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SUMMARY

The price of solar energy has plummeted over the last decade in large part due to the reduction in manufacturing
costs of solar photovoltaic (PV) technologies. The People’s Republic of China has been instrumental in realizing
these reductions through industrial policy to expand solar PV manufacturing capacity. However, increasing
market concentration has accompanied this expansion. Eighty to ninety percent of solar PV production
capacity is housed in China, with some segments heavily concentrated in certain regions, companies, or single
facilities. Several other economies seek to grow their share of solar PV manufacturing to mitigate the risks
of a heavily concentrated supply chain. Energy security, domestic employment, geopolitical interests, human
rights concerns, and decarbonization motivate these efforts. This analysis presents a first order estimate
of solar PV manufacturing costs associated with diversified supply chains. It analyzes both domestically
integrated supply chains and combinations of countries for internationally integrated supply chains with
trade. It finds that absent subsidies, solar PV manufacturing costs using diffuse, diversified supply chains
outside China and Southeast Asia will cost approximately 30% more, but there is wide uncertainty in
the increased cost due to variations between economies. Manufacturing subsidies or import tariffs offered
by national governments can reduce this gap, but decisionmakers should consider this as an increased cost
associated with actions to reduce supply chain risk from concentration. Consequently, states must cooperate to
coordinate finance, subsidies, incentives, and trade barriers for solar PV manufacturing. This international
cooperation is essential to diversify supply chains so that it will minimize increased costs, leverage scale, and
increase innovation and resilience while reducing market uncertainty.

INTRODUCTION

The price of solar energy has plummeted over the last decade in large part due to the drop in
manufacturing costs of solar photovoltaic (PV) technologies. Since 2009, the costs of manufacturing
solar panels have decreased by about 90% due to increased efficiencies, economies of scale, and
reduction in labor costs.! These costs reductions are a boon for the uptake of solar energy to meet both
energy demand and climate goals by decarbonizing electricity systems.

China has been instrumental in realizing these reductions through industrial policy that has expanded
capacity to manufacture silicon solar PV, the main solar PV technology. However, increasing market
concentration has accompanied this expansion. Depending on the segment of the solar PV supply
chain, 75-97% of production capacity is housed in China, with some segments heavily concentrated
in certain regions, companies, or single facilities.” Concentration of supply chains in China extends
beyond solar PV to other clean energy sectors such as battery electric vehicles, and China is also a major
supplier in the wind energy and clean hydrogen sectors. Given the undergoing energy transition, any
supply chain concentrated to this degree brings vulnerabilities from potential shocks.?

Like-minded countries consequently look to reduce the risks from such concentration. National
governments have taken efforts to spur domestic manufacturing of solar PV to reduce supply chain
dependencies. In addition to energy security, several factors drive these efforts: decarbonization of
electricity systems with solar energy, domestic employment creation from added manufacturing,
geopolitical interests to increase domestic economic competitiveness, and human rights concerns from
forced labor in solar PV manufacturing in the Xinjiang province of China.*

Governments have largely operated in silos in their efforts to spur domestic manufacturing of solar
PV to reduce concentrations, centering efforts on a combination of domestic subsidies and imposition
of tariffs against imported solar components. However, analysts lack first-order estimates of what
diversified internationally integrated solar PV manufacturing would cost. While such estimates exist
for fully domestic solar PV supply chains to inform domestic policies, information about how costs
would differ if states linked together to realize dispersed, diversified supply chains is not available.

! Renewable Technology Innovation Indicators: Mapping Progress in Costs, Patents and Standards” (Abu Dhabi: International Renewable
Energy Agency, 2022), https://www.irena.org/publications/2022/Mar/Renewable-Technology-Innovation-Indicators.

% International Energy Agency, Special Report on Solar PV Global Supply Chains (OECD, 2022), https://doi.org/10.1787/9¢8b0121-en.

* International Energy Agency, “Energy Technology Perspectives 2023” (Paris: International Energy Agency, 2023),
hteps://www.ica.org/reports/energy-technology-perspectives-2023.
# “Uyghur Forced Labor Prevention Act,” Pub. L. No. 117-78 (2021), https://www.congress.gov/117/plaws/publ78/PLAW-117publ78.pdf.
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This analysis first presents an overview of the solar PV manufacturing supply chain, followed by a
framework to analyze costs of various economies linking to manufacture each part of the chain. It then
models estimated costs associated with fully domestic, integrated supply chains in nine economies:
Brazil, China, India, Germany, Malaysia, Philippines, South Korea, Taiwan, and the United States.
It groups China along with Malaysia and the Philippines as representative countries for Southeast
Asia. This reflects the substantial Chinese investment in this region in solar manufacturing.’ Next,
the analysis estimates the costs of the diversified supply chains with different combinations of these
economies manufacturing each step. Drawing from this modeling and analysis, conclusions and
recommendations are put forward based on the costs of pursuing these diversified supply chains.

STEPS IN MANUFACTURING SOLAR PHOTOVOLTAICS

Figure 1. The major steps of the crystalline silicon-based solar photovoltaic supply chain.

.—Jﬁd

Source: U.S. Department of Energy (2022)°

There are four major steps in the manufacturing of crystalline polysilicon (c-Si) solar photovoltaic
panels, the most popular technology to harness solar energy at 95% market share (Figure 1).”

. The first step refines metallurgical grade silicon to remove impurities.®
Metallurgical grade silicon comes from mined quartz rock heated with coal or charcoal’

II. The second step makes ingots and wafers by isolating the refined polysilicon,
melting it into large ingots, and then cutting the ingots into thin wafers.

III. Then in the third step, the wafers are combined with other metals and chemicals
to produce a cell.

IV. Finally, the fourth step assembles a solar module by combining cells and attaching
them with glass and metal.

In each step, China dominates global manufacturing capacity by nearing or exceeding 80%, with
shares in the wafer step exceeding 90%.'°

> Margaret M. Jackson, Joanna I. Lewis, and Xiliang Zhang, “A Green Expansion: China’s Role in the Global Deployment and Transfer of
Solar Photovoltaic Technology,” Energy for Sustainable Development 60 (February 2021): 90-101, https://doi.org/10.1016/j.esd.2020.12.006;
Luna Sun, “Chinese Solar Firms Ramping up Investment in Southeast Asia to Evade US, European Trade Tensnons, South China Marmngl’o:t

¢ Paul Basore and David Feldman, “Solar Photovoltaics Supply Chain Deep Dive Assessment” (U.S. Department of Energy, February 24, 2022),
hteps://www.energy.gov/sites/default/files/2022-02/Solar%20Energy%20Supply%20Chain%20Report%20-%20Final.pdf.

7 International Energy Agency, Special Report on Solar PV Global Supply Chains.

8 Michael A. Woodhouse et al., “Crystalline Silicon Photovoltaic Module Manufacturing Costs and Sustainable Pricing: 1H 2018
Benchmark and Cost Reduction Road Map,” February 2020, https://doi.org/10.2172/1495719.

? Christina Honsberg and Stuart Bowden, “Refining Slhcon, in PVCDROM (Arizona State Umversxty, 2020),
:// .pved .org/, / f: 1ls/;

" International Energy Agency, Special Report on Solar PV Global Supply Chains.
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QUANTIFYING THE COSTS OF DIVERSIFIED SOLAR SUPPLY CHAINS

Figure 2. Analysis framework to quantify supply chain costs.
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This analysis first finds all possible combinations of economies in each step of the solar PV manufacturing supply chain. It then quantifies the
cost of production of each step located in each economy, assuming inputs from the preceding step. Source: Author’s analysis.

To quantify the short-term unit costs of a diversified solar supply chain, this analysis first models
all combinations of nine economies: Brazil, China, India, Germany, Malaysia, Philippines, South
Korea, Taiwan, and the United States participating in each of the four steps in the solar supply chain
(Figure 1). It then explores the associated costs of internationally traded supply chains by quantifying
the costs of every combination of economies in each step. Appendix I lists the main assumptions used
to calculate these costs mainly derived from Woodhouse et al. (2020) and Shiradkar et al. (2022)
which use 2018 values.! Because there are nine possible destinations of manufacturing in each step,
this analysis quantifies the manufacturing costs of 6,561 hypothetical supply chains. For example,
polysilicon can be manufactured in China, sent to India for ingot and wafer manufacturing, then the
wafers sent to Germany for cell production, and finally the cells assembled into the modules in the
United States. Likewise, if all four major steps of the supply chain occur within the same territory,
then the supply chain is fully integrated domestically (Figure 2). Importantly, this analysis does not
consider any present subsidies or incentives offered by national governments for cost reductions, nor
any tariffs to inhibit the trade of inputs between each segment of the solar PV supply chain. This is
intended in order to focus on the structural reasons underlying differences in solar PV manufacturing
costs between countries.

" Woodhouse et al., “Crystalline Silicon Photovoltaic Module Manufacturing Costs and Sustainable Pricing”;
Narendra Shiradkar et al., “Recent Developments in Solar Manufacturing in India,” Solar Compass 1 (May 2022): 100009,
hteps://doi.org/10.1016/j.s0lcom.2022.100009.
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FULLY DOMESTIC, INTEGRATED SOLAR SUPPLY CHAINS WILL BE VERY COSTLY
FOR SOME COUNTRIES ABSENT SUBSIDIES

Absent subsidies, fully integrating domestic supply chains of solar photovoltaics will come at substantial
cost to some economies (Figure 3). China and Southeast Asia remain the most cost competitive
reflecting the current concentration of solar PV manufacturing in these regions. On a U.S. dollar per
watt ($/W) of finished output basis (i.e. materials and inputs needed for one watt of solar generating
capacity) estimated manufacturing cost varies by up to 54% between the between the least expensive
(Malaysia) and most expensive (Germany). When accounting for higher or lower assumptions of costs
of manufacturing inputs, the relative difference between countries is even higher, with the difference
between the least and most expensive countries differing by over a factor of two.

There are three groups of economies in terms of estimated costs: low, middle, and high. Estimated
manufacturing of produced solar PV capacity, or $/ W, of integrated manufacturing are least in Malaysia,
Philippines, and China ranging between $0.38/W to $0.41/W. These costs include depreciation for
initial capital investment, which are likely zero, given the current market share for manufacturers
in these regions. The middle group: Taiwan, India, and South Korea, have costs about 20% higher
between $0.43/W to $0.49/W. Lastly, the United States, Brazil, and Germany are in the high group.
They see the highest costs of domestically integrated manufacturing: about 40% more than low-cost

economies, $0.52/W to $0.59/W of produced solar PV capacity.

Differences in cost of labor, electricity, and interest burden drive the difference between these estimated
costs. Overhead costs and profit margins, which are a percentage of total cost, further compound
these differences. We note estimates are more than previous analyses due to assumptions of higher
input costs, mainly using higher 2018 values instead of 2022 or 2023 values due to data limitations.
For example, without profit margin, the International Energy Agency estimates costs in China to be
about $0.24/W in 2022 comparable to this analysis’ estimate of $0.33/W which match 2018 estimates
from the U.S. National Renewable Energy Laboratory.’? More importantly, the relative differences in
estimated costs between countries in this analysis are similar to previously published analyses.”®

12Woodhouse et al., “Crystalline Silicon Photovoltaic Module Manufacturing Costs and Sustainable Pricing.”

'3 International Energy Agency, Special Report on Solar PV Global Supply Chains; Basore and Feldman, “Solar Photovoltaics Supply Chain

Deep Dive Assessment”; Shiradkar et al., “Recent Developments in Solar Manufacturing in India.”




Diversifying Solar Supply Chains: Costs and the Case for International Coordination

Figure 3. The costs of fully integrated, domestic solar supply chains.
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Absent subsidies, fully integrated domestic supply chains of solar photovoltaics will come at substantial cost to some countries driven by
differences in cost of labor, electricity, and capital, as well as profit margins and overhead. Analysis assumes each player manufactures
polysilicon, ingot/wafter, cell, and module for an integrated supply chain. Error bars assume higher and lower costs for manufacturing inputs.
Assumptions about the type of technology for manufacturing are Siemens hydrochlorination (polysilicon), monocrystalline Cz and M2 size
(ingot/wafer), PERC (cell), and 310 W, 60-cell (module). Interest burdens for India and Brazil are 5% and 9%, respectively, and 0% for all
others. Source: Author’s analysis based on methods of Woodhouse et al. (2020)" and Shiradkar et al. (2022).

DIVERSIFIED INTERNATIONAL SOLAR PV MANUFACTURING WILL INCUR COSTS,
BUT LESS THAN FULLY DOMESTIC SUPPLY CHAINS

Reducing current concentrated solar PV manufacturing away from China and Southeast Asia to more
diffuse manufacturing across Brazil, India, Germany, Taiwan, South Korea, or the United States will
come at a substantial cost (Figure 4). The median cost of solar PV supply chains exclusively in regions
outside China and Southeast Asia is 27% higher than those exclusively in China or Southeast Asia:
$0.53/W versus $0.42/W. There is also more uncertainty in costs of these more widely distributed
supply chains because they span more economies with a wider range of labor, capital, and energy costs.
However, the lower range of costs for these diffused supply chains are largely in the United States,
India, South Korea, and Taiwan.

" Woodhouse et al., “Crystalline Silicon Photovoltaic Module Manufacturing Costs and Sustainable Pricing.”

1> Shiradkar et al., “Recent Developments in Solar Manufacturing in India.”
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Figure 4. The costs of diversified solar supply chains.
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There is a substantial difference in solar PV manufacturing costs between concentrated supply chains in China and Southeast Asia and
potential diffuse manufacturing in other regions. Each distribution shows the costs of manufacturing exclusively located in those countries.
Source: Author’s analysis.

LABOR COST AND INTEREST BURDEN INFLUENCE THE RELATIVE COST OF
DIFFUSE SOLAR PV SUPPLY CHAINS

Figure 5. The sensitivity of final estimated costs to input costs.
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The cost difference (final module cost) between concentrated and diffuse solar PV supply chains is sensitive to labor costs, interest burden, and
electricity cost. Costs are final module cost. Labor costs, interest burden, and electricity cost were increased and decreased by 50% respectively
for all economies to estimate cost differences between diffuse and concentrated supply chains. Source: Author’s analysis.
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The factors that influence the cost of diffused solar PV manufacturing supply chains relative to
concentrated ones in China and Southeast Asia are first labor cost and then interest burden. Here the
interest burden represents a potential increase in the cost of capital for investment. Cost differences
are relatively insensitive to electricity cost (Figure 5). Concentrated supply chains in China and
Southeast Asia are cost competitive relative to other regions due to reduced labor costs. Hypothetically
reducing labor costs uniformly across all economies by half reduces the gap in estimated cost between
concentrated and diffuse solar PV manufacturing to less than 20%. Likewise, reducing the interest
burden in India or Brazil by half also reduces the gap, but to a lesser extent to merely 24%. Repeating
the same exercise for electricity costs shows the cost gap stays about the same for differences. However,
these estimates are differences in costs of final modules, implicitly incorporating costs from preceding
steps of the solar PV supply chain (Figure 1). Costs of individual steps, namely polysilicon and ingots/
wafers, are more sensitive to electricity prices.'®

CONCLUSION: THE CASE FOR FURTHER INTERNATIONAL COOPERATION,
AND ITS LIMITATIONS

Economies looking to reduce concentration or remove dependencies on China and associated
Chinese investment in Southeast Asia must cooperate to minimize increased costs of diffuse solar
manufacturing supply chains.” These diffuse supply chains will cost approximately 30% more than
current concentrated supply chains, but there is wide uncertainty in the increased cost. These supply
chains could cost 13-70% more due to variations in each player producing each step of the solar PV
manufacturing supply chain. Policymakers must consider these increased costs as a tradeoff to increase
resilience through diversity; however, higher costs may dampen the pace of solar energy uptake, induce
job losses, and consequently slow decarbonization to meet climate goals in the short-term.'®

Manufacturing subsidies or import tariffs offered by governments can reduce cost gaps between
concentrated and ensure dispersed supply chains. However, in practice, this means high-income
countries like the United States, Germany, South Korea, or Taiwan, must work with middle-income
countries like India or Brazil to coordinate finance, subsidies, incentives, and trade barriers for solar
PV manufacturing.”” While cooperation with Southeast Asian countries like Malaysia or Philippines
is possible, Chinese economic influence in the region is high, providing a barrier to such efforts.?
Cooperation allows countries to take advantage of labor cost differences while achieving scale,
increasing resilience, and exchanging of technical knowhow and innovation. Likewise, given the
impact of interest burdens on emerging economies, access to cheaper financing to reduce the cost
of capital will also be key to reducing the costs associated with diversified supply chains, especially
because initial investment costs to set up solar PV manufacturing are generally higher outside China
and Southeast Asia.?! Further cooperation between countries also reduces uncertainty in costs by
demonstrating viable alternative supply chains, even if such supply chains are only viable after subsidies
or financial incentives. Lastly, cooperation minimizes the possibility of further trade barriers amongst
countries looking to diversify the solar PV supply chain. Trade barriers like tariffs would increase solar
PV costs, as they have in the United States.*

' International Energy Agency, Special Report on Solar PV Global Supply Chains.

7 Jackson, Lewis, and Zhang, “A Green Expansion.”

'8 Michael R. Davidson et al., “Risks of Decoupling from China on Low-Carbon Technologies,” Science 377, no. 6612 (September 16, 2022):
1266-69, https://doi.org/10.1126/science.abg5446.

1 Shayak Sengupta and Sagatom Saha, “Green Transitions in the Era of Green Subsidies: Ensuring No Country Is Left Behind”
(T20 Policy Brief, May 2023), https://t20ind.org/rescarch/green-transitions-in-the-era-of-green-subsidies/.

2 Sharon Seah et al., “The State of Southeast Asia: 2023 Survey Report” (Singapore: ISEAS-Yusof Ishak Institute, 2023),
hetps://www.iseas.edu.sg/wp-content/uploads/2025/07/The-State-of-SEA-2023-Final-Digital-V4-09-Feb-2023.pdf.

' International Energy Agency, Special Report on Solar PV Global Supply Chains.

2 Brittany Smith et al., “Solar Photovoltaic (PV) Manufacturing Expansions in the United States, 2017-2019: Motives, Challenges,
Opportunities, and Policy Context,” April 1, 2021, https://doi.org/10.2172/1775099; Zolan Kanno-Youngs, “Biden Vetoes Legislation
That Would Reinstate Tariffs on Some Solar Panels,” 7he New York Times, May 16, 2023, https://www.nytimes.com/2023/05/16/us/
politics/biden-solar-tariffs-veto.htmlhttps://www.nytimes.com/2023/05/16/us/politics/biden-solar-tariffs-veto.html.
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Several economies have offered subsidies to reduce domestic manufacturing costs like the Inflation
Reduction Act in the United States and the Production Linked Incentive in India. These likely
reduce costs to make domestically manufactured solar PV cost competitive. However, while new
manufacturing capacity has been announced after these incentives, China also plans to expand
solar PV manufacturing capacity at a faster rate. This could potentially induce a supply glut by
increasing present manufacturing overcapacity, reducing prices, and causing cancellation of
planned manufacturing expansions by 2027.% Consequently, this furthers the case of international
cooperation to avoid both misallocated private investment and public subsidies which are limited for
all but high-income countries. Overall, this reduces market uncertainty to expand manufacturing
capacity to realize diffuse, less vulnerable supply chains.

This analysis acknowledges several limitations and uncertainties. It estimates short-term unit
unsubsidized costs based on currently prevailing solar PV technologies using 2018 values, ignoring
manufacturing incentives or trade barriers. Newer technologies or efficiencies, the result of research,
development, and innovation, have decreased estimated costs for 2022 and 2023, as shown by updated
cost analysis from the International Energy Agency. Relative cost differences between economies
likely still hold true from this analysis because costs are sensitive to relative differences in labor costs,
interest burden, and electricity costs between economies. These are similar between 2018 and 2022-
2023. For example, advanced cell designs will see an increase in market shares which would require
different assumptions for manufacturing cost like materials and initial investment costs. Likewise,
unsubsidized costs are on a per watt of produced solar PV basis, which does not factor in total supply
and demand. Extrapolating to a total market basis accounting for subsidies and tariffs imposed by
national governments would allow a more comprehensive picture of the genuine cost of diffuse solar
PV supply chains. It remains to be seen how such subsidies and tariffs between countries will interact at
the global market level to drive actual investment decisions and associated prices. Lastly, this brief uses
different economies to model representative supply chains that reflect current concentration in certain
geographies or future hypothetical dispersion to other geographies. It does not consider geopolitical
actions that might either encourage or hinder such supply chain reorientation.
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APPENDIX |
INPUT ASSUMPTION
Electricity Costs $0.06-0.13/kWh (United States to Brazil) from World Bank (2018)
Labor Costs $3,200/year/employee to $59,000/year/employee (Philippines to

Germany) from Shiradkar et al. (2022) and Woodhouse et al. (2020)

5% for India from Shiradkar et al. (2022) and 9% for Brazil assuming
Interest Burden rate proportional to rate on 10-year sovereign bond rate above the cost
of capital in the profit margin

3% of costs of each component if traveling between different countries

Transport Costs from Dehghanimadvar et a. (2022)

Remaining assumptions on capital costs/depreciation, and electricity and labor intensities are from
Tables 1-4 in Woodhouse et al. (2020) and Shiradkar et al. (2022) and are available on request from
the author.

* 'World Bank, “Getting Electricity: Price of Electricity,” 2018,
https://govdata360.worldbank.org/indicators/h6779690b2country=BRB&indicator=42573&countries=BRA&viz=bar_chart&years=2019.

» Mohammad Dehghanimadvar, Renate Egan, and Nathan L. Chang, “Economic Assessment of Local Solar Module Assembly in a
Global Market,” Cell Reports Physical Science 3, no. 2 (February 2022): 100747, https://doi.org/10.1016/j.xcrp.2022.100747.
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