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Comparative evaluation of industrial PV modules on material usage and
environmental impacts with different module and frame types

1. Introduction

By the end of 2023, the world had reached over 1.6 terawatts (TW) cumulative installed capacity of
photovoltaic (PV) systems, with approximately 25% of this capacity added in that year alone'. The
cost of PV is now remarkably low, driven by a learning rate of 20-30% for every doubling of installed
capacity. Along with significantly low emissions over the lifetime compared to fossil fuels, its
scalability and low-cost suggest that PV will be the main energy source for global electricity supply.

While the impressive increase in PV production is showing great potential to decarbonise the world,
in order to reach the Net Zero goal by 20507 the PV industry should also be fully decarbonised.
Currently, despite the significant environmental benefit of using PV over fossil fuels with more than
an order of magnitude lower emissions per electricity generated over the lifetime, emissions are still
present from the manufacturing process. There have been many efforts to reduce emissions from
manufacturing either by utilising the materials or improving the efficiency of modules. One IEA report
showed emissions per watt of the module are as low as 500 g CO,-eq/W?. Moreover, many
companies have transparently shown the environmental impacts and material usage through
environmental product declaration (EPD) reports, demonstrating their consideration for the
sustainability of production.

This study provides a comparative evaluation of material consumption and carbon footprint of
industrial photovoltaic (PV) modules. Utilising EPD reports from different manufacturers covering
over 200 modules, the assessment focuses on greenhouse gas emissions and material demands
across different cell technologies, including PERC, TOPCon, SHJ, and BC and module types,
comparing monofacial and bifacial cells. Moreover, steel and aluminium frames are compared. The
study highlights the need for standardised functional units in EPD reports to facilitate fair
comparisons and the importance of considering material sustainability and recycling in PV
manufacturing.

2. Methodology and scope

The study is done by compiling EPD reports from various PV manufacturing companies. Figure 1
shows the system boundary of lifecycle assessment (LCA). Note that step D, which includes
recycling, reusing, recovering, or repurposing, is excluded to consider only the immediate
environmental impact without including the end-of-life stage. Over 55 EPD reports from 19 different
companies were utilised in this study, including over 200 modules.
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Figure 1. The system boundary of lifecycle assessment.
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3. Results and discussion

Material usage is assessed to compare the material sustainability of industrial PV modules. First,
Figure 2a shows the module weight of mono and bifacial modules. Generally, extra usage of glass
is expected to increase the weight of the bifacial modules. Figure 2b shows the material usage of
the main 5 materials in PV modules. The primary material by weight is glass with an average of 39
g/W, followed by the frame material, which has an average weight of 4.8 g/W. The frame material
includes both Al and steel frames, where steel frames are between 8 and 11 g/W.
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Figure 2. (a) Module weight of monofacial and bifacial, and (b) material usage of different
material components within modules.
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Figure 3a and b, the global warming potential (GWP) of module types (monofacial or bifacial) and
frame types (steel or Al) is compared to module power and total embodied energy. Module power
depends on module efficiency and size and hence impacts material utilisation. However, there is no
strong correlation between GWP and the module power or the module type. While there aren’t as
many modules, steel-framed modules showed lower GWP than other Al-framed modules with similar
power ranges. Additionally, cell technology did not show any correlation to embodied energy or GWP
(results not shown here). However, a strong correlation was observed when GWP was compared to
the total embodied energy. The results suggest that the primary strategy for reducing emissions is
to focus on reducing embodied energy. The steel-framed modules in this study had lower GWPs
than Al-framed modules of similar size and power (see Figure 3a and b), indicating that replacing
energy-intensive aluminium with steel is likely an effective method to reduce the carbon footprint of
PV modules.
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Figure 3. Global warming potential (GWP) as a function of (a) nominal module power and (b)
total embodied energy.

4. Conclusion

This study compares the material consumption of PV modules and the environmental impact from
different environmental production declaration reports. Bifacial module weights are about 11% higher
than monofacial, where bifacial uses 8.3 g/W more glass. The typical global warming potential
(GWP) emissions per Wp were around 0.35-1 kgCO-eq/Wp, while some modules exceeded 1.0
kgCO»-eq/Wp. Analysis showed no strong correlation between module weights or module types
(bifacial or mono-facial) and GWP. Steel frames, which had relatively high weights of modules per
unit of power, had lower GWPs than modules of similar size and power. Finally, the result also
showed that different cell technologies did not correlate strongly with global warming potential or
total embodied energy. The result showed that the embodied energy over the lifecycle is mainly from
the early energy-intensive stages, like raw material extraction and manufacturing, correlated with
GWP.
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