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Abstract

In this study, the economic and environmental impacts of glass, aluminium, EVA and cell
production were assessed, with a focus on identifying the Pareto optimal sets between these two
objectives. The model was extended to include regions such as China, Germany, the U.S., India
and Australia to evaluate the trade-offs between the greenest and most cost-effective options.
Initial results indicate that prioritising the most environmentally friendly option over the most cost-
efficient one in the supply chain could increase the overall PV module assembly price by
approximately 22%. The study will be further expanded to consider the impact of carbon taxes and
explore whether such measures could incentivize local glass and aluminium manufacturing in
Australia.

Introduction

Australia has seen a significant increase in PV installations, with the current installed capacity
surpassing 36.6 gigawatts (GW) as of mid-2024 (Australian PV Institute 2024). This growth is
expected to continue, with projections estimating that rooftop PV installations alone could reach
between 66 and 98.5 GW by 2054 (PV Magazine 2024). This rapid expansion presents an
opportunity to explore the potential for locally PV manufacturing, specifically non-silicon key
components such as glass and aluminium due being established industries and resource
availability. This study aims to address the existing gaps in the literature by assessing the
economic and environmental opportunities of locally manufacturing and diversifying PV glass and
aluminium. The research investigates the economic and environmental impacts of manufacturing
these materials in major global locations. The goal is to identify the trade-offs between minimizing
economic costs and reducing environmental impacts, providing a comprehensive analysis of the
potential for local production.

The findings from this study will be extended for the conference, particularly to explore the
implications of carbon tax policies on the feasibility of local manufacturing and their role in
encouraging a more diversified and sustainable PV module supply chain.

Methodology

In order to estimate the cost of manufacturing glass and aluminium in different locations, our
approach involved using the ratio of local drivers such as labour cost, electricity cost, and energy
price specific to each location. These factors were then multiplied by the baseline cost of
manufacturing glass and aluminium in China, which serves as the reference point due to its
established and large-scale production capacity.

We then conducted two distinct scenarios. Scenario A assumed that material availability was high
in all locations, meaning that each region had unrestricted access to the necessary raw materials
at competitive prices similar to those in China. In contrast, Scenario B considered a situation where
all other countries, aside from China, faced a 20% increase in the cost of raw materials. This
scenario reflects potential limitations in economies of scale, productivity and other factors that
could impact the overall production expenses outside of China. For instance, the Figure 1 shows
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the cost estimation of Al manufacturing in each candidate locations. After estimating the cost of
manufacturing materials in different locations, the next step involved estimating the electricity
usage required for the production of aluminium and glass. This was done by analysing the energy
demands of each manufacturing process.
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Figure 1 Aluminium production cost in various locations under Scenario A: material availability at the
same price in China and B: 20%higher price outside of China

Based on the carbon intensity and electricity generation mix in each country, the environmental
impact of manufacturing these materials was estimated by using OpenLCA software and Ecoinvent
v3.8 databases. The following figures show our estimation of manufacturing costs and carbon
footprint of aluminium and glass in various location under study.
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Figure 2 The production cost and carbon footprint of producing Al in different locations

To explore the trade-offs between economic and environmental impacts, mixed-integer linear
programming (MILP) was employed to model the supply chain mathematically. The model was
designed to simultaneously minimise both economic costs and environmental impacts. To identify
the optimal balance between these two objectives, the epsilon-constraint method was used, which
allows for the generation of a Pareto optimal set of solutions. This set represents the trade-off
frontier between the lowest cost and the lowest environmental impact, providing valuable insights
into the most sustainable and cost-effective strategies for local manufacturing.
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Figure 3 The production cost and carbon footprint of producing glass in different locations
Results and Discussion

The results of the study reveal a clear trade-off between minimising environmental impact and
reducing production costs in the manufacturing of glass and aluminium for PV modules. The
analysis indicates importing these materials from China, offers the lowest local PV module
production costs in Australia, around USD 0.29 per Wp, due to its established industrial base,
lower labour costs, and competitive energy prices.
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Figure 4 Glass and Al suppliers balance between minimizing costs and reducing carbon footprints
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However, this economic advantage comes at an environmental cost. The high carbon intensity of
China's electricity generation mix, while considering lower aluminium and glass prices, results in
the highest environmental impact. The carbon footprint of glass and Al for making PV would reach
at 0.062 kg CO2 eq based on the material usage. Figure 4 shows the balance between different
suppliers, while considering economic and environmental impacts.

The Minimum Sustainable Price (MSP) for PV module manufacturing, along with the associated
carbon footprint across eight Pareto optimal points (Grid Points), is presented in Table 1.

These findings highlight the inherent trade-off between achieving the lowest possible production
costs and minimizing environmental impact. While China’s manufacturing sector is highly cost-
efficient, its reliance on carbon-intensive energy sources presents significant challenges for
sustainable production. Conversely, Germany’s greener energy mix provides substantial
environmental benefits, though at a higher economic cost.

Table 1 the pareto optimal sets of MSP and carbon footprint of PV module assembly in Australia

MSP Env
Grid Point1 0.289 0.062
Grid Point2 0.299 0.059
Grid Point3 0.310 0.056
Grid Point4 0.321 0.053
Grid Point5 0.330 0.050
Grid Point6 0.341 0.047
Grid Point7 0.351 0.044
Grid Point8 0.353 0.044

The study's next steps will further explore these trade-offs, particularly in the context of policy
interventions such as carbon taxes or border adjustment taxes, which could potentially shift the
balance in favour of greener manufacturing options.
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