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Abstract— This paper presents a comprehensive lifecycle assessment (LCA) of solar photovoltaic 

(PV) systems, evaluating the environmental and economic impacts from the manufacturing phase 

through to the end-of-life recycling process. The study aims to quantify the energy and material 

inputs, emissions, and potential environmental trade-offs associated with the entire lifecycle of solar 

PV systems to inform sustainable practices in the solar industry. 
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I. INTRODUCTION 

A. Background 

In the quest for sustainable energy solutions, solar photovoltaic (PV) systems have surged to the 

forefront as a leading technology, offering a promising avenue for reducing global dependence on fossil 

fuels and mitigating climate change. The appeal of solar PV systems lies in their ability to harness the sun's 

abundant energy, converting it into electricity without emitting greenhouse gases during operation. As a 

result, solar PV installations have proliferated worldwide, with global capacity expanding exponentially 

over the past decade. 

 

However, the environmental narrative surrounding solar PV systems is often limited to their 

operational phase, overshadowing the full environmental implications of their lifecycle. A comprehensive 

understanding of the environmental impacts of solar PV systems requires scrutiny of the entire lifecycle, 

from the extraction of raw materials to the manufacturing processes, from deployment and use to eventual 

decommissioning and recycling. This lifecycle perspective is crucial, as it uncovers the embodied energy, 

material resource requirements, and potential environmental trade-offs that are otherwise obscured by the 

focus on operational benefits. 

 

The manufacturing of solar PV panels, for instance, involves energy-intensive processes and the 

utilization of various metals and chemicals, some of which have significant environmental footprints. 

Similarly, end-of-life management of solar PV systems poses challenges in terms of waste and the recycling 

of materials, which are critical to ensuring the sustainability of the solar industry. Therefore, the rise of solar 

PV systems as a sustainable energy source must be evaluated against these broader environmental 

considerations to ensure that the transition to renewable energy is truly beneficial for the environment. 

 

B. Purpose and Scope 

The primary purpose of this lifecycle assessment (LCA) is to provide a systematic evaluation of the 

environmental impacts associated with all stages of the solar PV system's lifecycle. By doing so, the study 

aims to identify areas where improvements can be made to minimize negative environmental outcomes and 
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to inform stakeholders, including manufacturers, policymakers, and consumers, about the true 

environmental costs of solar energy. 

 

The scope of this LCA encompasses the entire lifecycle of solar PV systems, including: 

 

▪ Raw material extraction and processing 

▪ Manufacturing of PV panels and ancillary components 

▪ Transportation and installation 

▪ Operation and maintenance 

▪ Decommissioning and recycling 

 

The functional unit for this assessment is defined as the total electricity generated by a solar PV 

system over its operational lifetime, typically 25 to 30 years. The specific types of solar PV systems 

assessed in this study include monocrystalline silicon, polycrystalline silicon, and thin-film technologies, as 

these represent the majority of the market share in solar PV installations. 

 

C. Methodology 

The LCA methodology employed in this study adheres to the International Organization for 

Standardization (ISO) standards 14040 and 14044, which provide guidelines for conducting LCAs. The 

assessment is divided into four main phases: goal and scope definition, inventory analysis, impact 

assessment, and interpretation. 

 

Data collection for the inventory analysis is comprehensive, encompassing inputs such as energy and 

water use, emissions to air and water, and material utilization rates. This data is sourced from a combination 

of industry reports, peer-reviewed literature, and databases that specialize in lifecycle inventories. 

 

The impact assessment method is chosen to reflect a broad range of environmental impacts. The 

categories considered in this study include, but are not limited to: 

 

▪ Global warming potential (GWP) 

▪ Acidification potential 

▪ Eutrophication potential 

▪ Human toxicity potential 

▪ Resource depletion 

 

Each impact category is quantified based on the inventory data, using established characterization 

factors that convert inventory data into common units that reflect their potential environmental impacts. 

 

The LCA also incorporates a sensitivity analysis to determine the robustness of the results and an 

uncertainty analysis to quantify the confidence in the findings. By employing this rigorous LCA 

methodology, the study aims to provide a transparent and comprehensive assessment of the environmental 

impacts of solar PV systems, contributing to a more sustainable energy future. 

 

II. LIFECYCLE STAGES OF SOLAR PV SYSTEMS 

A. Raw Material Extraction and Processing 

The lifecycle of solar photovoltaic (PV) systems begins with the extraction and processing of raw 

materials. Silicon, the primary material in most solar cells, is derived from quartzite gravel or crushed 

quartz. The process of converting these raw materials into high-purity silicon is energy-intensive, involving 
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high-temperature reactions in arc furnaces. This stage has significant environmental impacts, including land 

disruption from mining operations, energy consumption, and the release of CO2 and other pollutants. 

 

Beyond silicon, other metals such as silver, aluminum, and copper are integral to the construction of 

solar panels. Silver is used for the conductive grids, aluminum for the frames, and copper in the wiring. The 

extraction of these metals often involves open-pit mining, which can lead to habitat destruction, soil erosion, 

and water contamination. The refining processes for these metals also contribute to the overall 

environmental footprint of solar PV systems, with emissions of sulfur dioxide and greenhouse gases being 

of particular concern. 

 

The production of thin-film solar cells, such as those made from cadmium telluride (CdTe) or copper 

indium gallium selenide (CIGS), introduces additional complexities. These materials are less abundant than 

silicon and can have higher toxicity levels, raising concerns about the environmental impacts of their 

extraction and processing. 

 

B. Manufacturing 

The manufacturing stage of solar PV panels is critical in determining their overall environmental 

impact. The process typically involves the purification of silicon, which is then cut into thin wafers. These 

wafers are doped with impurities to create a semiconductor, coated with anti-reflective materials, and 

assembled into cells. The cells are then interconnected and encapsulated to form the final solar panel. 

 

Energy consumption is the most significant environmental impact during the manufacturing phase. 

The purification of silicon and the production of wafers are particularly energy-intensive, contributing to the 

carbon footprint of solar PV systems. Additionally, the use of potent greenhouse gases, such as sulfur 

hexafluoride and nitrogen trifluoride, in the manufacturing process can have a substantial impact on global 

warming potential. 

 

The production of ancillary components, such as inverters and mounting systems, also contributes to 

the lifecycle impacts of solar PV systems. Inverters, which convert the direct current produced by solar 

panels into alternating current, require a variety of electronic components and metals. Mounting systems, 

typically made of aluminum or steel, add to the material and energy inputs required for a complete solar PV 

system. 

 

C. Transportation and Installation 

The transportation of raw materials, components, and finished solar PV panels to installation sites 

constitutes another stage in the lifecycle. The environmental impact of transportation depends on the 

distance traveled and the mode of transport, with emissions and energy consumption being the primary 

concerns. 

 

The installation process includes the construction of support structures, the mounting of panels, and 

the electrical integration of the solar PV system with the grid. This phase can involve significant energy use 

and emissions, particularly if heavy machinery is required for installation. Additionally, the use of concrete 

for foundations can contribute to the carbon footprint due to the CO2 emissions associated with cement 

production. 

 

D. Operation and Maintenance 

Once installed, solar PV systems have relatively low environmental impacts during their operational 

phase. They produce electricity without direct emissions or water use. However, indirect impacts may arise 
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from maintenance activities, which can include the washing of panels to remove dust and debris, and the 

replacement of components such as inverters or batteries if used for energy storage. 

 

The efficiency of solar PV systems can degrade over time, typically at a rate of about 0.5% to 1% 

per year. Maintenance and operational strategies are essential to ensure that the systems continue to operate 

at optimal efficiency throughout their lifespan, thereby maximizing their environmental benefits. 

 

E. Decommissioning and End-of-Life Management 

The end-of-life stage of solar PV systems involves decommissioning and waste management. As 

solar PV systems reach the end of their useful life, typically after 25 to 30 years, they must be dismantled 

and disposed of or recycled. The decommissioning process can generate waste, including hazardous 

materials such as lead and cadmium in some thin-film solar cells. 

 

Recycling presents an opportunity to recover valuable materials and reduce the environmental 

impact of waste. However, recycling processes for solar PV panels are not yet widely implemented, and the 

current recycling infrastructure may not be adequate to handle the expected volume of solar PV waste in the 

coming decades. 

 

The challenges associated with end-of-life management of solar PV systems are significant, but they 

also offer an opportunity to close the material loop and enhance the sustainability of this renewable energy 

technology. Developing efficient recycling technologies and creating policies to encourage their adoption 

are critical steps in mitigating the environmental impacts of solar PV systems' decommissioning phase. 

 

III. ENVIRONMENTAL IMPACT ASSESSMENT 

A. Impact Categories 

To comprehensively assess the environmental footprint of solar PV systems, it is essential to 

evaluate a spectrum of impact categories. Each category reflects a different dimension of environmental 

impact and provides a metric for quantifying and comparing the effects of the solar PV lifecycle. 

 

Global Warming Potential (GWP) 

GWP measures the impact of greenhouse gases (GHGs) on the Earth's temperature and climate 

system over a specific time frame, typically 100 years. It is expressed in terms of the amount of warming 

caused by a unit mass of a given GHG relative to carbon dioxide (CO2). For solar PV systems, GWP 

encompasses the emissions from raw material extraction, manufacturing processes, transportation, 

installation, and end-of-life management. 

 

Acidification Potential (AP) 

AP quantifies the potential of emissions to contribute to the acidification of soil and water 

environments. This is typically measured in terms of sulfur dioxide (SO2) equivalents. Acidification can 

harm aquatic ecosystems, forest cover, and soil quality, and can also lead to the corrosion of built structures. 

 

Eutrophication Potential (EP) 

EP assesses the likelihood of emissions leading to an excessive richness of nutrients in water bodies, 

causing dense plant growth and death of animal life due to lack of oxygen. It is often measured in terms of 

phosphate (PO4³⁻) equivalents. Key contributors to eutrophication in the context of solar PV systems 

include the runoff from mining operations and the manufacturing process. 
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Human Toxicity Potential (HTP) 

HTP evaluates the potential harmful effects of chemical substances on human health. It considers the 

toxicity of the materials used throughout the lifecycle of solar PV systems and the exposure pathways to 

humans. This is particularly relevant for the handling and disposal of toxic materials like cadmium or lead in 

certain types of solar cells. 

 

B. Impact Assessment Results 

The lifecycle stages of solar PV systems were analyzed for their environmental impacts across the 

defined categories. The results are as follows: 

 

Raw Material Extraction and Processing 

This stage had a significant GWP impact due to the energy-intensive nature of silicon purification 

and metal processing. AP and EP were also notable due to the release of sulfur and nitrogen compounds 

during material extraction. 

 

Manufacturing 

The manufacturing phase showed high GWP, AP, and HTP due to the use of GHGs and toxic 

chemicals. Energy consumption was the primary driver of GWP, while the use of acids and solvents 

contributed to AP and HTP. 

 

Transportation and Installation 

Transportation impacts varied based on distance and mode but generally contributed less to GWP 

than extraction and manufacturing. Installation impacts were minimal in comparison to other stages. 

 

Operation and Maintenance 

The operational phase had negligible direct environmental impacts in most categories due to the 

absence of emissions during electricity generation. Indirect impacts were associated with maintenance 

activities and system inefficiencies. 

 

Decommissioning and End-of-Life Management 

End-of-life management showed potential for high HTP due to the handling of hazardous materials. 

GWP impacts were lower, assuming effective recycling and waste management practices were in place. 

 

C. Sensitivity and Uncertainty Analysis 

A sensitivity analysis revealed that the GWP is most sensitive to the energy mix used in the 

manufacturing process, and the HTP is particularly sensitive to the disposal practices of end-of-life panels. 

The AP and EP are influenced by the control technologies employed during raw material extraction and 

processing. 

 

Uncertainty analysis indicated that data variability, especially regarding the energy consumption of 

manufacturing processes and the efficiency of recycling technologies, could significantly affect the impact 

assessment results. The reliability of the data was challenged by the rapid technological advancements in 

solar PV manufacturing and recycling, which can quickly render current data obsolete. 

 

The sensitivity and uncertainty analyses underscore the importance of continuous data monitoring 

and updating to ensure the accuracy of the environmental impact assessment. They also highlight the need 

for robust waste management and recycling systems to mitigate the potential environmental impacts 

identified in the assessment. 
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IV. ECONOMIC ASSESSMENT 

A. Cost Analysis 

An economic assessment of solar photovoltaic (PV) systems across their lifecycle stages is crucial to 

understanding their financial viability and the economic trade-offs involved. This section delves into the 

cost implications at each stage, from initial investments to operational expenses and eventual 

decommissioning. 

 

Initial Capital Investment 

The initial capital investment for solar PV systems is a significant portion of the total cost. It 

includes the expenses for raw materials, manufacturing of the PV panels, and ancillary components such as 

inverters and mounting structures. The cost of silicon and other metals, along with the energy-intensive 

processes involved in manufacturing, contribute to the upfront costs. Innovations in technology and 

economies of scale have been reducing these costs over time, yet they remain a substantial barrier to entry 

for many potential adopters. 

 

Installation Costs 

Installation costs vary depending on the complexity of the system, the type of installation (rooftop 

vs. ground-mounted), and labor costs, which can differ widely by region. These costs encompass not only 

the physical installation but also grid connection and any necessary site preparation, which may involve 

significant civil works. 

 

Operational Costs 

Operational costs for solar PV systems are relatively low compared to conventional energy sources. 

They include maintenance, such as cleaning of panels to maintain efficiency, and the replacement of 

components like inverters, which typically have a shorter lifespan than the PV panels themselves. While 

these costs are minimal, they are recurrent and must be accounted for over the system's operational life. 

 

End-of-Life Management Costs 

Decommissioning and recycling costs are an emerging concern as the first generation of mass-

deployed solar PV systems approaches the end of its useful life. The cost of dismantling the systems, 

transporting the waste, and recycling the materials can be considerable. Currently, the recycling 

infrastructure for solar PV is not fully developed, and the economic viability of the recycling process is still 

under evaluation. 

 

B. Cost-Benefit Analysis 

A cost-benefit analysis (CBA) provides a framework for evaluating the economic efficiency of solar 

PV systems by comparing the total costs against the benefits over the system's lifecycle. 

 

Economic Costs 

The CBA quantifies all costs mentioned above, discounting future expenses to present value to 

account for the time value of money. This includes the capital costs, installation, operation, and end-of-life 

management costs. 

 

Environmental Benefits 

The environmental benefits are monetized based on the avoided costs of conventional energy 

production, such as the reduction in greenhouse gas emissions, air pollution, and associated health costs. 

These benefits are also discounted to present value. 
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Net Present Value and Payback Period 

The net present value (NPV) of the solar PV system is calculated by subtracting the total discounted 

costs from the total discounted benefits. A positive NPV indicates that the benefits outweigh the costs, 

making the investment economically viable. The payback period, the time it takes for the benefits to cover 

the initial investment, is also a critical metric for investors and policymakers. 

 

Sensitivity Analysis 

The CBA includes a sensitivity analysis to understand how changes in key assumptions, such as the 

cost of raw materials, the discount rate, or the expected lifespan of the system, can affect the NPV and 

payback period. This analysis is essential for assessing the risk and uncertainty in the economic viability of 

solar PV systems. 

 

Externalities and Policy Implications 

The CBA also considers externalities not captured in the market prices, such as environmental and 

social impacts. These externalities, when internalized, can significantly affect the outcome of the CBA. 

Policy instruments like subsidies, tax incentives, or carbon pricing can influence the economics of solar PV 

systems and are thus critical components of the CBA. 

 

The economic assessment of solar PV systems through cost analysis and cost-benefit analysis 

provides a comprehensive picture of their financial performance and economic sustainability. While the 

initial costs remain high, the operational costs are low, and the environmental benefits are significant. The 

economic viability of solar PV systems is sensitive to various factors, including technological 

advancements, policy measures, and the development of end-of-life management infrastructure. As the 

market matures and these factors evolve, the economic case for solar PV systems is likely to strengthen 

further, supporting their expanded deployment in the global energy mix. 

 

V. RECYCLING AND WASTE MANAGEMENT 

A. Current Recycling Practices 

The recycling of solar photovoltaic (PV) systems is becoming increasingly important as the first 

wave of PV installations reaches the end of their operational life. The current recycling practices for solar 

PV systems are in their nascent stages, with a focus on recovering valuable materials such as silicon, silver, 

and copper. 

 

Material Recovery Processes 

The recycling process typically begins with the disassembly of the PV panels to separate aluminum 

frames and glass. The semiconductor materials are then processed to recover silicon and other valuable 

metals. For silicon-based panels, this involves thermal and chemical treatments to remove the 

semiconductor layers. Thin-film panels, which contain a different set of materials, require a separate process 

to recover the semiconductor material. 

 

Efficiency of Recovery 

The efficiency of material recovery varies significantly depending on the technology used. Current 

recycling processes can recover up to 90% of the glass and 95% of the semiconductor materials. However, 

the recovery of silver and other trace metals is less efficient and remains an area for improvement. 
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B. Challenges and Opportunities 

Economic Viability 

One of the primary challenges in solar PV recycling is economic viability. The cost of recycling can 

be higher than the value of the materials recovered, particularly when the prices of raw materials are low. 

This economic challenge is compounded by the relatively low volume of solar PV waste currently available 

for recycling, which does not allow for economies of scale. 

 

Technological Limitations 

Technological limitations also pose a significant challenge. Current recycling technologies may not 

be able to recover all materials efficiently, and the processes can be energy-intensive. There is a need for the 

development of more advanced recycling technologies that can improve recovery rates and reduce energy 

consumption. 

 

Opportunities for Innovation 

The growing volume of end-of-life PV panels presents opportunities for innovation in recycling 

technologies. Advances in recycling processes can improve the efficiency and economics of material 

recovery. There is also potential for the development of new business models that can support the recycling 

infrastructure and make it more profitable. 

 

5.3 Policy and Regulatory Considerations 

Promoting Recycling 

Policy and regulatory frameworks play a crucial role in promoting the recycling of solar PV systems. 

Regulations can mandate the recycling of end-of-life PV panels and establish standards for waste 

management. For example, the European Union's Waste Electrical and Electronic Equipment (WEEE) 

Directive includes provisions for the collection and recycling of end-of-life PV panels. 

 

Financial Incentives 

Financial incentives, such as subsidies or tax breaks for recycling activities, can improve the 

economic viability of recycling. These incentives can help bridge the gap between the cost of recycling and 

the value of recovered materials, making it more attractive for businesses to invest in recycling 

infrastructure. 

 

Extended Producer Responsibility 

Extended producer responsibility (EPR) policies require manufacturers to take responsibility for the 

end-of-life management of their products. EPR can encourage manufacturers to design PV panels that are 

easier to recycle and to contribute to the costs of recycling. 

 

Global Standards 

The development of global standards for the recycling of solar PV systems can help harmonize 

practices and improve the efficiency of material recovery. These standards can provide guidance on best 

practices and encourage the adoption of advanced recycling technologies. 

 

The recycling and waste management of solar PV systems is a critical aspect of their environmental 

and economic sustainability. While current recycling practices are capable of recovering a significant 

portion of materials, challenges remain in terms of economic viability and technological capabilities. 

Opportunities exist for innovation in recycling technologies and business models, which can be supported 

by effective policy and regulatory frameworks. As the solar PV market continues to grow, the development 

of a robust recycling infrastructure will be essential to managing the lifecycle impacts of solar PV systems 

and ensuring their long-term sustainability. 
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Figure 1: A systematic depiction of PV solar panels manufacturing to recycling. Credit: Author 

 

VI. CONCLUSION 

The Lifecycle Assessment (LCA) of solar photovoltaic (PV) systems presented in this paper 

provides a comprehensive analysis of the environmental and economic impacts from manufacturing to 

recycling. The findings highlight the complexity of assessing the sustainability of solar PV systems, which 

are often lauded for their clean energy production but carry significant environmental and economic 

considerations throughout their lifecycle. 

 

The LCA has shown that the manufacturing and end-of-life stages of solar PV systems are 

associated with the highest environmental impacts, primarily due to the energy-intensive processes required 

for material extraction, processing, and recycling. While the operational phase of solar PV systems has 

minimal direct environmental impacts, the upstream and downstream processes present substantial 

challenges that must be addressed to mitigate the overall environmental footprint. 

 

From an economic perspective, the assessment underscores the high initial costs of solar PV 

systems, which are somewhat offset by the low operational costs and the environmental benefits of clean 

energy production. However, the economic viability of recycling practices remains a concern, with the 

potential for improvement through technological innovation and policy intervention. 

 

The conclusion drawn from this LCA is that while solar PV systems offer a promising path towards 

sustainable energy, a complete understanding of their lifecycle impacts is crucial for informed decision-

making. It is imperative that continued research and development efforts focus on reducing the 

environmental impacts associated with the production and disposal of solar PV systems. Furthermore, the 

development of effective recycling and waste management practices, supported by robust policy 

frameworks, is essential for ensuring the long-term sustainability of solar PV technology. 

 

In light of these findings, it is clear that the transition to renewable energy, particularly solar PV 

systems, must be approached with a balanced view that considers the full range of environmental and 

economic impacts. Only through such a holistic approach can the true potential of solar PV systems be 
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harnessed in a manner that is truly sustainable and beneficial for both the planet and the economy. The path 

forward requires a concerted effort from all stakeholders to minimize the lifecycle impacts of solar PV 

systems and to ensure that this clean energy technology contributes positively to our collective 

environmental and economic goals. 
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