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Introduction

I1I-V photovoltaic technology offers some of the highest efficiencies among solar cell technologies.
However, its broader application has been limited due to high production costs, and concerns
about large-scale manufacturing have been frequently raised. Currently, the cost of 1ll-V solar cells
is over $100/Wpc (USD) for space arrays and is slightly lower for concentrated photovoltaic (CPV)
systems [1]. This high cost is primarily due to relatively low manufacturing volumes; the space PV
industry currently produces only 1 MWp per year, compared to 500 GWp per year for terrestrial
PV. According to a recent study by the NREL, potential cost reduction strategies could bring the
manufacturing price down to less than $1/W for a manufacturer producing at least 50 MW of cells
per year. Although this would still be higher than the cost of silicon-based solar technologies, the
high efficiency of llI-V cells makes them valuable for niche markets. One promising market is
vehicle-integrated photovoltaics (VIPV), which has the potential to grow into a significant multi-
gigawatt market. However, this raises concerns about whether there are enough materials
available to support such large-scale deployment, particularly in terms of the availability of critical
materials used in IlI-V cells, such as Ga, In, and As.

Materials availability

The relative scarcity of key materials, particularly gallium (Ga) and indium (In), has been
highlighted as a growing concern that could hinder market expansion and cost reduction [2].
However, the paper claims that the sustainable manufacturing capacity for Ga and In is as low as
2—6 GW/year and 2—-32 GW/year, respectively. This is based on the assumption that only "20% of
the 2020 global primary material supply" is available for PV manufacturing. This perspective
overlooks the potential growth of the supply chain for these materials. Global primary Ga
production was reported to be 327 tons in 2020. However, according to the most recent data from
the US Geological Survey, production significantly increased to 610 tons by 2022, effectively
doubling within two years [3].

Due to its poor accumulation, Ga remains primarily a byproduct of other metal extraction
processes. It is estimated that around 90% of Ga is extracted from the aluminium industry [4]. Ga
occurs in trace amounts (~50 ppm) in bauxite and zinc ores and is mainly extracted during the
bauxite—alumina—aluminium refining process [5]. To secure sufficient Ga supplies for the future,
alternative sources such as bauxite residue and their extraction processes need to be explored.

A study conducted in 2015 estimated that 10,750 tons of Ga are available for recovery annually
from bauxite production [6]. According to the Commodity Demand Outlook 2030 report, global
bauxite demand is expected to reach 521.9 million tons by 2030, and considering that current
extraction processes recover only 10% of the Ga in bauxite [7], approximately 2,610 tons of Ga
could be recovered in 2030. Given the material consumption of 12 mg/W for GaAs cells (less will
be consumed with substrate reuse), with an assumption that 20% of the global primary material
supply is available for PV manufacturing, an annual supply of 2,610 tons of Ga could support the
manufacturing capacity of 43.5 GW of GaAs cells. If extraction efficiencies were improved to 80%,
this capacity could theoretically scale up to 348 GW annually (refer to Figure 1). Current Ga
refinement processes are inefficient due to limited demand, but rising I11-V PV technology demand
could drive improvements [5]. Acidic-leaching-ion-exchange methods have demonstrated
extraction efficiencies of up to 94% [8].

Ga is also extracted from zinc ores, which contain an average of 16 ppm Ga. With an annual zinc
production of 11.6 million tons, approximately 280 tons of Ga are mined from zinc ores each year.
Based on global zinc reserves (200 million tons) and resources (1.9 giga tons), an estimated 4,850
to 46,400 tons of Ga are contained within global zinc ores [6].
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Figure 1 compares two scenarios, considering Ga extraction efficiencies of 20% and 80%, as well
as the availability of 20% and 80% of the material supply dedicated to PV manufacturing.
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Figure 1. Supply of Ga vs. Estimated installed capacity for two scenarios

In is primarily obtained as a byproduct during the refining of zinc, lead, copper, and silver ores, with
recovery rate reaching up to 20% [10]. The estimated total amount of extractable In stands at
312,440 tons, while the potentially extractable amount is estimated to be around 547,000 tons [9].
However, the supply of In is constrained by the availability of infrastructure and the mining activities
for these primary metals. The global primary production of refined In was around 770 tons in 2013,
with China accounting for half of the global supply [10]. Secondary production (mainly from
recycling manufacturing waste) accounted for 610 tons. In 2019, total In supply reached 2,100
tons, with 968 tons from primary production and 1,100-1,200 tons from secondary sources, mainly
from recycling. This reflects significant improvements in recycling processes compared to previous
years.

The NREL study conducted in 2015 estimated that primary In production could increase to 5,560
tons by 2031 due to improved recovery efficiencies [10]. Assuming linear growth, the expected
secondary production in 2031 would be approximately 2,380 tons. Demand for In is driven by its
use in indium-tin oxide (ITO) for flat-panel displays and touchscreens, which represent 56% of In
consumption. PV applications, particularly copper-indium-gallium-selenide (CIGS) solar cells,
accounted for 8%. CIGS technology could significantly increase future In demand, as it requires
~23 tons of In per gigawatt of solar panel capacity. Therefore, large-scale deployment of CIGS
could stress In supply, and recent studies suggests that “only 25% of global solar cell demand for
indium can be met” [9].

Given a material consumption of 23 mg/W and assuming that 20% of the global material supply is
available for PV manufacturing, an estimated annual supply of 7,940 tons of In (including both
primary and secondary sources) in 2031 could support the manufacturing capacity of 69 GW of
solar cells.

The availability of this material will be influenced by technological advancements and recovery
processes. Prices could rise significantly if supply doesn't keep up with demand, with long-term
prices projected to average ~$600/kg (USD). In production is expected to peak between 2025 and
2030, and supply constraints could lead to significant price volatility. The study foresees that
shortages may occur by 2090, potentially limiting the growth of photovoltaic capacities.

Figure 2 presents a comparison between two scenarios, considering In recovery rates of 20% and
80% in 2031, alongside the availability of 20% and 80% of the material supply allocated for PV
manufacturing.
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Supply of In vs. Estimated installed capacity
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Figure 2. Supply of Indium vs. Estimated installed capacity for two scenarios

Table 1 summarizes the initial numerical findings on Ga and In availability. The potential
manufacturing capacity reflects values based on current recovery rates, while the ideal capacity
assumes an 80% recovery rate for both materials.

Table 1 Materials consumption, est. annual production and potential manufacturing
capacity in 2031

Ga In
Material consumption (tons/GW) 12 23
Est. annual production in 2031 (tons) 2,610 7,940
Est. potential manufacturing capacity? in 2031 (GW) 435 69
Est. ideal manufacturing capacity? in 2031 (GW) 1392 856

System Dynamics Model

System dynamics modelling is employed to visualize the factors influencing the supply and
demand of Ga. A causal loop diagram (CLD) illustrates how various parameters interact, both
directly and indirectly, through causal links and feedback mechanisms like reinforcing (R) loops.
Reinforcing loops indicate that system outputs, such as installed capacity, generally exhibit
exponential growth over time. In contrast, balancing loops suggest a self-regulating or goal-seeking
behaviour that stabilizes the system around a specific target.

In Loop R1, the supply of Ga, derived from bauxite and zinc mining, increases the installed
capacity. Over time, this capacity becomes a source of recycled Ga after a delay, which
corresponds to the lifespan of the PV module. The recycled Ga is reintegrated into the supply
chain, boosting future Ga availability. As the market for high-efficiency PV technologies grows,
advancements in refining processes (Loop R3) reduce the cost of producing PV modules, leading
to further growth in demand and an increase in installed capacity (Loop R2).

1 The assumed recovery rates are 10% for Ga and 20% for In, with 20% of the supply allocated to PV applications.

2 The assumed recovery rate for both Ga and In is 80%, with 80% of the total supply allocated for PV applications.
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The dynamics of this model implies that the high-efficiency PV sector will see exponential growth,
accompanied by periodic fluctuations caused by delays in module lifetimes and advancements in

refining efficiency.
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Figure 3. Causal Loop Diagram with three reinforcing loops for Ga

Conclusion

The availability of Ga and In appears sufficient to meet the anticipated demand for high-efficiency
PV applications. Although current extraction efficiencies are low, significant improvements can be
expected with increased demand and advancements in refining technologies. This suggests that
the material resource base for IlI-V PV technology is robust enough to support its expansion into
new markets, such as VIPV. Detailed studies will be conducted to evaluate the supply chains and
recovery processes for lllI-V materials, in collaboration with a leading global supplier. System
dynamics modelling will be applied to Ga, In, and As, with arsenic's availability and toxicity also
assessed for scaling to a multi-GW market. The research aims to provide a comprehensive
understanding of material availability, cost-effective device structures, and promising applications
of 1I-V technology. The findings will offer critical insights into the future potential of 11I-V materials,

advancing innovative and sustainable technologies.
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