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Abstract: The transition to renewable energy sources is pivotal in addressing the escalating 

challenges of climate change and environmental degradation. Solar energy, particularly 

photovoltaic (PV) technology, stands out as a prominent solution due to its potential for clean and 

sustainable electricity generation with minimal greenhouse gas emissions. However, accurately 

assessing the carbon footprint of PV modules is essential for guiding policy, industry practices, and 

research. This paper reviews the state of current literature and highlights the difficulties in 

estimating the carbon footprint of PV modules manufactured in China. It emphasizes the inherent 

limitations of Process-Based Life Cycle Assessment (PLCA), including data collection challenges, 

dynamic environmental changes, and subjective methodological choices. The study underscores the 

need for improved transparency, standardization, and reproducibility in Life Cycle Assessments 

(LCAs) to provide more accurate and reliable environmental impact evaluations. 
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1. Introduction 

The transition to renewable energy sources is a central plank in the global response to the 

escalating challenges of climate change and environmental degradation. Among these energy 

sources, solar has emerged as a leading contender, with the promise of clean and sustainable 

electricity generation and minimal greenhouse gas emissions. As photovoltaic (PV) technology 

proliferates worldwide, assessing and quantifying the carbon footprint of PV modules has become 

paramount for policymakers, industry, and researchers alike. 

Over the past two decades, methodologies for assessing the carbon footprint of PV modules have 

evolved significantly, driven by the pressing need to assess and mitigate the environmental impacts 

of renewable energy technologies. As their awareness of the importance of holistic life cycle 

assessments (LCAs) grew, researchers sought to encompass the entire life cycle of PV modules, from 

raw material extraction and manufacturing to installation, operation, and end-of-life disposal. 

Process-Based Life Cycle Assessment (PLCA) has since emerged as the predominant, if not 

exclusive, methodology for evaluating the environmental impact of PV module production and 

deployment.  

There are four main steps to PLCA: goal and scope definition, life cycle inventory (LCI), life cycle 

impact assessment (LCIA), and interpretation. 

In the life cycle inventory phase, data on all inputs and outputs associated with the product's 

life cycle should be collected and quantified. These go into a comprehensive inventory database, 

detailing resource consumption and emissions at each stage of the product's life cycle. This inventory 

serves as the foundation for subsequent analyses in the PLCA process. 

In the life cycle impact assessment phase the collected data are assessed for for any potential 

environmental impact. By means of mathematical models and impact assessment methods, inventory 

data are converted into environmental impact indicators. 

Finally, in the interpretation phase, the results of the LCI are analysed and synthesised. Impact 

assessment allows for conclusions to be drawn and informed decision-making. This may involve 
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sensitivity analysis, uncertainty analysis, and scenario analysis to assess the robustness of the results 

and identify areas for improvement. 

Although PLCA is valuable for evaluating environmental impact, it has inherent limitations [1–

3]. One lies in the complexity and uncertainty of data collection and interpretation. PLCA relies 

heavily on data availability, accuracy, and representativeness, which can vary significantly 

depending on the product, industry, and geographical context. Gathering comprehensive and 

reliable data throughout the entire life cycle of a product can be challenging, particularly for complex 

supply chains and emerging technologies like PV. 

 

 
Figure 1. Conventional PV system boundaries 

Nor can PLCA capture dynamic environmental changes and feedback loops over time. 

Environmental impact evolves throughout a product's life cycle because of technological 

advancements, shifts in consumer or corporate behavior, and regulatory change. PLCA provides a 

static snapshot of environmental performance, which may not adequately reflect long-term factors. 

Finally, with PLCA, results are influenced by assumptions, methodological choices, and 

subjective judgments made throughout the assessment process. Different practitioners may use 

different system boundaries, allocation methods, impact assessment models, and data sources, 

leading to variability and inconsistency in results. This subjectivity can undermine the credibility and 

comparability of PLCA findings, limiting its usefulness for decision-making and policy development. 

This paper will present a summary of the state of the literature and explore difficulties with 

current carbon footprint estimates for PV modules manufactured in China. 

2. The Current Landscape 

Estimates of the carbon footprint of PV modules manufactured in China vary significantly in the 

literature. Considering only the most recent reports, scientific papers, and Environmental Product 

Declarations (EPDs), the range spans from about 400 kgCO2/kWp to 3000 kgCO2/kWp. 

Table 1. Carbon footprint of PV modules/systems made in China 

Documents Results 
Primary 

sources 
Comment 

Control: CEA-INES [4]  320 kgCO2/kWp Proprietary, 

European 

Modules; Polysilicon made in 

Germany; 130 µm wafers made in 

Norway; Cells and modules made 

in France; Wooden frame; 2 mm 

glass sheet  
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Trina Solar EPD 2022 [5]  395-430 kgCO2/kWp TÜV Rheinland [6]  

(Ecoinvent [7] and 

proprietary data) 

Modules; Vertex 670W 

Jinko Solar EPD 2022 [8]  about 460 kgCO2/kWp Certisolis [9]  

(Ecoinvent and 

proprietary data) 

Bifacial modules; Certisolis 

boundaries include only 

electricity, aluminium, glass, 

EVA, PET, PVF [10]  

Yin et al. 2021 [11]  about 630 kgCO2/kWp  China Photovoltaic 

Industry 

Association [12], 

GB standards [13]  

Modules; Boundaries include only 

electricity, aluminium, glass, 

EVA, silver paste  

Fthenakis and Leccisi 2021 

[14]  

about 800 kgCO2/kWp IEA PVPS (2020) 

[15], Ecoinvent 

Modules; Current consensus 

among Western experts 

Muller et al. 2021 [16]  about 800 kgCO2/kWp Confidential, 

European 

Modules 

IEA 2022 [17]  600-900 kgCO2/kWp Ecoinvent, IEA 

PVPS (2015) [18]  

System 

UNECE 2022 [19]  1000-1500 

kgCO2/kWp 

Ecoinvent System; Multi-Si modules 

Jia et al. 2023 [20]  about 2600 

kgCO2/kWp 

Trina Solar[21], 

Chinese Life Cycle 

Database 

(CLCD)[22]  

Modules; Multi-Si modules 

Fan et al. 2021 [23]  2000-3000 

kgCO2/kWp 

Chinese factories, 

eBalance [24], 

eFootprint [25], 

CLCD, Ecoinvent 

From quartzite mining to 

wafering; Mono-Si wafers 

As explained in the previous chapter, current estimates of the carbon footprint of PV modules 

are based on the PLCA approach. However, several substantial fault lines lie behind this 

methodological convergence.  

System and data collection boundaries are not standardised, consequently the characterisation 

of the system and inputs is highly variable. For example, some LCAs analyse multicrystalline 

modules, others monocrystalline modules, and still others module types that have not existed on the 

market for years [26]; some LCAs give substantial weight to chemicals consumed in processes while 

others exclude them from the boundaries, assuming they have marginal weight; some LCAs only 

count electrical inputs while others also include thermal inputs, and so on. 

With regard to process and material inventories, the literature is divided between LCAs based 

on Chinese primary sources and LCAs based on Western primary sources.  

The scientific literature in some cases reports in plain text on the process and material inventories 

it analyses, while the institutional and commercial literature usually refers to closed sources.  

In a large part of the scientific and institutional literature, process and material inventories come 

from LCI databases such as Ecoinvent or CLCD. In contrast, most EPDs supplement LCI databases 

with proprietary data. 
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The so-called background data, i.e. emission factors, conversion factors, efficiency factors etc., 

are usually taken from LCI databases. However, researchers do not always select the most suitable 

background data and LCI databases do not always provide up-to-date or detailed background data. 

A case in point is the IPCC A.R.6. (2022) [27], where the consensus regarding the carbon footprint of 

PV systems is mainly determined from papers analysing European supply chains, despite the fact 

that China dominates the global PV market. 

Table 2. IPCC Assessment Reports, PV carbon footprint. Primary sources 

Report Sources Characterisation of energy inputs 

A.R.5 (2014) [28] Hsu et al. 2012 [29] Seven of the twelve studies analysed in the 

review calculate the carbon footprint of 

modules assuming production with 

hydropower, natural gas, European grid 

electricity and waste heat. Since the 

Assessment Report identifies a median 

value; a snapshot of these seven studies 

A.R.6 (2022) [27]  Nugent and Sovacool 2014 

[30] 

Nine of eleven sources analysing the 

production cycle of crystalline modules 

calculate the carbon footprint assuming 

that they are produced with hydropower, 

natural gas, European grid electricity and 

waste heat 

 Wetzel and Borchers 2015 

[31]  

Hydropower, natural gas, European grid 

electricity and waste heat 

 Hou et al. 2016 [26] Average Chinese electricity mix 

In turn, LCI databases draw their data mainly from confidential industry documentation, in 

many cases dating back 10 or 20 years. Moreover, inventories generally lack the metadata needed to 

put the inputs into context. As a result, it is very difficult to determine the comprehensiveness and 

accuracy of inventories. 

As a consequence of the sum of all these factors, overall the literature landscape appears chaotic, 

opaque and potentially misleading. 

3. Case study: Ecoinvent v3.7 (2020) [32] 

Ecoinvent is the most authoritative LCI software in the world and also the most used. It includes 

detailed LCI data across various sectors including agriculture, energy, transport, waste management, 

and manufacturing. This is used by researchers, companies, policymakers, and consultants for 

environmental assessments and to develop sustainable practices. 

Ecoinvent gathers from diverse sources, including scientific literature, industry reports, and 

direct contributions from experts and researchers. Validation processes ensure compliance with 

international standards like ISO 14040 and ISO 14044. The database is made up of unit processes 

(which are the smallest individual processes within a product system), detailing inputs (raw 

materials, energy) and outputs (products, emissions). Different system models support various LCA 

study types, defining how data is aggregated and how different life cycle stages are treated. 

Access to Ecoinvent is typically through LCA software tools such as SimaPro, GaBi, and 

openLCA, which provide user-friendly interfaces for constructing LCA models and data analysis. 

Subscriptions are required for access, with various levels available based on the user's needs, whether 
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academic or industrial. Users select relevant unit processes from the database to build a life cycle 

model of the product or service they are assessing, linking processes to reflect the entire life cycle. By 

means of integrated impact assessment methods, users can calculate environmental impact across 

various categories, such as greenhouse gas emissions, resource depletion, and water use. 

3.1. Main Limitations 

The following is not intended to be an exhaustive list of all the opacities, inconsistencies, and 

shortcomings in the Ecoinvent’s inventory of PV modules. Rather, it is a review of those most evident, 

with the aim of demonstrating the magnitude of the issue. 

Furthermore, most of what is described in the subsequent sections pertain specifically to the PV 

modules inventory and not to the Ecoinvent database in general. 

3.1.1. Degree of Purity of Silicon 

Ecoinvent assigns a purity level of 99.99% to solar-grade silicon and assumes that the silicon 

used to produce PV cells is composed of 50% 6N silicon, which is 99.9999% pure, and 50% off-grade 

silicon, which is 99% pure. This modelling choice is based on Wacker Chemie AD data from over 20 

years ago [33]. However, cells with this silicon mix could have an efficiency of 13-14% [34]. For  

efficiency of 20% or more, 9N or 10N SoG-Si is required [35]. The sources analyzed by Ecoinvent itself 

show how this gap may have influenced the evolution of energy demand over time. 

Table 3. Energy demand. 5N silicon vs 6N silicon 

Production 

stage 

 

Solar grade silicon (5N) Electronic grade silicon (6N) 

Electricity 

consumption 

(kWh/kg) 

Thermal energy 

consumption (MJ/kg) 

Electricity 

consumption 

(kWh/kg) 

Thermal energy 

consumption (MJ/kg) 

Siemens 

process 

110 122 150 160 

Czochralski 

process 

85.6 68 200 270 

Source: Jungbluth et al. 2009 [33]. 

With the success of Ecoinvent, this mischaracterisation has become entrenched in industrial and 

commercial literature, and to date some companies continue to certify the carbon footprint of solar 

grade silicon as if it were 4N/5N grade [36]. 

3.1.2. Consumption of Chemicals 

The simplified Siemens process used as a reference by Ecoinvent excludes etching due to relaxed 

purity requirements[33], thereby limiting chemical consumption to about 2 kg per kg of SoG-Si [37]. 

However, Chinese LCIs[23] identifies the use of dozens of chemicals in the silicon purification 

process, including tens of kilograms of NaOH per kg of SoG-Si. Considering only the electricity 

required to produce NaOH [38], the energy footprint of the modules could increase by 200 kWh/kWp 

and the carbon footprint could rise by up to 300 kgCO2/kWp, depending on the carbon intensity of 

the electricity used. 

Moreover, the development of cell technology has also led to an increase in chemical 

consumption [39,40], but this has remained off the radar of the LCA because the LCIs have not caught 

the technological evolution. 
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3.1.3. Carbon Intensity of Electricity 

Ecoinvent allows researchers the opportunity to customise the carbon intensity of electricity 

inputs. This, however, has led to much confusion in the literature. Numerous studies [41,42] show 

that silicon purification is generally fuelled by coal power, which in China has a carbon intensity that 

is about twice the average grid carbon intensity [43,44], while later production stages are concentrated 

in the more industrialised provinces [45], where the grid carbon intensity is about 50% higher than 

the average national grid intensity [46]. 

Table 4. Plausible average carbon intensity of electricity inputs 

Production stage Carbon intensity  

MG-Si 1200 gCO2/kWh 

SoG-Si 1200 gCO2/kWh 

Pull the bar + rod 1200 gCO2/kWh 

Cell 900 gCO2/kWh 

Module 900 gCO2/kWh 

3.1.4. Emission of Fluorinated Gases 

Fluorinated gases have a global warming potential thousands of times greater than CO2 [47]. 

They are mainly used as refrigerants, insulators in power grids and during etching processes. A 

recent study  attributes the emission of all major fluorinated gases to the Chinese silicon industry 

and the emission of NF3 and HFCs to the PV industry [48]. The consumption of fluorinated gases by 

the silicon and PV industries is also confirmed by some of the world's leading suppliers of these 

gases, including major Chinese suppliers [49–52]. 

Table 5. Emission of fluorinated gases. Semiconductor and PV industries 

Sector SF6 NF3 CF4 C2F6 C3F8 c-C4F8 HFCs 

Semiconductor industry (silicon) X X X X X X X 

PV industry (cells) - X - - - - X 

3.1.5. Boundaries of Energy Inputs 

It is impossible to determine whether the energy inputs reported in the Ecoinvent inventory 

represent the total energy demand of the facilities distributed across the main stages of the process 

tree, the energy demand of the core processes and associated auxiliary systems, or simply the energy 

demand of the core processes. 

Given that the thermal and electrical energy demand of auxiliary and ancillary processes can 

account for up to 25% to 50% of the total energy demand of an industrial facility [53], this is a 

significant gray area. 
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Figure 2. Breakdown of the average energy demand of an industrial plant 

3.1.6. Material Emission Factors 

Industry data shows that Ecoinvent underestimates the emission factor for materials such as 

laminated solar glass by about 200% (due to a product category attribution error) [54] and the 

emission factor for aluminum by 50% [55] (likely due to a mischaracterization of the global supply 

chain). This error has been repeated throughout the literature, as Ecoinvent's background data is used 

in other inventories, such as that published by the IEA PVPS (2020) [15]. 

3.1.7. Efficiency and Emission Factors of Thermal Energy Inputs 

Ecoinvent attributes the use of waste heat for the production of SoG-Si and of natural gas in 

high-efficiency furnaces at all other stages of production. However, this assumption is based on data 

from 20 years ago, derived from European factories [33]. Whether this bears any relation to the reality 

of the Chinese silicon industry of today has never been verified. 

3.1.8. Cut-Offs (Truncations) 

Certain stages or components of a product's life cycle may be excluded from LCA. These “cut-

offs” are typically based on criteria such as materiality, relevance, economic value or feasibility of 

data collection. While cut-offs can streamline the assessment process and focus attention on the most 

significant environmental impacts, they can also distort  carbon footprint estimates. 

The truncation error has been analysed by numerous studies. A recent article estimates that cut-

offs in Ecoinvent conceal about a quarter of PV’s carbon footprint (median value) [54]. 

3.1.9. Land Consumption and Albedo Effect 

Ecoinvent’s technical documentation delves into land consumption and the albedo effect related 

to utility-scale PV plants [33], but the inventory not currently include these factors in carbon footprint 

calculations. 

PV energy is known to require significant amounts of land relative to the installed power 

capacity. In the best-case scenario, land use results in soil carbon depletion [56] and decreasing albedo 

[57], leading to indirect or equivalent CO2 emissions. In the worst-case scenario, it also leads to 

significant direct emissions due to land clearing [58]. These emissions can be measured empirically 

[59–62].     

Thermal energy
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Since this factor is a cornerstone of the LCA for bioenergy [28][63] and plays a crucial role in the 

LCA of hydroelectric power [64,65], its exclusion from the LCA of PV energy complicates the 

comparison between energy sources. 

3.1.10. Allocation Models 

Allocation models are used in LCA to allocate environmental burdens or benefits among 

different products and co-products within a production process [66]. This allocation is necessary 

when a process generates multiple outputs or involves recycled materials. The aim is to distribute 

the environmental impact of the entire process fairly and accurately.  

Ecoinvent's allocation models introduce complexities and potential distortions in estimating 

PV’s carbon footprint. One common issue is the allocation of environmental burdens among different 

products or co-products within a production process. This allocation is necessary when a process 

generates multiple outputs, but it can be challenging to determine a fair and accurate allocation 

method. 

Ecoinvent's allocation models often rely on simplifying assumptions or default values, which 

may not capture the complexities of real-world production processes. For instance, allocating 

emissions based solely on energy content, economic value or mass may overlook differences in 

environmental impacts between co-products. 

Furthermore, the choice of allocation method can vary among different LCAs, leading to 

inconsistencies and difficulties in comparing results. This lack of standardization in allocation 

methods can further complicate the estimation of the carbon footprint of PV modules and hinder the 

interpretation of LCA findings. 

3.1.11. Capital Goods 

With regard to capital goods, Ecoinvent includes only concrete, steel, and bricks used in the 

construction of the PV cell factory [33]. Based on this assumption, the weight of capital goods becomes 

marginal, and often this factor is excluded from the boundaries of LCAs through cut-offs. However, 

recent studies attribute approximately 25% of the final demand globally to capital goods, with a peak 

of 56% in China [67], indicating a true weight that is far from statistical insignificance. 

4. Discussion 

Over the past two decades, the environmental impact of energy sources has become one of the 

focal points of the energy debate.  

Given the fundamental role played by solar in dercabonisation strategies, the careful estimation 

of the carbon footprint of PV modules is all the more important. 

Despite the gravity, current estimates are highly problematic.  

PV inventories usually do not provide the minimum degree of transparency required for 

scientific research [68–70]. A large part of the data are of industrial origin and are collected through 

mechanisms that guarantee anonymity [12] and/or exclude the parties from any legal liability [71]. 

Generally, the inventories are based on outdated primary sources. For example, the Ecoinvent, 

the CLCD and the IEA PVPS (2020) PV inventories are mostly based on data dating back 10 or 20 

years. This calls into question the current representativeness of the results calculated from these 

inventories [72–75]. 

Table 6. Primary sources of LCI databases. Age of data 

 Ecoinvent 3.7 [32] IEA PVPS (2020) [15] CLCD [12] 

Energy inputs About 20 years old 6-20 years old 10 years old 

Chemical inputs About 20 years old About 20 years old 10 years old 

. 
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Inventories generally lack detailed technical annexes, so it is often impossible to determine the 

context of the data collection [76] and the comprehensiveness of the assessment [77]. A case in point 

is that of energy inputs, which it is not clear whether they represent the total energy consumption of 

manufacturing plants or only a portion of it. 

As such, generally the inventories currently at the researchers’ disposal cannot ensure 

compliance with the GHG Protocol [78], the world's most widely used GHG emission certification 

system; itself developed from the framework devised by the IPCC [79]. 

Table 7. GHG Protocol vs Ecoinvent 3.7 vs IEA PVPS (2020) 

GHG Protocol Ecoinvent 3.7 [32] IEA PVPS (2020) [15] 

Scope 1 
 

 

Direct GHG emissions Partially included Partially included 

Scope 2   

Electricity Included/Partially included 

(it is not possible to 

determine the boundaries of 

the data collection) 

Included/Partially included 

(it is not possible to 

determine the boundaries of 

the data collection) 

Thermal energy Included/Partially included 

(it is not possible to 

determine the boundaries of 

the data collection) 

Included/Partially included 

(it is not possible to 

determine the boundaries of 

the data collection) 

Scope 3   

Purchased goods and 

services 

Included/Partially included 

(it is not possible to 

determine the boundaries of 

the data collection) 

Included/Partially included 

(it is not possible to 

determine the boundaries of 

the data collection) 

Capital goods Include only the concrete, 

bricks and steel used in the 

construction of some 

buildings 

Include only the concrete, 

bricks and steel used in the 

construction of some 

buildings 

Fuel- and energyrelated 

activities not included in 

Scope 1 or Scope 2 

Not documented Not documented 

Upstream transportation 

and distribution 

Partially included Partially included 

Waste generated in 

operations 

Not documented Not documented 

Business travel Not documented Not documented 

Employee commuting Not documented Not documented 

Upstream leased assets Not documented Not documented 

Downstream transportation 

and distribution 

Partially included Partially included 

Processing of sold products Not documented Not documented 
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Use of sold products Not present in PV modules Not present in PV modules 

End-of-life treatment of sold 

products 

Not documented Not documented 

Downstream leased assets Not documented Not documented 

Franchises Not documented Not documented 

 

More specifically, although dozens of studies have analysed the limitations of Ecoinvent in 

reconstructing the environmental impact of complex goods [54][67][73,74][77][80], and in particular 

of PV modules [81–87], to date the scientific and institutional consensus regarding the carbon 

footprint of PV modules is based on Ecoinvent inventory or elaborations of the Ecoinvent inventory. 

Table 8. Institutional reports. LCIs, modules 

Report Life cycle inventory 

IPCC, A.R.5 2014 [28] Ecoinvent 

JRC 2018 [88] Ecoinvent 

IEA PVPS 2020 [15] Ecoinvent integrated with 

SmartGreenScan [89], NREL [45] and 

confidential data 

IEA 2022 [17] Ecoinvent and IEA PVPS (2015) [18] 

UNECE 2022 [19] Ecoinvent 

IPCC, A.R.6 2022 [27] Mainly based on Ecoinvent 

The gaps and the shortcomings discussed, together with the wide discrepancy of results present 

in the literature, question the current consensus and call for further investigation. 

5. Future Directions 

Based on the analysis of current literature, this study offers the following suggestions to improve 

understanding of the environmental impact and specifically GHG emissions related to the 

manufacturing of PV modules: 

1) Improve transparency of inventories and data collection mechanisms 

Transparency in inventories and data collection processes is crucial for ensuring the reliability and 

credibility of LCA results. Researchers and industry stakeholders should work towards: 

- Detailed metadata provision: including comprehensive metadata in LCI databases to 

contextualize data inputs and facilitate a clearer understanding of the data's origin and applicability. 

- Open access to data: encouraging the sharing of data from industry and research to create 

more robust and up-to-date databases. 

- Regular updates: ensuring that inventories are updated regularly to reflect current 

technologies and practices, reducing the reliance on outdated data. 

2) Define standard methodologies 

Standardization in LCA methodologies is necessary to enhance the comparability and consistency of 

carbon footprint assessments. Future efforts should focus on: 

 Unified guidelines: developing and adopting unified guidelines for conducting LCAs of PV 

modules, including standardized system boundaries, allocation methods, and impact assessment 

models. 

- International collaboration: promoting international collaboration to harmonize LCA 

practices and create globally accepted standards. 
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- Case study databases: creating databases of case studies that follow standardized 

methodologies to serve as benchmarks for future assessments. 

3) Ensure the reproducibility of LCAs 

Reproducibility is a cornerstone of scientific research. To enhance the reproducibility of LCAs, the 

following measures are recommended: 

- Detailed reporting: mandating detailed reporting of all assumptions, methodological choices, 

and data sources used in LCA studies. 

- Replication studies: encouraging replication studies to validate LCA findings and identify 

potential areas of improvement. 

4) Integrate dynamic environmental changes 

LCAs should account for dynamic environmental changes to provide a more accurate representation 

of long-term impacts. Future directions include: 

- Temporal modelling: developing temporal models that can simulate how environmental 

impacts evolve over time due to technological advancements and regulatory changes. 

- Feedback mechanisms: incorporating feedback mechanisms to capture the interactions 

between different life cycle stages and their cumulative environmental impacts. 

5) Expand the scope of capital goods assessment 

The inclusion of capital goods in LCAs of PV modules is often limited. Future research should: 

- Comprehensive capital goods data: Gather detailed data on the environmental impacts of all 

capital goods used in the production and installation of PV modules. 

- Broadened boundaries: expand the system boundaries to include all relevant capital goods, 

ensuring a more comprehensive assessment of the carbon footprint. 

6) Address allocation method variability 

To reduce inconsistencies in LCA results due to varying allocation methods, the following actions are 

suggested: 

- Standardized allocation methods: establish standardized allocation methods for different 

processes and materials within the PV module life cycle. 

- Sensitivity analysis: conduct sensitivity analyses to understand the impact of different 

allocation methods on LCA results and identify the most appropriate approaches for various 

contexts. 

By addressing these future directions, the accuracy, reliability, and credibility of LCAs for PV 

modules can be significantly enhanced, supporting more informed decision-making and contributing 

to the advancement of sustainable energy practices.. 
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