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Executive Summary 

 

This document presents the eco-design strategies from the intermediate life cycle assessment (LCA) and 

techno-economic assessment (TEA) results of scalable flexible perovskite modules developed within the 

LUMINOSITY project, as a result of Tasks 7.1 and 7.2. The objective of the report is to evaluate the 

environmental impacts and economic feasibility of five flexible single-junction perovskite cell stacks.  

The deliverable focuses on the intermediate LCA and TEA results of cell stacks that were identified 

together with other LUMINOSITY partners during the consortium workshop organized for milestone 

7.1. It includes the environmental hotspots from the LCA and the cost drivers from the TEA. The global 

warming potential (GWP) from the LCA and manufacturing cost from the TEA is also compared to the 

project targets and other PV technologies in the literature. 

From an environmental perspective, the modules achieve a global warming potential of approximately 

29 kg CO₂ eq/m², meeting the project target of ≤30 kg CO₂ eq/m² and representing a reduction of nearly 

80% compared to crystalline silicon PV modules. The hotspot analysis highlights buffer layer deposition, 

polymer films such as PET and POE, and aluminium substrates as the most impactful contributors, with 

nitrogen use in the buffer layer deposition emerging as a particularly significant factor. 

Economically, the estimated manufacturing cost of the baseline scenario is EUR 46/m², which exceeds 

the project target of EUR 20/m², but remains at the lower end of the range reported in literature (EUR 

41 – 126/m2). Materials dominate the cost structure, accounting for 72% of the total, with nitrogen 

(buffer layer) and PCBM (ETL) identified as the primary cost drivers. Equipment and electricity costs 

are comparatively minor at this stage, though further refinement of CAPEX and OPEX inputs is required 

in subsequent iterations. 

Based on these findings, several preliminary eco‑design strategies are proposed. These include 

implementing nitrogen recovery systems or exploring alternative deposition methods to reduce buffer 

layer impacts, evaluating alternative encapsulant and substrate materials with lower embodied energy, 

replacing energy‑intensive sputtering with more efficient deposition techniques, and sourcing or 

substituting high‑cost organic materials such as PCBM. Together, these strategies provide a foundation 

for further optimization in Deliverable D7.2 and support the transition from pilot‑scale to industrial R2R 

production, positioning flexible perovskite modules as a competitive and sustainable alternative in the 

PV market. 
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1. Introduction 

To facilitate the commercialization of flexible perovskite solar cells (f-PSCs), their environmental and 
economic viability must be evaluated. This can be done using life cycle assessment (LCA) and techno-
economic assessment (TEA). Currently, LCA and TEA on flexible perovskite are mostly based on lab-
scale data, with a wide range of results due to differences in process energy consumption (Vidal et al., 
2021; Martulli et al., 2022). The LUMINOSITY project aims to fill this gap by conducting the first LCA and 
TEA on industrial-scale R2R production of flexible perovskite modules.  The results will support the 
project’s main goal of promoting flexible PSC technology by upscaling its production at a commercial 
level using R2R processing methods and bridging the gap from a sheet-to-sheet (S2S) processed flexible 
PSC at TRL 5 to a stable and efficient R2R produced flexible perovskite module at TRL 7. 

The purpose of this report, Deliverable 7.1 (D7.1), is to provide possible strategies to minimize the 
environmental impacts and production costs of upscaling flexible perovskite photovoltaic (PV) modules 
using R2R production based on intermediate LCA and TEA results. This document serves as an output 
of Task 7.1 (T7.1) and Task 7.2 (T7.2) regarding the LCA and TEA of flexible perovskite modules, 
respectively. These tasks are both under Work Package 7 (WP7). This report follows after the 
recommendations outlined in D1.2 Guidelines for a sustainable life cycle (LUMINOSITY, 2024a). 

The report focuses on the intermediate results from the LCA and TEA of the five scalable flexible 
perovskite stacks. The outcomes include the identification of the environmental hotspots from the LCA 
and the cost drivers from the TEA. Based on these results, preliminary eco-design strategies and further 
improvements for the next iterations are recommended. D7.1 serve as the starting point for the 
subsequent LCA and TEA iterations leading up to D7.2 (Final report on design strategies towards a 
sustainable perovskite PV module and its R2R production line based on final TEA and LCA results). 

 

2. Results and Discussion 

The report begins with outlining the process flow diagram (PFD), which illustrates the steps involved in 
the intermediate analysis. From the PFD, five different scalable flexible perovskite stacks are identified. 
Each perovskite positive-intrinsic-negative (p-i-n) structure consists of multiple layers, which are 
deposited in the following order: transparent conductive oxide (TCO), hole transport layer (HTL), active 
layer (perovskite), electron transport layer (ETL), and top electrode. Additionally, interface layers such 
as passivation (between the perovskite and the ETL) and a buffer layer (between the ETL and the top 
electrode) are included. 

The results are divided into two main parts: LCA and TEA. Both analyses are based on the same PFD and 
the identified perovskite stack scenarios. 

 

2.1. Process Flow Diagram 

The PFD used in this report is a generalized version of the process steps identified in WP1. Only scalable 
processes are considered in the analysis to support the project’s goal of promoting f-PSC technology to 
commercially relevant production scales. This means that deposition processes which are usually used 
in the lab but are difficult to upscale (e.g., spin coating) are excluded. The steps included in the PFD are 
shown in Figure 1. 

The scalable processes considered are sputtering (Sp), atmospheric chemical vapor deposition 
(APCVD), slot die coating (SD), evaporation (Evap) and spatial atomic layer deposition (sALD). The 
processes are ordered following how the layers of the p-i-n perovskite structure is deposited. For the 
APCVD, it is the process used to deposit FTO (ITO alternative) to an aluminium substrate in scenario 2. 
The other scenarios (1, 3, 4 and 5) use sputtering to deposit ITO to a PET substrate. The same pattern is 
used for the other layers with variable processes (HTL, ETL and top electrode). 
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Figure 1:  Process flow diagram of steps included in the preliminary analysis 

 

For the intermediate report, the process steps only include up to module assembly. Other processing 
steps, such as barrier foil lamination, will be included in the next iterations of the analysis and the results 
will be presented in D7.2. 

 

2.2. Scenarios and Architecture Description 

The scenarios under consideration in this report were identified in consultation with the LUMINOSITY 
partners in previous WP meetings and finalised during a consortium workshop organized on June 2025.  

Scenario 1 is based on the WP5 stack specified in D5.1 (LUMINOSITY, 2024b) and is used as baseline for 
the other scenarios. Alternatives for the TCO, HTL, ETL and top electrode layers were considered while 
the materials/process for the active (perovskite), passivation, and buffer layers were kept constant. 
Only one layer is changed  per scenario relative to scenario 1 to easily identify the effect of each 
alternative in the environmental impacts of the module. The composition of the cell stack per scenario 
is shown in Figure 2. 

The thickness per layer was taken from both partner inputs and typical thickness for perovskite 
modules from literature. The values are summarised in Table 1. For the variable process steps, the 
thickness of the material alternatives are assumed to be similar to scenario 1 except for FTO (scenario 
2, different TCO). This is because FTO coatings are generally thicker than ITO coatings for a given 
performance due to their different material properties (Keller et al., 2018; Holzhey et al., 2023). 
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Figure 2: Stack architecture per scenario 

 

Table 1: Layer specifications (including encapsulant) per scenario 

Layer Material Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

TCO 
ITO 160 nm - 160 nm 160 nm 160 nm 
FTO - 650 nm - - - 

HTL 
PTAA 10 nm 10 nm - 10 nm 10 nm 
NiOx/SAM - - 10 nm - - 

Active Cs0.15FA0.85PbI2.85Br0.15 600 nm 600 nm 600 nm 600 nm 600 nm 

Passivation  PEAI 3 nm 3 nm 3 nm 3 nm 3 nm 

ETL 
PCBM 20 nm 20 nm - 20 nm 20 nm 
C60 - - 20 nm - - 

Buffer SnO2 40 nm 40 nm 40 nm 40 nm 40 nm 

Top electrode 
ITO 160 nm 160 nm 160 nm 160 nm - 
AZO - - - - 160 nm 

Encapsulant POE 500 µm 500 µm 500 µm 500 µm 500 µm 

 

2.3. Life Cycle Assessment (LCA) 

Life cycle assessment (LCA) is a methodology for evaluating the potential environmental impacts of a 
product, process or activity at every stage or the entirety of its life cycle. Conducting an LCA provides 
insights into the environmental flows that may arise at each step of a product or process, from raw 
materials extraction to the end-of-life (EoL). The choice of which stages to include in the analysis 
establishes the system boundaries of the LCA, which vary for each study, such as cradle-to-gate, cradle-
to-grave, gate-to-gate and cradle-to-cradle. The framework for conducting an LCA is governed by the 
ISO 14040 and 14044 standards and is conducted in 4 phases: (1) goal and scope, (2) life cycle inventory 
(LCI), (3) life cycle impact assessment (LCIA) and (4) interpretation (ISO, 2006a; ISO, 2006b). 
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2.3.1. Goal and Scope 

Goal 

The main goal of the study is to evaluate the environmental impacts of the five scalable flexible single-
junction perovskite cell stacks as shown in Figure 2. The study also aims to address the following sub-
goals: 

● Compare global warming potential (GWP) values with the project target (30 kg CO2 eq/m2) and c-Si 
modules 

● Identify the material and process (energy) hotspots: hotspot analysis 

● Identify the less environmentally-impactful alternative for each layer: scenario analysis 

Based on these results, preliminary eco-design strategies will be suggested and other alternatives will 
be explored further in the next iterations. 

Functional unit 

The functional unit is 1 m2 of flexible single-junction perovskite module. The electricity produced and 
the lifetime of the module are not yet considered in the intermediate report. 

Scope 

The scope of the study is cradle-to-gate (raw material extraction to module production). The steps 
included in the module production only includes up to module assembly (as shown in Figure 1). Other 
steps, such as the inclusion of the balance-of-system (BOS) components to the module, will be included 
in the next iterations. 

Tools and database 

The ecoinvent v3.10 (cutoff model) database (Werner at al., 2016) is used and the analysis is done using 
Brightway 2.5 (Mutel, 2017). 

 

2.3.2. Life Cycle Inventory (LCI) 

Foreground data 

The material consumption for APCVD of FTO, ITO sputtering, HTL deposition of PTAA, perovskite 
deposition, ETL deposition of PCBM and sALD of SnO2 are primary data taken from different partners 
within the project and the rest of the inventory data were taken from literature. Material and energy 
consumption from the literature has been checked and adjusted to estimate the corresponding usage 
(based on layer thickness shown in Table 1) specified in the stack. The mass balance was also checked 
and adjusted when necessary to ensure consistency of the inputs to the outputs. 

The material utilisation efficiency per process are taken into account. Product losses from one process 
to another and transport of materials from the supplier to the hypothetical factory were not considered 
but will be included in the next iterations and reported in D7.2. 

The inventory per square meter of scenario 1 is shown in Table 2 (material) and  

Table 3 (energy) in Annexes. The inventory for scenario 2 is also shown in Table 4 (material) and Table 
5 (energy). 

Background data 

Foreground data is linked to the corresponding background dataset from the ecoinvent v3.10 database. 
The product/process matching was done in three phases: 

● Phase 1: If material is not found in the database, it is modelled based on literature data. 
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● Phase 2: If no inventory is found in the literature, the material is modelled based on the reaction 
stoichiometry from which it is produced. 

● Phase 3: If the material is produced from a multi-step chemical reaction (e.g., complex molecule), 

a proxy material (material with similar physicochemical properties) is used instead. 

When available, an EU (RER) ecoinvent dataset is chosen. Otherwise, a global (GLO) dataset is used. 

Process gases 

Process gases used (e.g., argon, oxygen, nitrogen) are all assumed to be emitted after use. No recovery 

processes are considered. 

Electricity 

Since the location of the manufacturing plant is an unspecified location in the EU, an EU market group 

mix dataset from the ecoinvent v3.10 database is used for the electricity. 

 

2.3.3. Life Cycle Impact Assessment (LCIA) 

The impact assessment methods chosen in this report are as follows: 

● Environmental Footprint 3.1 (EF3.1) 

The EF3.1 method is chosen as recommended by the European Commission and to align with the 
Product Environmental Footprint (PEF) (European Commission, 2023). This is also the method 
recommended for harmonisation efforts for carbon footprint calculations of PV modules in the 
context of the EU Ecodesign Directive (European Commission, 2025). 

From the EF3.1 method, 16 midpoint impact categories are considered in this analysis, which are 
listed in Table 6 in the Annexes. 

● Cumulative Energy Demand (CED) 

The CED method is also included to identify the most energy-intensive materials and process per 
scenario. Only the total CED is considered (no distinction between renewable and non-renewable). 

The LCIA results per scenario are shown in Table 7 in the Annexes. 

 

2.3.4.      Interpretation 

The following results are based on the best estimates from the collected inputs and the uncertainty 
analysis will be included in the next iterations and shown in D7.2. 

GWP results comparison 

The GWP values across all scenarios is about 29 kg CO2 eq/m2 (as shown in Figure 3). This is within the 
project target of 30 kg CO2 eq/m2.  

Compared to the GWP of c-Si modules, which is 143 kg CO2 eq/m2 (Martulli et al., 2022), the GWP of the 
flexible perovskite stacks considered in this report is about 79% lower. 
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Figure 3: GWP results per process per scenario 

 

 

Figure 4: Percent contribution of processes to LCIA (EF3.1) results for scenario 1 

 

 

Figure 5: Percent contribution of processes to LCIA (CED, direct process energy) results for scenario 1 
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Hotspot analysis 

PROCESSES 

The most environmentally impactful processes are as follows: 

● Buffer layer deposition 

It has the highest contribution in all impact categories, except for ozone depletion (Figure 4). 
However, Figure 5 shows that it does not have the highest process energy consumption compared 
to TCO and top electrode deposition. This means that the high impact of this process comes from 
the high material consumption, specifically of nitrogen. This will be discussed further in the 
Materials section. 

● TCO deposition 

TCO deposition has the highest contribution to the ozone depletion impact category (82%) due to 
the use of a PET substrate (1.51e-5 kg CFC-11eq per kg PET, 80% of ozone depletion) in scenario 1. 
In scenario 2, where an aluminium substrate is used, the ozone depletion impact is lower (9%) but 
the resource use, minerals and metals is higher, from 21% in scenario 1 to 82% in scenario 2 (Figure 
6 and Table 7 in the Annexes). It also has the highest direct process energy, together with top 
electrode deposition for scenario 1 (Figure 5). This is because sputtering is used as the deposition 
method, which is an energy intensive method  (Gassner et al., 2016). However, it has a lower direct 
process energy for scenario 2 since APCVD is used (which has a lower energy consumption) for the 
deposition of FTO (Figure 7). 

● Top electrode deposition 

Top electrode deposition has one of the highest contribution to the direct process energy (33%) 
because of sputtering (10.9 kWh/m2). 

 

 

 

Figure 6: Percent contribution of processes to LCIA (EF3.1) results for scenario 2 
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Figure 7: Percent contribution of processes to LCIA (CED, direct process energy) results for scenario 2 

 

MATERIALS 

The most environmentally impactful materials are as follows: 

● Nitrogen 

Nitrogen has the highest contribution in the embodied energy of input materials (Figure 8 and 
Figure 9) since the sALD process consumes a significant amount of it during the deposition of SnO2 
(60 kg/m2). This consumption corresponds to about 98% of the input materials (by weight) in the 
inventory (does not contribute to module weight). 

● POE and PET films 

Polymer films, such as POE and PET (for scenario 1, Figure 8), have high embodied energy due to 
the significant amount of energy (75-87 MJ/kg) to produce the polymer resins from petroleum 
(Saleem et al., 2023). 

● Aluminium substrate (scenario 2) 

For scenario 2, the use of aluminium substrate has the third highest embodied energy (Figure 9) 
due to the high amount of energy (102 MJ/kg) needed to produce the aluminium alloy. 
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Figure 8: Percent contribution of materials to LCIA (CED, embodied energy of input materials) results for scenario 1 

 

 

 

 

Figure 9: Percent contribution of materials to LCIA (CED, embodied energy of input materials) results for scenario 2 
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Scenario analysis 

From Figure 10 and Figure 11, scenarios 1, 3, 4 and 5 have similar LCIA results. This means that the 
alternatives for HTL, ETL and top electrode have no significant advantage/disadvantage compared to 
the baseline scenario. However, scenario 2 has a considerable difference in some of the impacts relative 
to scenario 1. 

In terms of the CED results, scenario 2 has a lower direct process energy since it uses APCVD instead of 
sputtering for the TCO deposition. But, it has a higher embodied energy because of the production of the 
aluminium substrate. 

For the EF3.1 impacts, scenario 2 has higher human toxicity (cancer), particulate matter and resource 
use (minerals and metals) results than scenario 1 also due to the aluminium substrate. Since the main 
contributor of the ozone depletion impact is the PET substrate, it is lower in scenario 2 since it is not 
used. 

 

Possible eco-design strategies 

Based on the results, the following eco-design strategies can be explored further: 

● For the nitrogen use in the buffer layer deposition (sALD), a recovery system can be established to 

reuse the nitrogen and consequently, lessen the impacts. However,  the additional recovery process 

should also be analysed to see trade-offs. This can be assessed in the next iterations.  

● Another possible strategy to lower the impact of the buffer layer deposition is to evaluate an 

alternative process that might be less impactful (e.g., soft sputtering). 

● For the polymer films, other types of material can be considered both for the substrate and the 

encapsulant. The material for the encapsulation step in this report was only limited to POE and no 

other alternatives were evaluated. This can also be assessed in the next iterations. 

● For processing steps that use sputtering, evaluate if other less energy-intensive processes can be 

used (e.g., slot die coating). 
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Figure 10: Contribution of direct process and input material embodied energy to total CED results per scenario  

 

 

 

Figure 11: Normalized LCIA (EF3.1) results of scenarios 2-5 to scenario 1 
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2.4. Techno-Economic Assessment (TEA) 

Techno-economic assessment (TEA) is an evaluation of the economic feasibility of processes or products 
based on their technical inputs. Similar to an LCA, a TEA starts with defining the goal and scope and 
developing the PFD and mass and energy balances. Cost data related to the materials and equipment is 
then collected. For this TEA, only the economic indicator of manufacturing cost is estimated. Other 
economic indicators (e.g., LCOE) will be evaluated in the next iterations. 

 

2.4.1. Goal and scope 

Goal 

The main goal of the study is to evaluate the cost drivers of scenario 1 as shown in Figure 2. The 
economic viability of the other scenarios will be evaluated in the next iterations. The study also aims to 
address the following sub-goals: 

● Compare the manufacturing cost with the project target (EUR 20/m2) and costs of other flexible 
perovskite modules from literature 

● Identify the material and process hotspots: hotspot analysis 

Based on these results, preliminary strategies will be suggested and other alternatives will be explored 
further in the next iterations. 

Functional unit 

The functional unit is 1 m2 of flexible single-junction perovskite module. The electricity produced and 
the lifetime of the module are not yet considered in the intermediate report. 

Scope 

The scope of the study is similar to the scope of the LCA (raw material extraction to module production). 
The steps included in the module production only includes up to module assembly (as shown in Figure 
1). Other steps, such as the inclusion of the balance-of-system (BOS) components to the module, will be 
included in the next iterations. 

 

2.4.2. Economic data 

Materials 

The mass of the materials are taken from the same mass balance used in the LCA. The cost data are taken 
both from literature and supplier websites. The cost data per material is shown in Table 8 . 

Capital expenditure (CAPEX) 

For this analysis, only the investment on the equipment is included in the CAPEX. Other CAPEX inputs, 
such as building costs, will be included in the next iteration. The equipment considered coincides with 
the PFD. The equipment data is taken from Cordell et al. (2024) and is shown in Table 9. 

Operational expenditure (OPEX) 

Only the cost of electricity is considered in the OPEX. Since the location of the manufacturing plant is an 
unspecified location in the EU, a non-household electricity price of EUR 0.19/kWh (Eurostat, 2025) is 
used to calculate the electricity costs. Other OPEX inputs, such as maintenance and labor costs, will be 
included in the next iteration. 
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Assumptions 

The equipment is assumed to be operational 90% of the time (up time fraction) and the depreciation is 
set at 7 years. The factory annual output is based on the throughput of the slot die coater, ALD and 
encapsulator (121 m2/h). 

 

2.4.3. Results 

The following results are based on the best estimates from the collected inputs and the uncertainty 
analysis will be included in the next iterations and shown in D7.2. 

Manufacturing cost comparison 

The manufacturing cost of scenario 1 is EUR 46/m2, which is about 2.3 times higher than the project 
target (EUR 20/m2). To lower this cost, strategies towards lowering the material inputs (consumption- 
and cost-wise) could be implemented as it comprises majority of the manufacturing costs (EUR 33/m2). 

However,  the manufacturing cost in this study falls within the range of values from literature (EUR 41 
– 126/m2), as shown in Figure 12 . The wide range in the manufacturing costs for flexible single-junction 
perovskite modules could be due to the different cell architecture, scope and assumptions made, such 
as the manufacturing capacity (McGovern et al., 2023).  

The manufacturing cost mainly comes from the materials cost (72%), which is a similar trend as the 
results from literature (57-84%). Based on other studies, the OPEX contributes the most after the 
materials cost (12-34%) followed by CAPEX (4-18%). However, the OPEX (EUR 6/m2) and CAPEX (EUR 
6/m2) results for scenario 1 are similar since some inputs are not included in the analysis. This 
necessitates the inclusion of these missing inputs in the next iterations to have a more accurate 
comparison. 

 

 

Figure 12: Manufacturing cost of scenario 1 in comparison to literature results on flexible single-junction perovskite 
modules 
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Hotspot analysis 

PROCESSING STEPS 

The most economically impactful processing steps are: 

• Buffer layer deposition 

Similar to the results from the LCA, buffer layer deposition has the highest manufacturing cost 

among all the other processes (Figure 13) and contributes 51% of the total. The main contributor to 

the manufacturing cost of the buffer layer deposition step is due to the high consumption of nitrogen 

(74%). This is further explained in the Materials section.  

 

• TCO and top electrode deposition 

The TCO and top electrode deposition steps have higher manufacturing costs since both use 
sputtering as the deposition method. Sputtering has the highest equipment investment (Table 9 in Annexes) and has 
the highest energy consumption of all the methods, as shown in  

Table 3 in Annexes. The high energy consumption of sputtering is why these processing steps are 

also the more environmentally-impactful processes from the LCA. 

 

 

 

Figure 13: Manufacturing cost per processing step of scenario 1 

 

MATERIALS 

Since the majority of the manufacturing costs are attributed to the materials, the most economically 

impactful processes also correspond to the most economically impactful materials (as shown in Figure 

13 and Figure 14). The 2 main (material) cost drivers has a combined manufacturing cost of EUR 18/m2, 

which makes up 55% of the manufacturing materials cost and 39% of the total manufacturing cost. They 

are as follows: 
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• Nitrogen 

Nitrogen has a low cost per unit material (EUR 0.23/kg) but has the highest material consumption 

(98% by weight of the input materials, as shown in Table 2 in Annexes). The high material 

consumption is also why it is the most impactful material in the LCA. 

 

• PCBM 

In contrast to nitrogen, PCBM has the highest cost per unit of material (Table 8 in Annexes). Although 

the material consumption is not high (32.6 mg/m2), the high cost per unit (EUR 133/g) significantly 

amplifies the total PCBM cost, and correspondingly, the manufacturing cost of the process. 

 

 

Figure 14: Percent contribution of  materials to manufacturing cost for scenario 1 

 

Possible strategies 

• For buffer layer deposition, since the high nitrogen consumption is the cause, similar 

recommendations made in the LCA section can be used for the TEA. Either nitrogen recovery (with 

the cost of the recovery system included) or a different deposition process (e.g., soft sputtering) can 

be considered. 

• For the TCO and top electrode deposition, since sputtering has both high investment cost and high 

electricity consumption, evaluating other less economic- and energy-intensive processes can be 

considered. 

• For PCBM, more cost data should be considered to evaluate if the material cost per unit dramatically 

decreases if it is sourced from a bulk chemical supplier. Otherwise, less expensive alternatives for 

both materials should also be analysed. 

 

 



HORIZON-CL5-2023-D3-02-12                                                                                                           GA number: 
101147653 LUMINOSITY 

 

 

WP7, D7.1, V0.2 
Page 21 of 29 

3. Conclusions 

The report aims to identify the environmental and economic hotspots and suggest possible eco-design 
strategies based on intermediate LCA and TEA results. Five flexible single-junction perovskite modules 
were assessed for LCA and the baseline scenario (scenario 1) was assessed for TEA. The LCA results 
show that the GWP for all scenarios is about 29 kg CO2 eq/m2, which is below the project target of 30 kg 
CO2 eq/m2 . The TEA for scenario 1 estimates a manufacturing cost of EUR 46/m2, which is 2.3 times 
higher than the project target of EUR 20/m2. However, the manufacturing cost is within the range of 
values reported in the literature for flexible single-junction perovskite modules (EUR 41 – 126/m2). 

Buffer layer deposition (sALD) is both an environmentally- and economically-impactful process due to 
the high consumption of nitrogen. Sputtering has the highest energy consumption among all the 
processes. In terms of material embodied energy, polymer films (PET and POE) and aluminium 
substrates follows nitrogen. The main material cost drivers are nitrogen, due to its high consumption in 
the sALD process, and PCBM used in the ETL, due to its high material cost per unit. 

Possible eco-design strategies are considering an alternative process for the buffer layer deposition, 
recovery of nitrogen in sALD and seeking out alternatives for materials with high environmental impacts 
(PET and POE films) or high material costs (PCBM). 

Next iterations would involve using more accurate input data (primary data), including other processing 
steps in the PFD and mass and energy balances, and considering other process/material alternatives.  
The succeeding LCA and TEA would also include other economic indicators, such as levelized cost of 
energy (LCOE), module efficiencies and uncertainty/sensitivity analysis. The results of the next analyses 
would be reported in the next deliverable, D7.2 Eco-design strategies: final. 

 

4. Degree of Progress 

The deliverable is 100% fulfilled. 

 

5. Dissemination level 

The deliverable D7.1 is public. 
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7. Annexes 
 

Table 2: Material inventory per m2 for scenario 1 

Material Amount Unit 

INPUTS 

Argon 1.19E-03 kg 

Cesium bromide 1.39E-04 kg 

DMF 1.77E-02 kg 

Formamidinium iodide 4.58E-04 kg 

ITO 3.66E-03 kg 

Isopropanol 1.25E-02 kg 

Junction box 1.00E+00 piece 

Lead iodide 1.42E-03 kg 

Methyl iodide 1.16E-05 kg 

Nitrogen 6.00E+01 kg 

Oxygen 5.72E-05 kg 

PCBM 3.26E-05 kg 

PET film 1.73E-01 kg 

POE film 9.04E-01 kg 

PTAA 1.10E-05 kg 

Tin dioxide 7.00E-04 kg 
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Material Amount Unit 

Water, deionised 7.00E-02 kg 

EMISSIONS TO AIR 

Acetonitrile 1.18E-06 kg 

Argon 1.19E-03 kg 

Dimethylamine 1.47E-04 kg 

Nitrogen 6.00E+01 kg 

Oxygen 5.72E-05 kg 

Tin ion 3.38E-04 kg 

Toluene 1.74E-04 kg 

Water 6.99E-02 kg 

 

Table 3: Electricity consumption per m2 for scenario 1 

Processing step Process Amount Unit Source 

TCO deposition Sputtering 1.09E+01 kWh Garcia-Valverde et al. (2010) 

Laser scribing (P1) Laser scribing 1.88E-01 kWh Vesce et al. (2023) 

HTL deposition Slot die coating 6.28E-02 kWh Tian et al. (2021) 

PVK deposition Slot die coating 1.81E+00 kWh Tian et al. (2021) 

Passivation layer coating Slot die coating 1.19E-02 kWh Vesce et al. (2023) 

ETL deposition Slot die coating 2.51E+00 kWh Vesce et al. (2023) 

Buffer layer deposition sALD 5.14E+00 kWh Primary data from project 

Laser scribing (P2) Laser scribing 4.06E-01 kWh Vesce et al. (2023) 

Top electrode deposition Sputtering 1.09E+01 kWh Tian et al. (2021) 

Laser scribing (P3) Laser scribing 2.19E-01 kWh Vesce et al. (2023) 

Encapsulation Lamination 9.17E-01 kWh Martulli et al. (2024) 

 
 Table 4: Material inventory per m2 for scenario 2 

Material Amount Unit 

INPUTS 

Aluminium substrate 4.81E-01 kg 

Argon 5.95E-04 kg 

Cesium bromide 1.39E-04 kg 

DMF 1.77E-02 kg 

Formamidinium iodide 4.58E-04 kg 

Hydrogen fluoride 6.68E-01 kg 

ITO 1.83E-03 kg 

Isopropanol 1.25E-02 kg 
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Material Amount Unit 

Junction box 1.00E+00 piece 

Lead iodide 1.42E-03 kg 

Methanol 8.97E-03 kg 

Methyl iodide 1.16E-05 kg 

Nitrogen 6.00E+01 kg 

Oxygen 2.86E-05 kg 

PCBM 3.26E-05 kg 

POE film 9.04E-01 kg 

PTAA 1.10E-05 kg 

Tin dioxide 7.00E-04 kg 

Tin tetrachloride 3.24E-02 kg 

Water, deionised 7.00E-02 kg 

WASTE 

Spent solvent mixture 7.05E-01 kg 

EMISSIONS TO AIR 

Acetonitrile 1.18E-06 kg 

Argon 5.95E-04 kg 

Dimethylamine 1.47E-04 kg 

Nitrogen 6.00E+01 kg 

Oxygen 2.86E-05 kg 

Tin ion 3.38E-04 kg 

Toluene 1.74E-04 kg 

Water 6.99E-02 kg 

 
 
 Table 5: Electricity consumption per m2 for scenario 2 

Processing step Process Amount Unit Source 

TCO deposition APCVD 1.86E+00 kWh Meßmer et al. (2022) 

Laser scribing (P1) Laser scribing 1.88E-01 kWh Vesce et al. (2023) 

HTL deposition Slot die coating 6.28E-02 kWh Tian et al. (2021) 

PVK deposition Slot die coating 1.81E+00 kWh Tian et al. (2021) 

Passivation layer coating Slot die coating 1.19E-02 kWh Vesce et al. (2023) 

ETL deposition Slot die coating 2.51E+00 kWh Vesce et al. (2023) 

Buffer layer deposition sALD 5.14E+00 kWh Primary data from project 

Laser scribing (P2) Laser scribing 4.06E-01 kWh Vesce et al. (2023) 

Top electrode deposition Sputtering 1.09E+01 kWh Tian et al. (2021) 
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Processing step Process Amount Unit Source 

Laser scribing (P3) Laser scribing 2.19E-01 kWh Vesce et al. (2023) 

Encapsulation Lamination 9.17E-01 kWh Martulli et al. (2024) 

 
 
Table 6: EF3.1 midpoint impact categories (European Commission, 2023) 

Impact category Indicator Unit 

Climate change Radiative forcing as Global Warming Potential (GWP100)  kg CO2 eq 

Ozone depletion Ozone Depletion Potential (ODP) kg CFC-11eq 

Human toxicity, cancer Comparative Toxic Unit for humans (CTUh) CTUh 

Human toxicity, non-
cancer 

Comparative Toxic Unit for humans (CTUh) CTUh 

Particulate matter Human health effects associated with exposure to PM2.5 Disease incidences 

Ionising radiation, human 
health 

Human exposure efficiency relative to U235  kBq U235  

Photochemical ozone 
formation, human health 

Tropospheric ozone concentration increase  kg NMVOCeq 

Acidification Accumulated Exceedance (AE)  mol H+eq 

Eutrophication, terrestrial Accumulated Exceedance (AE)  mol Neq 

Eutrophication, 
freshwater 

Fraction of nutrients reaching freshwater end compartment 
(P) 

kg Peq 

Eutrophication, marine 
Fraction of nutrients reaching marine end compartment 
(N) 

kg Neq 

Ecotoxicity, freshwater Comparative Toxic Unit for ecosystems (CTUe) CTUe 

Land use Soil quality index Dimensionless (pt) 

Water use 
User deprivation potential (deprivation-weighted water 
consumption) 

m3 world eq. 
deprived water 

Resource use, minerals 
and metals 

Abiotic resource depletion (ADP ultimate reserves)  kg Sbeq 

Resource use, fossil Abiotic resource depletion – fossil fuels (ADP-fossil)  MJ 
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Figure 15: Percent contribution of processes to LCIA (EF3.1) results for scenario 3 

 

 

Figure 16: Percent contribution of processes to LCIA (EF3.1) results for scenario 4 

 

 

Figure 17: Percent contribution of processes to LCIA (EF3.1) results for scenario 5 
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Table 7: LCIA results for each scenario 

Impact category Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Climate change, GWP100 (kg CO2 eq) 2.85E+01 2.86E+01 2.88E+01 2.87E+01 2.85E+01 

Ozone depletion, ODP (kg CFC-11eq) 3.26E-06 6.49E-07 3.27E-06 3.28E-06 3.26E-06 

Human toxicity, cancer (CTUh) 6.77E-08 9.92E-08 6.84E-08 6.85E-08 6.76E-08 

Human toxicity, non-cancer (CTUh) 2.46E-07 2.71E-07 2.48E-07 2.48E-07 2.43E-07 

Particulate matter (disease 
incidence) 

7.36E-07 1.41E-06 7.41E-07 7.44E-07 7.35E-07 

Ionising radiation, human health 
(kBq U235) 

1.47E+01 1.30E+01 1.49E+01 1.48E+01 1.47E+01 

Photochemical ozone formation, 
human health (kg NMVOCeq) 

8.73E-02 9.58E-02 8.79E-02 9.15E-02 8.72E-02 

Acidification, accumulated 
exceedance (mol H+eq) 

1.40E-01 1.72E-01 1.42E-01 1.41E-01 1.40E-01 

Eutrophication, terrestrial (mol Neq) 2.28E-01 2.56E-01 2.31E-01 2.30E-01 2.28E-01 

Eutrophication, freshwater (kg Peq) 2.07E-02 1.97E-02 2.10E-02 2.08E-02 2.07E-02 

Eutrophication, marine (kg Neq) 2.62E-02 2.82E-02 2.65E-02 2.63E-02 2.61E-02 

Ecotoxicity, freshwater (CTUe) 1.03E+02 1.17E+02 1.04E+02 1.04E+02 1.00E+02 

Land use, soil quality index 1.14E+02 1.13E+02 1.15E+02 1.14E+02 1.13E+02 

Water use (m3 world eq) 3.90E+01 3.95E+01 3.93E+01 3.92E+01 3.90E+01 

Resource use, minerals and metals, 
ADP ultimate reserves (kg Sbeq) 

1.25E-04 5.64E-04 1.26E-04 1.26E-04 1.13E-04 

Resource use, fossils, ADP fossil 
(MJ) 

6.47E+02 6.17E+02 6.55E+02 6.56E+02 6.47E+02 

Cumulative energy demand (MJ) 805.25 764.04 814.94 814.71 805.23 

 
Table 8: Costs of materials used in scenario 1 

Material Unit Cost (EUR)/unit Source 

Argon kg 19.89 BOC Gases (2025) 

Cesium bromide kg 1955 Thermo Fisher Scientific (2025) 

DMF kg 17.38 Cordell et al. (2024) 

Formamidinium iodide kg 1183.10 Cordell et al. (2024) 

ITO kg 754.23 Martulli et al. (2024) 

Isopropanol kg 15.29 Martulli et al. (2024) 

Junction box piece 0.17 Martulli et al. (2024) 

Lead iodide kg 1469.64 Cordell et al. (2024) 

Methyl iodide kg 239.91 Merck (2025) 

Nitrogen kg 0.23 Martulli et al. (2024) 
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Material Unit Cost (EUR)/unit Source 

Oxygen kg 1.76 Martulli et al. (2024) 

PCBM kg 132975.00 Chang et al. (2017) 

PET film m2 0.89 ENF Solar (2025a) 

POE film m2 1.70 ENF Solar (2025b) 

PTAA kg 104600.00 BCP (2025) 

Tin dioxide kg 4621.50 Cordell et al. (2024) 

 
 
Table 9: Costs of equipment used for perovskite module manufacturing (Cordell et al., 2024) 

Equipment Investment (EUR) Throughput (modules*/hr) 

Sputter chamber           15,355,741 720 

Laser scriber                938,406  120 

Slot die coater             1,706,193  50 

ALD             3,838,935  50 

Encapsulator             1,706,193  50 

Junction box attachment                102,372  40 

*module area corresponds to 1.1 m x 2.2 m 


