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Assessing the drivers of regional trends in solar
photovoltaic manufacturing†

Alan C. Goodrich,*a Douglas M. Powell,*b Ted L. James,a Michael Woodhousea

and Tonio Buonassisi*b

The photovoltaic (PV) industry has grown rapidly as a source of energy and economic activity. Since 2008,

the average manufacturer-sale price of PV modules has declined by over a factor of two, coinciding with a

significant increase in the scale of manufacturing in China. Using a bottom-up model for wafer-based

silicon PV, we examine both historical and future factory-location decisions from the perspective of a

multinational corporation. Our model calculates the cost of PV manufacturing with process step

resolution, while considering the impact of corporate financing and operations with a calculation of the

minimum selling price that provides an adequate rate of return. We quantify the conditions of China's

historical PV price advantage, examine if these conditions can be reproduced elsewhere, and evaluate

the role of innovative technology in altering regional competitive advantage. We find that the historical

price advantage of a China-based factory relative to a U.S.-based factory is not driven by country-specific

advantages, but instead by scale and supply-chain development. Looking forward, we calculate that

technology innovations may result in effectively equivalent minimum sustainable manufacturing prices

for the two locations. In this long-run scenario, the relative share of module shipping costs, as well as

other factors, may promote regionalization of module-manufacturing operations to cost-effectively

address local market demand. Our findings highlight the role of innovation, importance of

manufacturing scale, and opportunity for global collaboration to increase the installed capacity of PV

worldwide.
Broader context

National energy strategies are oen driven by stakeholder perspectives on energy security, environmental priorities, and economic benets. Since the global
economic slowdown of 2008, economic benets have been an increasingly important factor inuencing national policies, especially for renewable energy
technologies such as solar photovoltaics (PV) that have demonstrated strong commercial growth and hold promise for substantial market opportunities. Using
an industry validated bottom-up cost model, we identify the economic factors for recent changes in solar PV supply chains – the rising prominence of China,
surpassing industry growth rates in all other regions. We nd that the current advantage of a Chinese PV module factory is not related to factors intrinsic to
China; but rather, it is built from economies-of-scale and related supply-chain advantages, which we argue, could be equalized. We also nd that further
innovations and supply-chain developments could signicantly reduce the cost of solar energy, resulting in more widespread PV deployment and global
opportunities in manufacturing. These ndings are of broad importance to policy-makers and other industry stakeholders, as they provide quantitative evidence
for regions to pursue collaborations that leverage one another's asymmetric strengths for mutual benets.
Introduction

The photovoltaic (PV) industry continued growing rapidly
during the recent economic downturn.1 Over the past decade,
the compound annual growth rate (CAGR) of the entire sector
l Renewable Energy Laboratory, 15013
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was 52% (Fig. 1). Sustained module price reductions have
coincided with this trend (Fig. 1).‡ Over the same period,
Chinese module shipments had a CAGR of 123% (Fig. 1).
Deployment and manufacturing trends have differed. In 2011,
70% of the world's PV modules were installed in Europe (which
‡ From 2008–2011, the average selling price of PV modules has declined more
than 60%, corresponding with increased scales of manufacturing across the
supply chain, technological improvements, and unbalanced supply and demand
(weaker-than-expected global demand, lower than anticipated
polysilicon-feedstock prices).6,63 While shipments from China and Taiwan are
aggregated by the source of this data (Mints & Donnelly 2012), the remainder of
this analysis focuses on manufacturing costs, policies, and production trends of
rms located in the People's Republic of China.
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Fig. 1 From 2008 to 2011, reductions in the average global prices of c-Si PV
modules have been in line with experience, but the rise of module manufacturing
in China and Taiwan has been striking.6
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originated only 7% of global shipments), 9% in China (63% of
shipments), and 6% in the United States (3% of shipments).1,2,6

Still, PV contributes little to global energy generation and has
harnessed a fraction of its vast potential. PV deployment could
be accelerated by further reducing module and system prices,
and grid-integration bottlenecks.3–5 With innovations in these
areas, the volume of modules manufactured in the coming
decades could eclipse the number produced to date. Thus, we
emphasize that a long-term perspective, rather than spot-
market price data, is necessary to benchmark PV technologies.
{ Regional module efficiency ranges are based on product datasheets for
best-available modules from the top three U.S.- and China-based c-Si PV
Factory-siting decisions in a global industry

Today's PV industry and supply chains are global. Manufac-
turers may be headquartered in one country but operate in
many others. Of rms with U.S. operations or headquarters,
more than 90% of manufacturing capacity resides outside the
U.S., i.e. these companies may be characterized as global.7

However, of PV companies operating or headquartered in
China, more than 99% of manufacturing capacity is domestic;
such rms are therefore best characterized as Chinese
companies.2,7

In this study, we adopt the perspective of a multinational
rm evaluating locations in the U.S. or China for a PV
manufacturing facility.§ The analysis does not characterize a
specic manufacturer, but rather uses reasonable national
values for inputs. We acknowledge the variability of intra-
country parameters, and use them to inform our uncertainty
analysis (S1, Tables 11 and 12†). We analyse wafer-based crys-
talline silicon (c-Si), which currently holds a dominant and
growing market share of over 85% in the PV industry.6,7

We posit that manufacturers of c-Si PV products may seek
differentiation based on price, performance, and reliability, and
that price is the current key competitive differentiator between
§ We acknowledge the simplicity of this bilateral analysis. Additional notable
regions with high innovation, manufacturing, and/or deployment potential
include Taiwan, Malaysia, Germany, Japan, and Mexico.

2812 | Energy Environ. Sci., 2013, 6, 2811–2821
U.S. and China located manufacturers.8 We assume equivalent
technology levels and conversion efficiencies for standard
technology products originating in both the U.S. and China,
and posit that technology diffusion has historically occurred via
equipment vendors and learning (R&D) networks with global
reach.9,10,{ These links enable manufacturers, regardless of
location, to have strong ties to leading research institutions,
license key technologies, purchase state-of-the-art equipment
and processes, and acquire technology rms.

Factories in the U.S. and China have access to the same
manufacturing technology. Consequently, most factories are
considered to provide globally competitive product quality,
although “problems of uneven product quality” have been
reported for some manufacturers.11 Furthermore, although
some manufacturers may differentiate products based on
performance, reliability, and appearance, the vast majority of
manufacturers produce “off-the-shelf” technology.9
MSP elucidates factory-location decisions and future trends

Following our conclusion that price is currently the key
competitive differentiator between U.S. and Chinese
manufacturing locations, we use Minimum Sustainable Price
(MSP) to predict factory location decisions. MSP estimates the
long-term market-clearing price12 for the product assuming
competitive equilibrium, or—the minimum price of modules
that will provide an adequate rate of return for a company.13,14

To calculate MSP, we begin with a bottom-up cost model
developed and rened in consultation with industry13–16 (S1,
Methods; S3, Validation Table†) for each manufacturing step.
With acknowledgement of the time sensitive results contained
in this analysis, we note that our historic analysis depicts rst
half 2012 (1H 2012) input values and results. This snapshot in
time of rapidly changing metrics (i.e. manufacturing costs and
prices), offer insights into the factors that have led to the
regionalization of manufacturing described above (see Fig. 1).

MSP is calculated within our models using generally
accepted discounted free cash ow methods and is the price
that provides an internal rate of return equal to the rm's
weighted average cost of capital (WACC)12–14,16,17 (S1, Methods†).
To validate these models, we provide a side-by-side comparison
of the model results (inputs adjusted to represent Q4 2012) to
the costs and prices reported by a leading c-Si manufacturer for
duciary purposes (S3, Validation†). If a company does not
provide a return commensurate with perceived risk, the
company risks damaging its valuation and could incur ever-
higher equity costs, potentially limiting growth.18

We analyse MSP in two stages: rst, we examine factors that
have contributed to historical regional differences in MSP
between U.S. and Chinese factories, distinguishing between
indigenous factors and those that can be reproduced elsewhere.
module manufacturers by shipments:2 SunPower, Solar World, and Suniva in
the U. S.; Suntech, JA Solar, and Yingli in China.65–69 The highest efficiency
commercially available c-Si cell today is manufactured in the Philippines and
Malaysia, while the company's R&D takes place in the U.S.7,70,71

This journal is ª The Royal Society of Chemistry 2013
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** Sector risk (levered-equity beta), country-risk (country-risk beta), and equity
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We note that Chinese wages are no longer the world's lowest,
suggesting that the additional factors investigated in this
analysis may drive regional MSP differences.19–22 This “baseline
scenario” considers today's standard c-Si technology and anal-
yses factors driving China's recent rise in PV manufacturing
(Fig. 1). Next, we consider the effects that technology, scale, and
supply-chain development can have in shaping future factory-
location decisions by evaluating MSP for U.S. and Chinese
factories under an “advanced technology” scenario.13,16

Dissecting China's c-Si PV manufacturing-
price advantage over the U.S.

This historical (rst-half 2012; 1H 2012) analysis of regional
trends assumes a Czochralski grown single-crystalline p-type
cell, resulting in a 14.9% efficient PV module.13,16 We estimate
the U.S. cost of manufacturing c-Si wafers, cells, andmodules to
be $0.98 per W and the cost of capital to be 9%, resulting in an
MSP of $1.19 per W (Fig. 2; S1, Methods; S2, ESI Table†). The
cost of manufacturing the same product in China is estimated
to be $0.74 per W and the cost of capital 12%, resulting in an
MSP of $0.91 per W. Excluding module shipping, this MSP
advantage (23%) is driven by differences in the costs of
manufacturing modules (44% of the advantage), wafers (36%),
and cells (20%). We identify nine causes of the MSP differences
in three categories (Fig. 2).

Indigenous factors

We posit that labour rates, ination, and a company's cost of
equity are coupled to manufacturing location.

Low-cost labour. Our analysis, using national average wage
and compensation rates19,23 (S1, Table 4†), nds that China's
lower-cost labour provides an advantage of $0.07 per W for a
vertically integrated Chinese factory relative to a U.S. factory.
Increases in the scale of process tools (wafers per hour) and the
performance of c-Si devices (watts per wafer) have reduced the
impacts of low-cost labor by reducing the number of production
tools needed per watt of production24–30 (S1, Fig. 9†). Along with
conversion efficiency gains, automation has enabled direct-
manufacturing labour reductions. However, automation
opportunities are not equal among c-Si manufacturing activi-
ties; wafer manufacturing is more labour intensive than cell or
module manufacturing.13,16

Ination. Low-cost labour can stimulate rapid economic
growth but also inate domestic wages.31 At the time of this
analysis, the expected ination in China is 3.2% versus 2.9% in
the U.S.—a historically low spread.32,k Ination can reduce
benets associated with siting a factory in a low-cost labour
location by driving up relative costs of labor,19–23 facility main-
tenance, and electricity.33 We assume national average ination
rates apply to PV manufacturing. However, China's official
national ination rate in particular may not represent rapidly
industrializing urban areas where PV manufacturing is
k Since January 2008, the average spread of China's CPI over the U.S. CPI was 140
bps; excluding the period from August 2008 to June 2010 (the global recession),
this average spread was 270 (S1, Methods†).32

This journal is ª The Royal Society of Chemistry 2013
prevalent34,35 (e.g., a large Chinese PV rm reported a one-year
wage increase of 50%). Therefore, our estimate for China's
ination spread is likely conservative, as is our resulting
assessment of the risks associated with a manufacturer's
pursuit of low-cost labour. China's rising labour costs also may
fuel its government's desire to grow domestic high-technology
manufacturing sectors with competitive wages—further moti-
vating its commitment to the PV sector.31

Cost of equity. To emulate factory location decisions that
have led to the regionalization of PV production to date (Fig. 1),
we estimate MSP based on country-specic WACC.36–39 The
WACC, or discount rate, is a function of cost of equity, cost of
debt (considered in Regional Incentives), and capital struc-
ture.12,17 The cost of equity is a function of country-specic risk,
industry-sector risk (PV), leverage, the global risk-free rate, and
supply-and-demand dynamics36 (S1†). Market data is available
to calculate the country-risk and sector-risk premiums currently
assigned by global equity investors to Chinese and U.S. (global)
PV manufacturers.36–39 The estimated cost of equity-capital for
China-based PVmanufacturers (KE China ¼ 22.5%) is about twice
that for U.S-based manufacturers (KE U.S. ¼ 12.3%) (S1,
Methods, Table 10†). The cost of equity penalizes the Chinese
manufacturer $0.03 per W relative to the U.S., or global
manufacturer.

For industries like PV, where technology externalities and
regulatory uncertainty contribute to demand-side risk, there is a
high market risk to investors, which may discourage manufac-
turers from locating in emerging markets that command a
country-risk premium.** In fact, few foreign PV manufacturers
have located in China during the past decade. Most leading PV
manufacturers with operations in China are domestic, having
less than 1% of manufacturing capacity outside China.7

The Chinese factory's country-risk penalty could be offset by
other regional factors, like supply-chain advantages that
enhance a rm's probability of achieving expected cash ows.
However, we exclude such adjustments, relying instead on an
industry-preferred modied discount rate approach.37,38

Summary. The sum of inherent factors provides a Chinese
factory with a $0.01 per W disadvantage relative to a U.S. factory.
Lower Chinese labour rates are offset by higher ination and
country-specic risk adjustment. Based on our analysis, factors
which may be considered indigenous to a region and factory
location are signicant drivers of MSP, but largely offset one
another in this case. Thus, these factors are not a source of
advantage for China and do not explain the striking rise of
China-based PV manufacturer shipments since 2008.
Regional incentives

We posit that the effect of direct government support on
regional MSP could be replicated globally.72,40
market risk premium (global equity market risk premium) factors are
multiplicative, thus raising the cost of equity: cost of equity ¼ global risk free
rate + levered-equity beta � country-risk beta � global equity market risk
premium (S1, Methods, eqn (2)–(7)†).36

Energy Environ. Sci., 2013, 6, 2811–2821 | 2813
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Fig. 2 The 1H 2012 PV module MSP advantage of a 2-GW per year Chinese PV factory (23%) over a 500-MW U.S. factory cannot be explained by indigenous factors
such as low labour costs.

†† Using the Fisher equation, the real cost of debt ¼ [(1 + nominal cost of debt)/(1
+ rate of ination)] � 1, where the rate of ination is based on the CPI for each
country.17,32,36

‡‡ Between January and July 2008, seven deals totaling more than $2.3 billion in
loans were issued to six domestic PV manufacturers in China at real rates between
�2.2% and �5.2% (ref. 44) (S1, Methods, Fig. 6†).
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Provincial/state subsidies. We quantify how much govern-
ment support might distort global competition for PV
manufacturing. At the Chinese provincial level, we estimate that
low-cost land-use rights, free factory space, and subsidized
electricity provide a signicant MSP advantage (Fig. 2, $0.04
per W).41,42 This benet could be replicated elsewhere; U.S.
federal- and state-level governments have provided support in
the form of subsidized infrastructure, electricity rates, loan
guarantees, and workforce training.40,72

Tax holidays. Historically, and during the time of China's
rapid ascension as a region of PV manufacturing, federal tax
holidays have been available to PV manufacturers in the U.S.
and China.41–43,72 For the China-based manufacturer, many tax
holidays began at 100%, but the level of subsidy has since been
reduced. It is reported (and assumed for this analysis) that
many PV manufacturers in China pay an effective tax rate for
“high-technology enterprises” of 15%.41,42 For the U.S. factory,
an effective tax rate of 28% was assumed.43 We estimate that tax
holidays provide a slight advantage (Fig. 2, $0.01 per W) for a
Chinese PV factory.

Cost of debt. A publically traded PV company can nance a
factory via equity and debt. We assume the cost of equity is
indigenous to a factory's location, but the cost of debt is regional.
2814 | Energy Environ. Sci., 2013, 6, 2811–2821
As with cost of equity, our U.S. and China cost of debt esti-
mates are based on historical market data. From January 2008
to February 2012, the average real cost of debt†† for a sample of
een deals (totalling more than $3.3 billion) to ten domestic
PV manufacturers in China was �0.12% (ref. 44) (S1, Fig. 6†).‡‡
During this same period, the average real cost of debt for a
sample of ve deals (totalling more than $1.4 billion) made to
three U.S.-based PV rms was 1.7% (ref. 44) (S1, Fig. 6†).
Though this sample size is not comprehensive, we assign a
lower nominal cost of debt for the Chinese manufacturer (3.1%,
�0.1% real rate) than for the U.S. manufacturer (4.6%, 1.7%
real rate).

China-headquartered companies also tend to have a higher
debt-to-equity ratio relative to global counterparts.45,46 The
equity premium (�2�) we estimate for China-based manufac-
turers is partially offset by low-cost debt, which reduces the
This journal is ª The Royal Society of Chemistry 2013
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WACC premium to about 50% (S1, Methods, Table 10†).
Chinese rms' higher reliance on debt aligns with our expec-
tation of an equity premium and suggests debt may have played
amore signicant role in nancing PVmanufacturing growth in
China than elsewhere. In China, more than 98% of loans are
made by state-owned, state-controlled, or domestic banks.47

Motivations for issuing loans thus could include societal
objectives like economic growth, which may provide preferen-
tial access to capital for domestic manufacturers.§§

We estimate that relatively low-cost debt provides the
Chinese manufacturer with a $0.01 per W (Fig. 2) price advan-
tage over the U.S. manufacturer. We nd the incentives
provided by states or provinces provide more valuable direct
benets to manufacturers (i.e. lead to a lower MSP result) than
low-cost debt and reduced corporate-tax rates. However, we
examine secondary benets of low-cost capital, such as relative
scale advantages in the following section.

Summary. Regional incentives provide a Chinese PV factory
with an MSP advantage of $0.05 per W relative to a U.S. factory
(Fig. 2).
{{ In 2011, twenty eight c-Si PV manufacturers in China had module
manufacturing capacities in excess of 500 MW.49

kk Chinese PV companies are encouraged to “strengthen the application of
Scale & supply-chain advantages

We posit that Chinese manufacturers' access to low-cost capital
and ability to rapidly scale technology manufacturing output48,49

have contributed to a PV scale advantage and corresponding
cost benets.50

Scale. Our modelled U.S.- and China-based factories reect
observed differences in regional manufacturing scale: 500-MW
represents today's U.S.-based factories,2,7 and 2000-MW repre-
sents today's Chinese factories.3,7,11 We posit that a number of
factors contribute to the relative scale advantages of China-
based c-Si rms. In addition to improved access to and cost of
capital, business and regulatory climates that are more condu-
cive to the rapid scale-up of manufacturing operations may also
facilitate the rapid scale-up of China-based factories.48 In PV,
the observed differences in factory scale between these two
regions provides Chinese factories with a signicant direct-cost
benet ($0.08 per W) due to enhanced supplier leverage (S1,
Methods, Table 3†), providing a 10% discount applied on most
input materials and a more balanced factory layout (S1, Fig. 8†).
The average capacity utilization of equipment generally rises
with scale, which reduces output-adjusted capital cost. Simi-
larly, output-adjusted labour requirements fall with scale. Our
analysis assumes equivalently sized equipment for both facto-
ries, and we note that improved capacity and labour utilization
could be obtained with alternative equipment selection.

Material discounts. We posit that clustering benets asso-
ciated with the density of specialized production, and oper-
ating-cost benets afforded to domestic material suppliers who
may benet from inherent and non-inherent advantages,50

provide additional regional supply-chain advantages. Product-
specic advantages may provide an additional 5–15%
§§ China's most recent (12th) Five Year Plan calls for strengthening innovation
and development of PV—objectives that provide a credible motivation for
offering domestic manufacturers access to low-cost debt.11,73

This journal is ª The Royal Society of Chemistry 2013
discount,51 which is additive to the 10% scale discount on
materials that was already applied (S1, Table 3†).{{ We esti-
mate a regional material advantage of $0.06 per W that is
independent of scale.

Equipment discounts. Production machines available only
in China from domestic vendors can be up to 90% less expen-
sive than competing machines available globally.24–30 However,
new entrants to the equipment market, particularly from China,
have not yet gained market acceptance for all process steps;
“high-end equipment used for manufacturing crystalline silicon
cells still needs to be imported”.11 China's most recent Five Year
industry-growth plan for PV calls for module manufacturers to
collaborate with equipment vendors to increase quality and
capabilities.kk We assume an average Chinese equipment price
advantage of 50% for all process steps, resulting in a $0.09 per
W advantage (Fig. 2). The discount available to large-scale
Chinese manufacturers may vary widely (0–90%) by production
step and the rm's supply strategy. The average discount (50%)
that we assume for the baseline regional comparison best aligns
the model results (capex investments) with reported PV factory
investments in China. Nevertheless, we include the full range of
possible discounts (0–90%) in our uncertainty analysis, recog-
nizing that the supply-chain strategies (i.e. use of Chinese
domestic equipment suppliers) for individual manufacturers
can vary signicantly from rm to rm.

Summary. Scale and supply-chain advantages provide a
Chinese PV factory with a signicant MSP advantage of $0.22
per W relative to a U.S. factory (Fig. 2).

Module shipping costs

While wafer and cell shipping costs are small, glass module
shipping costs can be large: we estimate shipping costs of
$0.035 per W from the U.S. to China and $0.040 per W from
China to the U.S. (S1, Tables 1 and 2†). We do not explicitly
factor module shipping costs into Fig. 2 because their magni-
tude has a negligible effect on the MSP disparity. This conclu-
sion aligns with recent history, as more than 90% of Chinese PV
production, worth more than $20 billion, was exported in
2010.11 We conclude that the growth of China's c-Si PV
manufacturing sector to date is not driven by proximity to a
robust Chinese end market.***

Summary

We posit that minimum sustainable price (MSP), not perfor-
mance or reliability, is currently a key competitive differentiator
between U.S. and Chinese manufacturing locations, and use it
to predict factory location decisions. Our analysis indicates that
in 1H 2012, a combination of factors provided a Chinese factory
with a 23% module MSP advantage over a U.S. counterpart.
locally-manufactured equipment” and promote “technical cooperation and
exchanges between equipment enterprises and PV enterprises”.11

*** Deployment of solar energy, including PV, in China is expected to reach 35
GW by 2015, and 50 GW by 2020.3,64

Energy Environ. Sci., 2013, 6, 2811–2821 | 2815
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China's lower labour costs provide no signicant price advan-
tage when the effects of higher ination and country risk are
considered. Most (82%) of this advantage is attributed to scale
and supply-chain benets, rather than direct subsidies (18%).
However, access to substantial capital, from debt or equity
sources, is required and thus has a large indirect impact on
factory-siting decisions and factory scale. These advantages
could be reproduced elsewhere. The sum of regional attri-
butes—labor costs, ination, and cost of equity—provide no net
advantage to a U.S. or Chinese factory.
Innovation and supply-chain development
enable manufacturing scale and price parity

We now examine how future advanced technology (i.e. innova-
tion), scale, and supply-chain development shape factory-loca-
tion decisions. c-Si PV benets from known technical and
cost-improvement pathways.13,14,16 We consider a high-efficiency
(n-type) back-contact cell architecture using low-cost metalliza-
tion techniques on a thin wafer, resulting in a module efficiency
of 22.4%,13,14,16 which reduces MSP by 40–50% while increasing
performance about 50% (relative). Although we specify one
advanced technology, several future concepts could yield
similar MSPs.13,14,16
Fig. 3 Advanced technologies are expected to reduce the industry's dependence o
competitive scale through improved access to equity capital, significantly reducing

2816 | Energy Environ. Sci., 2013, 6, 2811–2821
Assuming equal innovation and the persistence of the
regional differences in incentives, scale, and supply-chain
development specied above, the Chinese factory will maintain
a 23% advantage: $0.76 per W vs. $0.58 per W (S1, Methods,
Fig. 4†). However, the drastic price reduction will likely increase
market demand, altering assumptions regarding regional
differences.
Implications of long-term innovation and supply-chain
development

Cost-competitive PV electricity, enabled by further innovations,
is projected to stabilize U.S. PV module demand at 25–30 GW
per year—about 15 times the 2011 U.S. demand.1,5 Thus, the
demand for advanced-technology c-Si modules could support
factories more than an order of magnitude larger than today's
largest producers. By reducing a key market risk (dependence
on demand-side subsidies), manufacturers of the innovative
technology may access lower-cost nancing. These conditions
might provide an opportunity to equalize many of the scale-
based supply-chain advantages proled above.

If equivalent scale is achieved, we posit that some existing
supply-chain advantages could be neutralized. We assume
equivalent equipment prices and levels of government support
n demand-side subsidies, enabling manufacturers in both regions to reach a more
Chinese factories' price advantage (<4%) over U.S. factories.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Innovation and scale can lead to regional PV module manufacturing price
parity.
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between regions.40,72 We acknowledge that this scenario relies
onmultiple factors that are indirectly inuenced by the reduced
cost of the advanced technology, and posited subsequent
increase in scale leading to equivalent supply-chain advantages.
External inuences, such as from governments, however, could
prevent the realization of this scenario. We note that in the
absence of these assumptions, the current state of MSP differ-
entiation persists in the presence of advanced technology (S1,
Fig. 4†).

With these assumptions, the price advantage for Chinese
factories decreases to less than 4% (from 23%; Fig. 3), owing
mostly to the inherent benets of low-cost labour in cell and
wafer manufacturing. Our estimated shipping costs are greater
than this price differential, suggesting that sustainable price-
competitive manufacturing could occur near end markets.

While we assume U.S. and Chinese manufacturers will have
equal access to innovative technologies, these technologies
could be commercialized rst in either country.52
Broader implications

The following summarizes our quantitative ndings:
(1) The current advantage of a PV module factory located in

China with respect to one located in the U.S. is not related to
factors intrinsic to China (i.e., labour, ination, country-specic
risk); it largely results from large scale and supply-chain devel-
opment. The competitive advantage that has led to the region-
alization of the PV industry (Fig. 1) is not inherent; it is built and
therefore might be equalized (Fig. 4).

(2) Innovation and supply-chain development could enable
manufacturing scale, subsidy-free PV deployment, and regional
manufacturing MSP parity. The innovation potential exists
within c-Si PV to equalize regional manufacturing MSPs (Fig. 3).

These ndings have several broader implications, described
briey in the next sections.
Competitive advantage revisited

Traditionally, off-shoring of manufacturing is thought to be
driven by the perceived value of regional siting advantages, e.g.,
low-cost labour, proximity to end markets, or access to raw
materials. We demonstrate a technology for which such
inherent factors have been far less important in dictating
manufacturing advantages; instead, scale, supply-chain devel-
opment, and their enablers create regional differences in MSP.
††† With the advanced-technology scenario, PV may lose some of its modularity.
For instance, thin wafers may be mounted onto laminates, which are processed
into cells using a process ow reminiscent of thin-lm technology.16 We do not
explore this scenario in detail but note its potential.
Local benets of PV manufacturing

Full characterization of the local economic value created from
each segment of the PV supply chain53 requires further study,
e.g., with a cost model.13–16 However, without domestic
manufacturing, support for the public nancing of innovation
could become challenging, given the lack of explicit benet to
taxpayers. Furthermore, the presence of manufacturing may be
an important factor in promoting innovation.50
This journal is ª The Royal Society of Chemistry 2013
Optimizing global PV manufacturing and deployment

For a multinational PV company that establishes a modular,
global production strategy to maximize shareholder value, both
the U.S. and China have unique advantages in terms of inno-
vation, manufacturing, and deployment—asymmetric oppor-
tunities and risks, a condition that could reward collaboration.

c-Si PV modules are manufactured modularly via discrete
polysilicon, wafer, cell, and module steps, all of which have
relied on relatively standard product sizes and processes.†††
These factors have facilitated commerce of intermediate prod-
ucts and the geographic diffusion of product and
manufacturing-process technologies.9

As c-Si technology advances, domestic-module assembly may
be the rst component of the value chain to show regional MSP
parity (S1, Fig. 5†). Other components (cells, wafers) may also
demonstrate MSP parity eventually (S1, Fig. 5†). However, c-Si
products are largely differentiated by product and process
innovations in the cell. Competitive scale and automation can
greatly reduce regional differences in cell-manufacturing costs,
but, when shipping to the U.S., MSP is minimized with cell
manufacturing in a China-based factory. For today's c-Si wafer,
the principal source of regional cost advantage is labour cost.
Nevertheless, as conversion efficiencies rise and wafer thickness
falls, machine throughputs increase and labour costs per watt
decrease. Thus, the labour-based regional wafer-cost advantage
is reduced from 21% today to less than 10%. As regional MSP
differences are reduced, module manufacturing may shi
nearer to key end markets to reduce shipping costs.54

Market-access restrictions could still impact long-run
manufacturing opportunities, just as they have inuenced
siting in the PV industry and other industries such as wind
power.55,56 The U.S. and Chinese endmarkets are projected to be
Energy Environ. Sci., 2013, 6, 2811–2821 | 2817
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comparable and signicant.3,5,57–60 In China, local-content
provisions have been used in other energy sectors, like wind,55

but not in PV. However, some PV manufacturers may perceive
that imports will not enjoy the same government support as
domestic products. Access to the Chinese end market could be
restricted unless key technologies are transferred or sold to
Chinese-headquartered rms.56 In the U.S., the federal govern-
ment has adopted local content provisions for some purchases,
while some states may also couple installation incentives to
manufacturing location.61,62 Thus a global company could
benet from a manufacturing presence in both the U.S. and
China.‡‡‡

Qualitative factors may also inuence factory siting deci-
sions, such as local innovation networks, an established supply
chain,50 the switching cost to adopt new technologies, intellec-
tual property (IP) rights,41,48 regulations, and other country-risk
factors (considered in Indigenous Factors). IP protection could
be important in achieving the advanced-technology scenario.
Some leading PV manufacturers have noted that “intellectual
property rights and condentiality protections in Chinamay not
be as effective as in the United States or other countries”.42

Stronger IP protections may make the U.S. an attractive location
to commercialize a disruptive c-Si PV technology, while China's
track record of rapidly scaling-up new technologies may make it
attractive.48

The perceived importance of the qualitative factors may
depend on the technology being deployed; e.g., an advanced-
technology manufacturer might value IP protection more
heavily. Different U.S. and Chinese locales have unique
strengths and weaknesses that must be considered with MSP
and market-access restrictions. However, depending on the
importance of market-access in the future, and regardless of IP
or other country-risk factors, manufacturers may have strong
incentive to position manufacturing near or in different end
markets.

Even considering only quantitative factors, our ndings
suggest the industry may adopt more regionally diverse
production strategies. The analysis (S1, Fig. 5†) suggests
regional markets, free of market barriers, could be optimally
served by domestic-module assembly and a global supply chain.
The trade-off between shipping and regional manufacturing
costs will determine the extent to which regional manufacturing
must be established to optimally supply end markets. These
results are supported by the manufacturing strategies of global
PV manufacturers, such as many of those headquartered in the
U.S. but producing most products offshore.7,54
The future of global PV manufacturing and innovation

Innovation is necessary for making unsubsidized PV-generated
electricity cost competitive, but the scale of state-of-the-art c-Si
factories today bars entry for all but the most disruptive tech-
nologies. Innovation may be accelerated by combining asym-
metric regional strengths. Global PV innovation and
‡‡‡ This may include the U.S. and China as well as nearby countries such as
Mexico and Malaysia.

2818 | Energy Environ. Sci., 2013, 6, 2811–2821
manufacturing networks already have emerged. Although
evidence suggests this path will lead to regional MSP parity, in
the interim complete regional loss of innovation infrastructure
or manufacturing should be avoided, as this will likely lead to
reduced public support for R&D in those regions, and may slow
the pace of innovation globally.

While the current PV market oversupply invites pessimism,
it is important to keep a long-term view. PV deployment
potential is vast.5 If the industry is able to achieve improved
levels of cost and performance, such as those outlined by the
DOE SunShot Initiative, then future PV factories likely will
eclipse even the largest factories today.5 A PV technology that is
broadly cost effective without subsidies has yet to be commer-
cialized. Furthermore, current market instabilities may topple
even the most robust companies. These facts suggest that long-
term market leadership has yet to be dened. Current condi-
tions should not obscure future possibilities or discourage the
innovation investments needed to realize these possibilities.
Conclusions

Today's PV industry faces a pivotal moment of market over-
supply, spurring discussion about long-term investments.
Using an industry-validated, bottom-up cost model, we evaluate
current (rst half 2012) and future siting costs for c-Si PV
manufacturing facilities in the U.S. and China, considering the
possible roles of advanced technological innovation and supply-
chain development. With today's technology, we estimate that a
2-GW Chinese factory enjoys a 23% MSP advantage over a 500-
MW U.S. factory. The root of this difference is not the sum of
indigenous factors (labour, ination, equity country-risk
premium). Instead, the major differentiators are scale and
supply-chain advantages. Regional incentives including
provincial subsidies, tax holidays, and low-cost debt may be key
enablers for rapid scaling, but they affect MSP less directly.

We calculate that innovation could reduce the MSP by 40–
50%, while increasing conversion efficiency by 50% (relative).
This MSP is low enough to compete without subsidies in large
parts of U.S. and Chinese markets, potentially resulting in high
PV demand. This could encourage industry growth and spur
dramatic scale-up if regions facilitate supply-chain develop-
ment and access to capital. In this advanced-technology
scenario with a highly developed supply chain, MSPs of PV
module production in China and the U.S. approach parity.

Given the potentially disruptive impacts of technological
innovation and supply-chain development on factory siting
decisions, and the need to serve a global customer base, we
emphasize the importance of establish manufacturing facilities
and R&D networks worldwide, in order to incentivize and
maximize global innovation efforts, to lower costs, and to create
shareholder value. Because of module shipping costs, local
manufacturing could have advantages in future U.S. and
Chinese markets. Already today, there is evidence of this shi in
downstream fabrication steps, including module assembly.

No PV technology has yet achieved our advanced-technology
scenario's combination of cost and performance results; thus
the PV industry would be well served to continue innovating
This journal is ª The Royal Society of Chemistry 2013
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toward an MSP that eliminates the need for demand-side
subsidies. Such innovations and future outcomes may be best
facilitated through collaboration and open access to all
markets. In a growing global industry, in which 99% of poten-
tial PV panels may not have yet been made, a long-term
perspective may be needed to inform critical investment deci-
sions during this temporary period of PV oversupply.
Acknowledgements

We thank John Parsons, Jesse Jenkins, Jonas Nahm, Allyna
Nguyen, and Dick Schmalensee (MIT); Bin Fu and Sriram
Krishnan; Paul Basore (Hanwha); John Lushetsky, Minh Le and
Ramesh Ramamoorthy (DOE); Chung-wen Lan (NTU, Taiwan);
and several captains of industry for valuable input. We thank
Felice Frankel (MIT) for graphics advice. The DOE supported
this work in part under Contract nos DE-EE0005314 and DE-
AC36-08GO28308 with the National Renewable Energy Labora-
tory, with support from the DOE Solar Energy Technologies
Program. D.M.P was supported by the Department of Defense
through the National Defense Science & Engineering Graduate
Fellowship Program; T.B. acknowledges NSF CAREER award
ECCS-1150878.
Notes and references

1 J. Chase, M. Simonek, A. Kim, P. Radoia, M. Wang,
R. DeSilva, B. B. Agrawai, L. Goldie-Scot, T. Woodward and
K. Bhavnagri, PV Market Outlook Q2 2012, Bloomberg New
Energy Finance, New York, 2012.

2 J. Chase, M. Di Capua, A. Kim and W. Nelson, Q1 2012 North
America PV Market Outlook, Bloomberg New Energy Finance,
New York, 2012.

3 Z. Dobrotkova and M. Waldron, Renewable Energy Medium
Term Market Report 2012: Market Trends and Projections to
2017, International Energy Agency, Paris, 2012.

4 M. Hand, S. Baldwin, E. DeMeo, J. Reilly, T. Mai, D. Arent,
G. Porro, M. Meshek and D. Sandor, Renewable Electric
Energy Futures Study, U.S. Department of Energy,
Washington, D.C., 2012, http://www.nrel.gov/analysis/
re_futures/ (last accessed: 26 July 2012).

5 R. Margolis, G. Barbose, M. Bolinger, G. Brinkman,
C. Coggeshall, K. Cory, P. Denholm, E. Drury, A. Ellis,
D. Feldman, J. Gary, A. Goodrich, G. Heath, B. Kroposki,
T. Mai, M. Mowers, C. Turchi and J. Zuboy, SunShot Vision
Study, U.S. Department of Energy, Washington, D.C., 2012,
http://www1.eere.energy.gov/solar/pdfs/47927.pdf (last
accessed: 26 July 2012).

6 P. Mints and J. Donnelly, Photovoltaic Manufacturing
Shipments, Capacity & Competitive Analysis, Navigant
Consulting, Inc., New York, 2012.

7 GTM Wafer/Cell/Module Production Database: 2007-2012,
Greentech Media Research, Boston, 2012.

8 P. Penny, European Module Price Index, Sologico, Cologne,
2012, http://www.pvxchange.com/priceindex/Default.aspx?
langTag=en-GB (last accessed: 5 Aug 2013).
This journal is ª The Royal Society of Chemistry 2013
9 A. de la Tour, M. Glachant and Y. Ménière, Energy Policy,
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