However, the degradation rate, as well as the lifespan of PSCs, is 
still subject to uncertainty.
To investigate the sensitivity of our results to these parameters, 
we consider different degradation rates which have a linear 
relationship with the lifetime of the PSC. The estimations of the 
degradation rates of the PSC top cell are based on estimations 
from Qian et al. [90], where the highest value considered is 6.5% 
and the lowest is 0.9%. In contrast, the degradation rate of the 
silicon bottom cell is set at 0.5%, as recommended by the IEA 
PVPS [116]. The assumption taken is that once the PSC degrades, 
the TSC will have to undergo delamination to remove the encap­
sulation material, after which the degraded PSC submodule will 
be removed and a new PSC submodule is placed on the existing 
silicon submodule [16].
A comparison of Figure 9a,b, where the degradation rate was 
varied while keeping lifetime constant, shows that higher degra­
dation rates (6.5% compared to 4.5%) lead to higher GWP/kWh. 
This is because a faster performance decline reduces the effective 
energy yield over the device's lifetime, thereby increasing the 
GWP/kWh. Comparing parts (b) and (c) of Figure 9, where the 
lifetime was varied, the results show that extending the device 
lifetime to 10 years does not necessarily lead to lower GWP/kWh 
compared to a scenario with a higher degradation rate (6.5%) 
but shorter replacement intervals. It is also evident that despite 
the PSC exhibiting a high degradation rate, TSCs with higher 
efficiency (TSC 4) show a lower GWP compared to single-junction 
c-Si. However, TSCs with lower PCE, TSC 1 and TSC 3, demon­
strate higher GWP than the c-Si device, even when the degraded 
PSCs are replaced every 5 years.
Figure 10 demonstrates that although degradation rate is a crucial 
parameter in the development of TSC, for values lower than 
4.5, the degradation rate does not critically affect the GWP, and 
the sensitivity analysis doesn’t show significant variations. This 
is highlighted by the negligible difference (≈4 gCO2eq/kWh) 
between the GWP of the TSCs with the degradation rate 2.3% and 
those of the degradation of 0.9%. Nevertheless, it is still important 
that TSCs with lower PCE should have lower degradation rates to 
ensure that they have a lower GWP than silicon PV devices.
The results of the CED, shown in Figure 11, demonstrate a 
similar trend where lower degradation rates, longer lifetimes 
and restoration of PSC with high degradation rates contribute to 
environmental benefits for TSC.

4 |  Conclusion
In this article, a pLCA is conducted on PSC–Si TSC modules 
evaluating their production and operation from the present day 
through to 2030 and 2050. The analysis is based on various tandem 
architectures identified in the literature, with a particular focus 
on their potential for industrial-scale production. It also considers 
projections of key parameters of TSC, such as operational life­
times, cell and module efficiencies, reductions in layer thickness, 
and changes in future electricity mix. The study aims to identify 
the environmental impact hotspots associated with these tandem 
designs and contribute toward the sustainable development of 

TSC. On the basis of projected changes in TSC module design, 
performance, and the projections of changes in the electricity mix, 
the results of this prospective analysis also show that the TSC 
have the potential to outperform the silicon device in terms of the 
environmental impacts in the long-term future. In particular, the 
GWP of TSC are reduced by 50% in 2030 and 70% by 2050, with 
the CED following the same trend. The changes in the thickness of 
layers and silicon wafer thickness contribute to a reduction in the 
total EPBT, with the decarbonization of the future electricity mix 
contributing to a significant reduction in the CO2PBT of the TSC. 
The results also highlight some hotspot materials such as the Ag 
back electrode, ITO, FAI precursor, and the Spiro-TTB.
The sensitivity analysis underscores the importance of high PCE 
for TSC. For all the environmental impacts assessed, TSC 4 was 
identified as the architecture with the lowest environmental pro­
file, including CO2PBT and EPBT. Although the high-efficiency 
TSCs contains hotspot materials like Ag and indium, which are 
still the preferred materials for high-performance PSC-based tan­
dem, this study shows that the environmental footprint of TSC can 
be minimized by reducing the quantity of these hotspot materials 
in the tandem module and improvements in the recycling process. 
However, for the TSC technology to be sustainable now and 
in future, continued development of alternative materials will 
be essential.
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