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Executive Summary

In 2016, the U.S. Department of Energy’s Solar Energy Technologies Office set a goal to reduce
the unsubsidized levelized cost of electricity (LCOE) of utility-scale photovoltaics (PV) to 3
cents/kWh by 2030. Utility PV systems were benchmarked to have an LCOE of approximately 5
cents/kWh in 2020 (Feldman, Ramasamy et al. 2021). To achieve the 2030 SunShot goal, the
lifetime economics of PV systems must be improved across multiple dimensions. One key aspect
is module minimum sustainable price (MSP), which we benchmark in this report via bottom-up
manufacturing cost analysis, applying a gross margin of 15% to approximate the minimum rate
of return necessary to sustain a business over the long term. Figure ES-1 summarizes our MSP
benchmarks for established PV technologies in mass production. Technologies based on
crystalline silicon (c-Si) dominate the current PV market, and their MSPs are the lowest; the
figure only shows the MSP for monocrystalline monofacial passivated emitter and rear cell
(PERC) modules, but benchmark MSPs are similar ($0.25-$0.27/W) across the c-Si technologies
we analyze. Cadmium telluride (CdTe) modules have a slightly higher MSP ($0.28/W), and the
copper indium gallium (di)selenide (CIGS) MSP represents a larger step up ($0.48/W), largely
owing to higher labor and equipment/facility costs.
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DC = direct current, R&D = research and development, SG&A = sales, general, and administrative, USD = U.S. dollars.

Figure ES-1. Summary of module MSPs for established PV technologies, 2020

We provide technology roadmaps to additional MSP reductions for these PV technologies, which
are summarized in Figure ES-2. The MSPs for ¢-Si and CdTe modules stay similar to each other
over the short and long term, while the CIGS premium shrinks but remains significant.

We also separately consider I1I-V and perovskite PV technologies, which are currently in small-
scale or pilot production. This report represents our first technoeconomic assessment of
perovskite PV. As shown in Figure ES-3, the III-V MSP benchmark is two orders of magnitude
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higher ($77/W) than the benchmarks for established technologies, and to date such high prices
have kept I1I-V technology in niche markets including space and terrestrial concentrator
applications. This challenge is reflected in the III-V roadmap, in which several potential cost
reductions still result in a long-term projection of $20/W, two orders of magnitude higher than
the long-term MSPs of the other technologies. The single-junction sheet-to-sheet (S2S)
perovskite module MSP estimated at small production scale is $0.38/W, with potential cost
reductions over the long term achieving $0.18/W if performance is able to be improved without
incurring additional costs (Figure ES-3). Perovskites can also be combined with other PV
technologies in multijunction configurations. We estimate an MSP of $0.31/W for perovskite-on-
Si tandem modules in early production based on pilot production results, and this technology
could benefit from progress along both the perovskite and c-Si roadmaps.

$0.50
$0.40
$0.30
$0.20

$0.10

MSP Roadmaps (2019 USD/W,)

$0.00

2020 2025 Long Term

mc-Si m CdTe m CIGS

Figure ES-2. Summary of projected module MSPs for established PV technologies, assuming 15%
gross margin

The costs captured in our MSP results represent only some of the factors that determine actual
module selling prices. Cost reductions related to production scale-up (economies of scale) and
the accumulation of manufacturing experience (learning by doing) are important, but they are not
estimated in our cost-reduction roadmaps. Other important module price drivers not captured in
our bottom-up analysis include global supply and demand fluctuations, domestic policies related
to PV deployment and manufacturing, trade policies, and corporate strategies. Comparing our
bottom-up module MSP results with module market prices helps illuminate these other drivers.
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Figure ES-3. Estimated MSPs for llI-V and all-perovskite PV technologies

Finally, this report uses a technology evolution framework (TEF) to analyze drivers of LCOE
reductions, including installed system cost which is heavily influenced by module price. TEF
results are mapped onto radar plots with three axes, including system cost, service life, and
annual energy yield. The units for each metric ($/m? for system cost, kWh/m? for annual energy,
and years for service life) prevent effects on LCOE from being double counted. The system cost
axis is inverted to be consistent with the other metrics: a value farther from the center represents
a lower LCOE. The gray concentric contours shown in the background of the plot represent
equilateral positions on each axis, and each concentric contour proceeding outward represents
approximately 10, 5, 2, and 1 cents’kWh LCOE, respectively. For each technology, the 2030
values target an LCOE of 3 cents/kWh while accounting for the known strengths and limitations
of each technology.

Plots are shown in Figure ES-4 for CdTe, CIGS, III-V, perovskite, and multiple c-Si PV
technologies assuming single-axis tracker utility-scale PV systems under Kansas City insolation.
This TEF analysis highlights technology-specific challenges and opportunities related to
achieving the 3 cents/kWh LCOE target by 2030. CdTe and c-Si technologies are likely to
achieve higher efficiencies by 2030, which increases the annual energy yield and alleviates the
system cost reductions required to achieve the 2030 LCOE target. In contrast, CIGS systems
require larger cost reductions owing to limits on annual energy yield caused by the challenges
evident in achieving higher CIGS efficiencies. Similarly, both III-V and perovskite technologies
require large system cost reductions to achieve the 2030 LCOE target: the III-Vs because their
exceptional energy yield and service life potential cannot fully offset their extremely high current
system cost, and perovskites because they currently have the shortest service life among all
technologies.
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1 Introduction

Photovoltaic (PV) module prices are a key metric for PV project development and growth of the
PV industry. The general trend of global PV module pricing has been a rapid and steep decline—
an order of magnitude over the past 10 years (Mints April 2019)—enabled by economies of scale
as well as manufacturing and technology improvements. Along the way, there have been short-
term price fluctuations, primarily driven by supply-chain bottlenecks such as the polysilicon
supply shortages and price shocks around 2008 (DOE 2012). Most recently, changes in
deployment and manufacturing incentives have been driving global surpluses or shortfalls across
the PV supply chain. Some changes are driven by different deployment targets set in key markets
or changes in feed-in tariff rates or tax incentives. Trade tariffs of varying forms also have
influenced pricing across the PV supply chain.

Because China is the world’s largest PV producer and consumer, availability and pricing for
modules has become highly dependent upon the PV deployment targets and feed-in tariff rates
set by the New Energy Administration in China’s Ministry of Energy. Specific module vendors
and power ratings have even had their supply-demand dynamics determined by specifications in
China’s “Top Runner” programs (although this program is expected to wind down in 2020 as
policies are steered more toward grid parity above all else).

The demand for modules outside of China has depended most heavily on changes in feed-in
tariff rates from Japan, India, and countries in the European Union. Optimal timing for
monetizing the investment tax credit in the United States has also played a significant role
recently. Numerous countries continue to experiment with anti-dumping duties against selected
countries and/or impose domestic-content requirements for new PV installations. One net impact
of these tariffs and policy measures has been to diversify manufacturing across the globe. They
have also greatly impacted module pricing in various nuanced ways.

The National Renewable Energy Laboratory (NREL) tracks high-level policy drivers that affect
module supply-demand dynamics and price while assessing the profitability of PV
manufacturing by comparing market prices to bottom-up module manufacturing cost model
results, which also clarifies cost drivers in the PV supply chain. This report contains the most
recent results from our crystalline-silicon (c-Si), cadmium telluride (CdTe), copper indium
gallium (di)selenide (CIGS), and III-V PV cell models as well as our first technoeconomic
assessment of perovskite PV. These cost assessments update a comprehensive review of the
methods, input data, and cost model results for the c-Si supply chain in 2018 (Goodrich, Hacke
et al. 2013, Woodhouse, Smith et al. 2019), and they update cost model results from a roadmap
for III-V cells (Horowitz, Remo et al. 2018).

This report also uses a technology evolution framework (TEF) to detail system cost, service life,
and annual energy yield for each PV technology over time, with projections into the future.
Service life plays a crucial role in the economics of PV systems (Jones-Albertus, Feldman et al.
2016, Woodhouse, Jones-Albertus et al. 2016). Higher-efficiency modules can reduce balance-
of-system costs (Fu, Feldman et al. 2018), and any additional energy-yield benefits offered by a
particular technology may reduce the levelized cost of energy (LCOE) (Woodhouse, Marion et
al. 2019).

1
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2 Methods

In this section, both the cost model methodology and TEF methodology used in this report are
described.

2.1 Cost Models

Figure 1 summarizes our overall procedure for creating PV cost models. On the left side, the
technologies currently included in our bottom-up module manufacturing cost analysis portfolio
are listed. Detailed documentation of the manufacturing process for each technology is required
to identify and collect the data necessary for the cost model. In the center, specific manufacturing
data inputs that must be collected for the model are listed. To quantify the metrics associated
with large-scale manufacturing, we work with relevant materials and equipment suppliers and
integrated manufacturers from across the globe.
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Figure 1. Cost modeling methods and technologies covered in this report

The right side of Figure 1 summarizes the structure of the cost outputs. We report our cost model
results as per the U.S. Generally Accepted Accounting Principles (GAAP) and the International
Financial Reporting Standards (IFRS) (Woodhouse, Smith et al. 2019). Variable costs (or “cash”
costs) within the cost of goods sold (COGS) include raw materials converted into finished
product, all direct costs for manufacturing labor, equipment- and building-related electricity, and
maintenance-related spare parts or labor. Working capital—the cash available to a firm at a point
in time—typically pays for these items.

Fixed costs are also included in COGS; typically, for PV manufacturing, these costs are reported
on a depreciated basis following a linear yearly schedule. The initial investments are called
capital expenditures (CapEx), and depreciation expenses can be used as tax deductions during
the period that defines the equipment’s useful lifetime. The depreciation period is 5—10 years for
PV manufacturing equipment and 15-25 years for purchased (not leased) buildings and other
facilities. If a linear or straight-line schedule is used, CapEx can be converted into an average
per-watt depreciation expense by dividing the total investment by the annual production (in watts
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per year) and assumed useful lifetime (in years). We assume manufacturing equipment will have
no residual value and, after its depreciation schedule, must be replaced, which seems consistent
with the rate of technology obsolescence observed in the PV industry.

For publicly traded firms, the fixed and variable costs that constitute COGS are generally
reported after each accounting period (often based on a full fiscal year or a quarter). Depending
on the activity type and the relevant tax codes, research and development (R&D) expenses can
be paid with working capital—as an expense during the present accounting period—or amortized
over more than one accounting period. Sales, general, and administrative (SG&A) expenses are
generally expensed as incurred in a given accounting period; these include overhead personnel
costs as well as other costs related to administration including compensation for accounting staff,
human resources, and executives.

The resources and staff dedicated to SG&A and R&D differ substantially across firms, which
increases the difficulty of bottom-up cost modeling for these elements. To estimate these
expenses, we rely on industry-aggregated statistics derived from publicly listed company income
statements, which generally report SG&A and R&D costs as line items separate from COGS.
Using the income statements of the top 11 publicly traded PV firms in 2019, we calculate SG&A
expenses as 9.2% + 1.9% of revenues and R&D expenses as 2.8% + 0.7% of revenues with 90%
confidence intervals (Feldman and Margolis 2020). For this reason, we calculate overhead
expenses assuming SG&A expenses of 9% of revenues and R&D expenses of 3% of revenues
throughout the remainder of the report.

The output quantity labeled “total module supply chain costs” is distinct from the module selling
price. To estimate the selling price, an operating margin must be applied to account for profit and
the corporate tax rate, as well as interest and dividend payments (the cost of capital). The
operating margin, R&D expenses, and SG&A expenses together constitute the gross margin.
Broadly speaking, the PV manufacturing environment has been challenging in terms of overall
profitability. Since 2010, gross margins have varied between 5% and 25%, while operating
margins have varied between 15% and -15% (Feldman, O'Shaughnessy et al. 2020). In this
report, we define minimum sustainable prices (MSPs) as having a gross margin of 15%. MSPs
are represented by diamonds in all subsequent figures, and error bars are included to indicate
pricing at 5% and 25% gross margins.

Assessing the operating margin that a firm needs to sustain or expand its business is complex,
being based on the firm’s working capital needs, expected returns, stage of growth, and other
elements. The actual attainable operating margin depends on the firm’s cost structure and the
industry’s supply and demand conditions. Although not a viable long-term business strategy,
some firms might continue to offer prices below cash costs. This strategy is often used by firms
trying to increase their sales and market share, but it requires the firms to maintain adequate
working capital and continue to push manufacturing costs down.

2.2 Technology Evolution Framework

The goal of the TEF is to compare the historical progress and potential trajectory of PV across
different absorbers and cell architectures, providing insights into the mechanisms of progress and
the pace at which each technology is evolving. Designed with the R&D community in mind, the
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TEF concept documents the necessary metrics and corresponding potential of each PV
technology to gain greater market acceptance.

We use three TEF metrics based on their direct relationship to LCOE: system cost, annual energy
output, and service life. These metrics are mapped onto a radar plot as shown in Figure 2. The
units for each metric ($/m? for system cost, kWh/m? for annual energy, and years for service life)
prevent effects on LCOE from being double counted. The system cost axis is inverted to be
consistent with the other metrics: a value farther from the center represents a lower LCOE.

annual energy (kWh/m?) 1/system cost (m%/$)

S

g

~ "/

service life (years)

Figure 2. Example of TEF radar plot format

To a first approximation, the coordinates are roughly proportional to 1/LCOE. However, directly
joining points on these three axes does not generally produce a shape whose area is proportional
to I/LCOE. To correct this, we add a bulge to increase the shape’s area or a pucker to decrease
the shape’s area. An example data set is shown as gray shading on the figure. The lines
connecting the data on the axes are defined by arcs so that movement along an axis creates a
proportional change in area. The concentric contours shown in the background of the plot
represent equilateral positions on each axis, and each concentric contour proceeding outward
represents approximately 10, 5, 2, and 1 cents’kWh LCOE, respectively.

System cost and energy yield data are estimated using an online PV-specific LCOE calculator
(Silverman, Deceglie et al. 2018) assuming single-axis tracker utility-scale PV systems under
Kansas City insolation. The efficiency values used to calculate system cost and energy yield are
estimated at an operating temperature of 50°C using technology-specific temperature
coefficients. Bifacial modules are assumed to have an 8% relative efficiency advantage over a
comparable monofacial architecture. Service life is defined as years until modules are operating
below 80% of rated power, estimated using technology-specific degradation rates.

Data for module price, efficiency, temperature coefficient, and degradation rates are from NREL
benchmarks when possible, and through expert consensus otherwise. To illustrate the rate of
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change for each technology, historical performance and projections are reported in 10-year
intervals (2010, 2020, and 2030). Values for 2010 are from various sources (U.S. Department of
Energy 2012, Woodhouse, Horowitz et al. 2016). Values for 2020 reflect the benchmark results
in this report, the most recent system benchmark results (Feldman, Ramasamy et al.
Forthcoming), and industry interviews, including the 2020 NREL TEF Workshop (National
Renewable Energy Laboratory 2020). The 2030 values are based on industry interviews and
literature (ITRPV Working Group 2019). For each technology, the 2030 values are chosen to
produce an LCOE of 3 cents/kWh—the 2030 target set by the Solar Energy Technologies Office
of the U.S. Department of Energy—while accounting for the known strengths and limitations of
the given technology. For the 2030 LCOE projections, we use the online LCOE calculator
configured for single-axis tracker utility-scale systems (Silverman, Deceglie et al. 2018). We
assume that operation and maintenance costs drop to $10 per kWpc/year—below the current
system benchmark of $12 per kWpc/year (Feldman, Ramasamy et al. Forthcoming)—power-
scaling balance-of-system costs drop to $0.25/W, and area-scaling balance-of-system costs drop
to $60/m>. All input values behind the TEF datasets and resulting LCOE values are published in
the appendix.

3 PV Technologies in Mass Production

This section reviews PV technologies that have global production capacity on the order of
gigawatts in 2020: c-Si, CdTe, and CIGS. For each, we provide an overview of their most
commonly used manufacturing methods and discuss their fit within the technology assessment
criteria described above. We compile 2020 benchmark step-by-step costs into total module
manufacturing costs. We conclude each section with roadmaps of future cost projections and
each technology’s past, present, and projected TEF scores.

3.1 Crystalline Silicon (c-Si)

Historically, c-Si has dominated the global PV module market. It accounted for greater than 90%
of PV production in 2014 when total module shipments were about 40 GW (SPV Market
Research 2019), and it accounted for around 94% of PV shipments in 2019 when total module
shipments were about 124 GW (SPV Market Research 2020). The market competitiveness of c-
Si has been sustained by improvements in cell and module efficiencies and by optimization of
manufacturing at scales enabling dramatic cost reductions.

The major stages in the supply chain for c-Si PV, including monocrystalline and multicrystalline
designs, are depicted in Figure 3. Monocrystalline wafers are sawn from cylindrical ingots grown
by the Czochralski (Cz) process. Typical Cz monocrystalline ingots in 2019 were 200-215 mm
in diameter and around 3—6 m long, with a mass of 225-800 kg (375 kg median) (ITRPV
Working Group 2020). These ingots are made “pseudo-square”—to produce wafers that can
attain greater cell packing density on modules—by sawing each ingot along its length after the
tops and tails are cropped off, after which the exposed faces are polished and corners are rounded
off. The pseudo-square brick is then glued to a glass plate and placed into a wire sawing
machine. After wire sawing is complete, the glue still adhering the wafers to the glass backing is
dissolved in a chemical bath. Lastly, the wafers are cleaned, inspected for damage, and sorted for
shipping to customers. This process results in about 10,000-14,000 wafers per ingot.
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Polysilicon Solar Cells PV Modules

Figure 3. Major steps in the c-Si supply chain (Woodhouse, Smith et al. 2019)

Until recently, the dominant Cz wafer size was 156.75 x 156.75 mm flat-to-flat, with a total
surface area of 244 cm?, referred to as the “M2 format.” However, multiple larger wafer formats
have emerged into the mainstream over the past year. Here, we analyze the M4 format, which
has a surface area of 258 cm?.

Multicrystalline wafers are sawn from cube-shaped ingots with masses between 850 and 1,200
kg (ITRPV Working Group 2019). Multicrystalline ingots are formed by melting polysilicon
followed by directional solidification. Because multicrystalline ingots assume the shape of the
cubic crucible, multicrystalline wafers are naturally full squares. This shape inherently reduces
gaps between cells—or “dead areas”—on modules, which previously gave multicrystalline
modules an efficiency advantage over monocrystalline modules. However, monocrystalline
efficiencies have now greatly surpassed multicrystalline efficiencies, and use of shingling and
other cell-interconnection technologies minimizes the dead areas and resistive losses that occur
when assembling cells into a final module. In 2019, typical 72-cell multicrystalline modules
were rated at 320-350 W, whereas monocrystalline modules with half-cut cells were rated at
430-440 W. These trends may help explain the projected monocrystalline market share growing
from 60% in 2019 to almost 90% by 2025 (ITRPV Working Group 2019).

Until recently, the full-area Al back surface field (AI-BSF) cell was the dominant design for c-Si
(monocrystalline and multicrystalline) PV (Woodhouse, Smith et al. 2019). However, in the past
3 years, the passivated emitter and rear cell (PERC) architecture has become more widely used
owing to its 1.0%—1.5% absolute module area efficiency improvement (Woodhouse, Smith et al.
2019). The efficiency gains have been realized via the recent ability of cell manufacturers to
implement backside passivation steps in high-throughput production. Other cell architectures that
could deliver even higher efficiencies include the interdigitated back contact (IBC) cell, the
passivated emitter rear totally diffused (PERT) cell, passivated emitter rear locally diffused
(PERL) cell, and silicon heterojunction (SHJ) cell. Cross-sections for these cell types are
depicted in Figure 4, including PERC shown with a monofacial contact configuration (bifacial
configurations are also used).
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Figure 4. c-Si device designs: p-type (PERC) and n-type (IBC, PERT/PERL, and SHJ)

Table 1 reports the approximate global production scale for each of these c-Si PV technologies in
2019 as well as bifaciality factors and power temperature coefficients determined via discussion
with experts at the 2020 NREL TEF Workshop (National Renewable Energy Laboratory 2020).
Both AI-BSF and PERC technologies have increased in manufacturing scale since 2010;
however, there are predictions of flat to declining market share by 2025 for Al-BSF and PERC
multicrystalline Si as well as AI-BSF monocrystalline Si. AI-BSF cells are predicted to have less
than 10% market share by 2025 (ITRPV Working Group 2019), which would correspond to less
than 20 GW of total (monocrystalline and multicrystalline) AI-BSF production. The use of
passivated contacts for p-type monocrystalline Si is predicted to grow from 0% in 2019 to 10%
by 2025, representing a rapid market uptake of 20 GW within 5 years. The PERC market share
grew from virtually 0% in 2010 to about 40% by 2018, and it is expected to surpass 50% by
2020 (ITRPV Working Group 2012, ITRPV Working Group 2019). Bifacial cell types are
predicted to grow from an estimated 15% market share in 2019 (15-20 GW) to 50% by 2025
(100 GW) (ITRPV Working Group 2019); this total includes PERC, SHJ, and PERT/PERL
architectures.
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Table 1. c-Si PV Metrics Relevant to Production Scale and Energy Yield

Al-BSF PERC PERT/PERL SHJ Back Contact

. . 500 MW

Production 20 GW (multi-) 20 GW (multi-) (IBC with mono-)
. 5 GW 5 GW
scale in 2019 30 GW (mono-) 30 GW (mono-) 2 GW
(MWT with multi-)

Bifaciality N/A 0.65-0.80 0.85-0.90  0.80-0.95 0.40-0.50
factor
Power
temperature -0.40 to -0.25t0 -0.25t0
coefficient (% 02010040 02510040 4 5 ~0.30 ~0.30
per °C)

PERT/PERL and SHJ are believed to be relevant for monocrystalline only. Back contact includes IBC for
monocrystalline and metal wrap through (MWT) for multicrystalline. The bifaciality factor is measured via a controlled
indoor experiment to determine the amount of electricity generated from the cell backside versus frontside with the
same illumination profile and intensity and at the same temperature.

Together, all n-type cell architectures constituted roughly 11 GW of cell production (10% market
share) in 2019 (ITRPV Working Group 2019). Historically, the technical skill and high-volume
manufacturing capabilities for n-type options were limited to a few producers who were
constrained by the availability of n-type wafers. More recently, however, n-type wafers have
become more available at prices within 5%—10% of prices for the monocrystalline p-type wafers
used for PERC. All n-type cell architectures shown have intellectual property that is fully
licensable. Except for IBC, all have multiple vendors offering turnkey manufacturing solutions,
at scales of 50 MW up to multiple gigawatts.

More specifically, SHJ is predicted to grow from 5% market share in 2019 (5.5 GW) to 13% (26
GW) by 2025, whereas the market share for back contact technologies including IBC and MWT
may grow from 3% in 2019 (3.3 GW) to 8% by 2025 (16 GW) (ITRPV Working Group 2019).
The market growth for back contact technologies may be driven primarily by the higher
efficiencies and smaller temperature coefficients, although growth may be hindered by higher
manufacturing costs due to increased process complexity. IBC cells can use screen printing to
reduce process complexity, but the power conversion efficiency of an all-screen-printed IBC cell
does not clearly outperform passivated contacts on p-type monocrystalline or SHJ cells.
However, back contact technologies may retain demand in the residential market for aesthetic
reasons.

The efficiency progress of c-Si cells over time is shown in Figure 5. For monocrystalline Si, the
two most recent 1-sun cell records are attributed to Fraunhofer Institute for Solar Energy
Systems (ISE) and Institute for Solar Energy Research in Hamelin (ISFH) (Green, Dunlop et al.
2019). Notable features of high-performing monocrystalline modules include half-cut cells,
busbarless cell metallization and interconnection, and glass-glass or glass-transparent backsheet
bifacial modules. Not all of the methods used to fabricate champion monocrystalline cells and
modules have been demonstrated in large-scale commercial production.

For multicrystalline Si, the two most recent cell records are attributed to ISE. Trina Solar has the
most recent champion multicrystalline module. Multicrystalline MWT technology, which has
recently become more widely available, is approaching 20% module area efficiency and may
have reached greater than 2 GW of production in 2019 (Osborne 2019). Not all of the methods
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used to fabricate champion multicrystalline cells and modules have been demonstrated in large-
scale commercial production.
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Figure 5. c-Si cell and module efficiency progress

3.1.1 Process Flows and Costs by Step

This section focuses on the most recent cost details for monocrystalline PERC owing to that
technology’s current market share and projected growth. The typical process flows for
monofacial PERC cell and module production are shown in Figure 6 and Figure 7.
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Figure 6. Typical process flow for manufacturing monocrystalline (left) and multicrystalline (right)
PERC cells in 2020

The PERC cell conversion process begins by assessing the quality of an incoming wafer, then
wet chemical treatments of a p-type wafer and high-temperature diffusion of POCIl; to form a p-n
electrical junction in the cell. A sophisticated process that has recently surfaced in high-volume
production is the use of laser-patterned selective emitters (Step 4), creating a grid of higher
dopant density directly beneath the cell metallization, which imparts a small efficiency
advantage.

The efficiency advantage that PERC achieves over the AI-BSF cell architecture is mostly due to
an additional passivation layer stack on the cell backside. This is typically achieved by plasma-
enhanced chemical vapor deposition (PECVD) or atomic layer deposition (ALD) of alumina on
the wafer surface following the high-temperature POCI; diffusion and wet chemical
phosphosilicate glass (PSG) etch. PECVD of silicon nitride (SiNx) imparts an additional
passivation material on the back and can be done simultaneously on the front for surface
passivation and anti-reflection properties on that side. The use of high-throughput and precise
lasers has become critical throughout the PERC process, including opening of the backside
passivation stack for direct contact between the parent Si wafer and the Al metal that forms the
back-surface field in the cell (Step 8). The rear metal can be applied over the full area for use in
monofacial modules, or selectively for bifacial modules.

The process of module assembly shown in Figure 7 starts by connecting cells electrically into

strings, which are then laid in an array and electrically connected via metallic ribbons. The array
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of parallel strings is mounted onto an encapsulant layer, which sits atop a glass sheet or polymer
backsheet. An additional sheet of encapsulant plus front glass is stacked onto the string array,
and the entire stack is laminated by melting the encapsulant. The ribbons are threaded through a
gap in the polymer backsheet or back glass and into a junction box with diodes to protect against
cell mismatch. Generally, the last step is to fit an anodized extruded Al frame around the
module’s edges, though this can be omitted in some designs.
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Figure 7. Process flow for manufacturing standard PERC modules
Table 2 summarizes the inputs used to model PERC wafer, cell, and module production costs.
For more detailed information related to these processes, and 2018 benchmark manufacturing

costs, an in-depth report including polysilicon and wafer production process flows is available
(Woodhouse, Smith et al. 2019).

Figure 8 and Figure 9 show a step-by-step cost breakdown for cells and modules, respectively.
Because several steps are now calculated to be below $0.01/W in cost—and because the total
cost for cell conversion has decreased to less than $0.05/W—the precision required to execute
cost models has become increasingly stringent.
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Table 2. Overview of Inputs Used in NREL’s PERC Cost Models

Variable COGS Inputs

Principal Cells: Si wafers. Water-based solutions for PSG removal and surface texturization
input (KOH, HF, HNOs, HCI). POCIs (or BBrs) for doping by thermal diffusion. NHs and
materials SiH4 precursors for SiNx:H by PECVD. Trimethyl Al (TMAI) for PERC passivation

layers. Al and Ag metallization screens and pastes for printing.

Modules: Cell stringing and tabbing ribbons, front glass, backsheet, 2 sheets of
polyolefin (POE) or ethylene-vinyl acetate (EVA) encapsulant, Al frame and edge
sealant, junction box, potting agent and tape for the junction box, and coded sticker
label for the module.

Labor Cells: 0.15-0.45 direct employees per MW of annual cell production depending on
cell architecture.
Modules: 0.5-0.7 direct employees per MW of annual module production,
depending on level of automation.

Electricity Cell fabrication: 0.4—-0.5 kWh per SHJ cell, 0.3-0.5 kWh per cell for all other
architectures; excludes polysilicon, ingot, and wafer production stages.
Modules: 15 kWh per 72-cell module.

Maintenance Cells: Annual cost corresponding to 3% of the original investment in equipment.
Modules: Annual cost corresponding to 4% of the original investment in equipment.

Fixed COGS Inputs
Equipment Cells: Equipment CapEx of $0.10-$0.18/W for SHJ cell lines, $0.03-$0.10/W for
CapEx and other cell lines. 5-year depreciation (straight line).

depreciation  \jodules: Equipment CapEx of $0.03-$0.05/W for PERC and standard modules. 5-
year depreciation (straight line).

Facilities Cells: $0.02-$0.03/W total for new facility and building CapEx. 20-year depreciation
CapEx and (straight line).

depreciation  pjodules: $0.02-$0.03/W total facility and building CapEx. 20-year depreciation
(straight line).

Remaining Fixed Operating Expenses

R&D 3% of value-added revenues (for cells, total revenues minus wafer costs; for
modules, total revenues minus cell costs).

SG&A 9% of value-added revenues (for cells, total revenues minus wafer costs; for
modules, total revenues minus cell costs).

Materials costs dominate total cell conversion costs, calculated by multiplying the unit
consumption per cell by the cost per unit. For example, metallization (screen-printing of Al and
Ag pastes), as shown in Figure 8, constitutes 21% of the total cost—the single largest direct cell-
conversion cost. The industry-standard material requirements for this step using a five-busbar
design are about 70—-100 mg of Ag paste for the front of the cell, 2050 mg of Ag paste for the
back of the cell, and 0.9-1.1 g of Al paste for the back of the cell. However, only 25 mg of Ag
paste and 0.3 g of Al paste are needed for the rear contact when manufacturing bifacial PERC
architectures.
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Figure 8. Step-by-step costs for monocrystalline PERC cell production in urban China, 2020

Assumptions include a 2-GW greenfield production facility in urban China for 258-cm? cells on M4 format p-type Cz
wafers, at 22% cell efficiency. ARC = antireflection coating, USD = U.S. dollars.

The costs in Figure 8 assume 75 mg of Ag paste per cell for the front contact as well as 30 mg of
Ag paste and 0.9 g of Al paste for the rear contact, and they are based on Ag spot pricing of
$560/kg from the first half of 2020 (LME (London Metal Exchange) 2020). Based on the
makeup of these pastes (including additives), total metallization paste materials costs are
calculated as $0.011 £+ $0.002/W, with 62% due to frontside Ag, 18% to backside Ag, and 20%
to backside Al.

We assume 0.35 kWh of electricity consumed per cell and 0.45 direct labor full-time employees
per MW ($10,000 per year for line workers and $15,000 per year for engineers; salaries include
benefits). Throughput is assumed to be 6,000 wafers per hour (wph), with the exception of POCl3
diffusion steps at 3,000 wph. The total cost for monocrystalline PERC cell conversion (not
including the cost of wafers) comes to $0.049/W.

Figure 9 provides the results of our cost model for each monocrystalline PERC module assembly
step, based on an urban China manufacturing facility that produces more than 1 GW per year.
Totaling the costs in this figure results in about $0.13/W. More than 80% of the costs are
attributed to materials. The next largest contributors are equipment and utilities, mainly
occurring during the inspection, electroluminescence, and lamination step.
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Figure 9. Step-by-step costs for monocrystalline PERC module assembly in urban China, 2020

Assumptions include 400-W modules with 72 half-cut mono-PERC cells (258-cm? cells, M4 format) at a facility in
urban China producing more than 1.0 GW per year. OpEx = operating expenses.

3.1.2 Benchmark Costs and Technology Roadmap

Cell cost benchmarks are shown in Figure 10. These benchmarks—as well as the subsequent
module benchmarks—assume a gross margin of 15%; error bars show gross margins of 25%
(high MSP) and 5% (low MSP). PERC cells are the lowest-cost option, followed closely by
PERT/PERL. Although performance is reported for frontside power ratings only, bifacial PERC
still shows a slight cost advantage due to reduced metallization use compared with full-area rear
metallization. Conversely, IBC costs are high owing to higher metallization use. Finally, SHJ

costs are higher than most because of costs associated with equipment.
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Figure 10. Cell benchmark MSPs by c-Si technology

This analysis assumes 2-GW facilities in urban China, not including tariffs. A 10% price premium is applied for n-type
wafers.

Figure 11 shows our cost model summary for p-type Cz wafer production, PERC cell
conversion, and half-cut module assembly. The totals assume all operations are located in urban
China at production volumes greater than 1 GW per year. The total estimated CapEx investment
for 1 GW of all-new greenfield wafer, cell, and module capacity would be about $150-$250
million ($0.15-$0.25/W). This investment is allocated over linear depreciation schedules that
vary from 5 to 10 years (depending on the specific piece of equipment) and 20 years for all
facilities. Materials costs alone are higher than all other variable costs plus all fixed costs
because of the dual benefits in reducing CapEx while improving automation efficiency and
throughput.
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Figure 11. Fixed and variable costs for monocrystalline p-type wafer production, PERC cell
conversion, and half-cut module assembly in Urban China

Assumptions include 400-W modules with 72 half-cut mono-PERC cells (M4-format (258 cm?)) at a facility in urban
China producing more than 1.0 GW per year. EBIT = earnings before interest and taxes, GM = gross margin.
Figure 12 compares modeled current cost and price estimates for modules made with monofacial
PERC, bifacial PERC, monofacial IBC, bifacial PERT/PERL, and bifacial SHJ cells. These
results incorporate some of the unique encapsulant, backsheet, cell interconnection, and tabbing
and stringing considerations for each technology. For example, a second sheet of glass is
substituted for the white backsheet in bifacial modules so more light can enter the cell backside;
the encapsulant is also switched from EVA to POE.

Modules made with monofacial PERC cells represent the lowest-cost option, followed closely by
modules made with bifacial PERT/PERL cells. The cost advantage of bifacial PERC cells does
not carry over as a module cost advantage because of the second sheet of glass needed for a
bifacial module. Transparent backsheets are an alternative to a second sheet of glass for bifacial
modules; however, owing to their limited and proprietary manufacture, these are not modeled in
the current report. The relative price differences among the different PV technologies are less
pronounced for module MSPs than for cell MSPs, because the higher-efficiency technologies
require less module material per watt.
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Figure 12. c-Si PV module MSP benchmarks by cell technology, 2020

Assumptions include manufacturing of 72-cell modules in urban China, not including tariffs. All monofacial modules
have a glass-backsheet configuration; all bifacial modules assume a glass-glass configuration. Module power is
reported for frontside standard test condition ratings only. A 10% price premium is applied for n-type wafers.

Figure 13 summarizes projected module price estimates. Going forward, the potential additional
drop in c-Si module MSPs by 2025 is projected at 25%, with potential for further reductions in
the long term. The 2025 projection assumes larger Cz ingot sizes, thinner wafers (including
reduced kerf losses), reduced Ag paste use, higher throughputs, and an increase to 23% module
efficiency. Specifically, this includes increasing ingot mass from 375 kg to 450 kg, thinning
wafers to 160 um thick (from 180 pum) with 60 mm kerf loss (from 70 mm), and moving to an
M6 wafer format based on projections (ITRPV Working Group 2020). Furthermore, Ag use is
assumed to drop to 50 mg/cell, cell throughput is expected to double, and module throughput is
assumed to increase by 30%. The long-term projection assumes average module efficiency
increases to 26% due to widespread adoption of high-efficiency n-type modules. Reduced costs
via alternative metallization methods and materials may be possible but are not explicitly
modeled in this report. Additional price declines could be achieved through economies of scale,
but they are not explicitly modeled in this roadmap.
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Figure 13. Technology roadmap with projected MSPs for monocrystalline Si modules, assuming
15% gross margin

The TEF plots for c-Si PV systems are shown in Figure 14. Historical cost modeling results from
NREL (Goodrich, James et al. 2011, Goodrich, Hacke et al. 2013) and other literature (Mishima,
Taguchi et al. 2011, Wolf, Descoeudres et al. 2012, Tous, Aleman et al. 2015) serve as a primary
reference point for the 2010 cost and energy data, while 2020 and 2030 data reflect the cost
model results from our current work. These data, as well as other metrics such as power
temperature coefficients and degradation rates over time, were determined via discussion with
experts at the 2020 NREL TEF Workshop (National Renewable Energy Laboratory 2020). The
distinctions between different c-Si architectures are slight, because the inherent material
properties are constant between technologies. However, the higher energy yield for bifacial
formats (assumed 8% relative to monofacial format) as well as higher-efficiency architectures
show these technologies do not require as much progress along the cost axis to achieve the
LCOE target of 3 cents/kWh by 2030.
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Figure 14. TEF plots for c-Si PV systems: monofacial monocrystalline PERC, bifacial
monocrystalline PERC, IBC, bifacial PERT/PERL, and bifacial SHJ
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3.2 Cadmium Telluride (CdTe)

PV module manufacturing is highly competitive, and module prices have declined by a factor of
10 over the past decade, largely because the c-Si supply chain has increased production by a
factor greater than 20 over the same timeframe (Mints April 2019). In this competitive
environment, most thin-film PV manufacturers have been unable to reduce costs at the same
pace as market pricing and have had to cease operations. One notable exception is First Solar,
which has produced price-competitive CdTe modules with demonstrated reliability in the
outdoor environment and is now the largest thin-film PV manufacturer in the world.

A summary of global CdTe manufacturing capacity is reported in Table 3. Of the 2 GW of fully
integrated module capacity in the United States, 70% came online during 2019-2020.
Historically, First Solar has targeted utility-scale applications. In late 2020, CdTe PV
manufacturer Toledo Solar began production at a 100-MW capacity facility in the United States,
intending to target the residential PV market.

Table 3. Summary of Global CdTe Module Manufacturing and Cumulative Installations in 2020

Location Annual Manufacturing Capacity Cumulative Installations, 2020
United States 2GW >12 GW
Globally 7.6 GW (U.S., Malaysia, & Vietnam) > 20 GW

CdTe cell and module efficiencies have also advanced. Through consistent investments in R&D,
arecord CdTe PV cell efficiency of 22.1% and champion module efficiency of 18.6% have been
achieved (Figure 15). Commercial production module efficiencies have reached a maximum of
18.2%—approximately double the maximum available in 2006.

Best Research-Cell and Champion Module Efficiencies b8 NREL
52

Best Research-Cell Champion Modules

s
&
T

Thin-Film Technologies Chalcogenide
© Cdle O Cdte

ModuleSizes (Area cm?)

S
T

I~
=]
T

w
H
T

w
s
T

[
==
T

]
=
I

First Sola First Solar 22.1% 0]
20 .
3 O First Soar 18.6% o]
- L
- EL -

Power Conversion Efficiency (%)

TR T N B TN I R Y T T Y T T T A Y T T IS T T T T S Y T T Y T T A T Y N M I T
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Figure 15. CdTe cell and module efficiency progress

CdTe PV modules have been operating reliably and safely at NREL’s outdoor test facility in
Golden, CO, for more than 2 decades. Series 6 modules successfully pass all of the International
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Electrotechnical Commission (IEC) 61215 and 61730 tests up to 1,500 V and the UL 1703 test
up to 1,500 V. Being able to withstand higher system voltages can reduce system costs by
eliminating combiner boxes, reducing the number of transformers needed, and eliminating
photovoltaic combining switchgears (PVCS). Reliability tests conducted by independent testing
labs affirm that CdTe is resistant to potential-induced degradation, and First Solar offers a
warrantied annual degradation of 0.5% per year for Series 6.

Relative to standard full-area Al-BSF and monofacial PERC c-Si, there are potential LCOE-level
benefits for employing CdTe modules. These benefits include improved total system lifetime
energy yield through enhanced spectral response to diffuse light and a lower temperature
coefficient. In total, these two effects may impart a 5%—8% advantage in energy yield relative to
standard AI-BSF multicrystalline-based Si (Kinsey 2015). However, energy yield advantages are
not expected for CdTe in colder latitudes.

Our first fully detailed study of the commercial CdTe processing sequence and bottom-up
manufacturing costs analysis was completed in 2013 (Woodhouse, Goodrich et al. 2013). We
still use the same basic layer stack first described in that publication but have added further
details shown in Figure 16.

P2: Active Layer P3: Back Contact Structure Thin Film Module

P1:TCO, Active Layer. Insulator Fill.

Back Contact Structure
(~1 pm)

Active Layer (2 - 3 pm)

, Electrically
434
TCO Layer —& 3 Connected
(0.2-0.5 pm) Monolithically
Integrated Cells Module frame optional.
Frczn‘;Glass)—- sunlight 1 or 2 junction boxes
~3mm P
on back (not shown
E s ( )

AM1.5 = air mass 1.5.

Figure 16. Device stack for CdTe cells built by monolithic integration

To enable high-temperature material growth, CdTe devices are generally manufactured in the
“superstrate” configuration (Compaan 2006): The layers are stacked atop heat-stabilized front
glass, with the module turned over at installation. When the module is deployed, sunlight enters
via the front glass and transparent conducting oxide (TCO) layers before encountering the CdTe
active layer. The individualized cell pattern in Figure 16 depicts the result of monolithic
integration, which is achieved by laser and mechanical scribes. Actual cells are much wider
relative to the size of the scribes in the figure. Cell sizes are optimized for maximum module
efficiency by considering tradeoffs between series resistance and dead-zone losses: Larger cells
reduce total module dead-zone losses but experience greater series resistance losses, whereas
smaller cells increase total module dead-zone losses because the device inactive areas grow
commensurately with the number of laser scribes.
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3.2.1 Process Flows and Costs by Step

Our step-by-step cost model for CdTe is based on the processing sequence shown in Figure 17,
which is based on a model factory layout that uses wet chemical and dry deposition processes to
deposit the materials shown. The materials used for the post-CdTe deposition steps—including
the CdCl; activation, Cu diffusion, screen-printed doped carbon paste, and vacuum-deposited
adhesion and barrier layers—are selected for the sake of CdTe grain boundary passivation and
the desired electrical junction characteristics for effective charge carrier extraction. Materials
such as CdS, MgZnO, or ZnTe are often included as window layers or rear carrier reflectors prior
to the P1 scribe, but this varies depending on the manufacturer. Additional materials used to
assemble modules include an encapsulant, edge seals, heat-strengthened back glass, a metallic
busbar array for connecting cells across the module, and a junction box for connecting modules
into strings during installation.

1. Deposit TCO on 2. Wash front glass. 3. CdTe absorber layer. 4. CdCl; activation. 5. Pre-contact wash.
heat treated front glass. 6. Aqueous Cu diffusion.
A4
11. Sputter adhesion layer and 10 . Screen-print back 9. P2 laser scribe. 8. Insulator fill for 7. P1 laser scribe through
diffusion barrier (50 nm total). contact metallization paste. cell isolation. CdTe, and TCO.

Aluminum
4 frame

Edge
seal

CdTe
Device structure

12. Sputter back electrode 13. P3 mechanical scribe down 14. Electrically connect the Module front
stack (1.0 pm total). to CdTe and edge isolation. monolithically integrated cells Module pacy
by solder-welding metal ribbon 15. Feed bus bar ribbons 16. Solder the
busbars and conducting through pre-drilled hole in bus bar ribbons to the junction-box
adhesive tape. tempered back glass. Bond leads, and bond the J-box to the back
the cells and the busbar glass with potting agent and tape
assembly to the back glass 17. Light soaking followed by high
with EVA and edge seal. voltage isolation (Hi-Pot),

ground continuity, and solar
simulator J-V testing.

18. Visual inspection and module
binning and packing

Figure 17. Process flow flow used for NREL’s CdTe manufacturing cost model

Figure 18 shows CdTe module costs aggregated by major process steps, and Table 4 provides an
overview of the module cost model inputs.
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Figure 18. Costs aggregated by major steps for Series 6 CdTe module production in Southeast
Asia, 2-GW facility for 2.47-m? modules at 18% efficiency

Table 4. Summary of Inputs Used in NREL’s CdTe Module Cost Model
Variable COGS Inputs

Principal input 2 sheets of glass: heat strengthened, with an anti-reflection coating on the

materials front glass, 1 sheet of encapsulant, wet chemical and dry compound
precursors, and balance-of-module materials (junction box, anodized Al
frame, edge sealant, barcoded module sticker label, and packaging

materials).
Labor 0.4-0.6 total direct employees per MW of annual production.
Electricity 75-80 kWh per module.
Maintenance Annual cost corresponding to 4% of the original investment in equipment.

Fixed COGS Inputs

Equipment CapEx Total equipment CapEx of $0.25-$0.30/W for 2020 baseline 430-W Series

and depreciation 6 modules having a 2.47-m? total area. This is allocated across the
equipment for buffer and absorber layers ($0.08—-$0.09/W), back contact
($0.11-$0.12/W), monolithic integration ($0.02—-$0.03/W), and final
module assembly ($0.04-$0.05/W). 7-year depreciation assuming the
same useful lifetime.

Facilities CapEx and  $0.03-$0.06/W total for new facility and building CapEx. 20-year
depreciation depreciation (straight line).

Remaining Fixed Operating Expenses

R&D 3% of revenues

SG&A 9% of revenues
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3.2.2 Benchmark Costs and Technology Roadmap

Our 2020 benchmark MSP for sheet-to-sheet (S2S) CdTe module manufacturing is shown in

Figure 19. This benchmark assumes a gross margin of 15%; error bars show gross margins of
25% (high MSP) and 5% (low MSP).
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Figure 19. CdTe PV module MSP benchmark for production in Southeast Asia, 2020

A roadmap for future CdTe PV technology progress is shown in Figure 20. Module efficiency
improvements have been achieved through concerted efforts between equipment providers and
R&D teams at universities, national laboratories, institutes across the globe, and First Solar. The
primary scientific challenges for CdTe as a material set include doping profile and film
uniformity, as well as reducing recombination at interfaces and grain boundaries (Moseley, Rale
et al. 2018). Improving film uniformity is assumed to enable module efficiencies that match the
small-area efficiency record of 22% reported in Figure 15. This, in combination with reducing
CdTe layer thickness, is expected to contribute to an MSP of $0.22/W by 2025. Addressing
recombination challenges is anticipated to achieve 25% efficiency and an MSP of $0.19/W past
2025. The MSP projections shown in Figure 20 are based on technology advancements only.
Economies of scale resulting from sustained technology success and growth may also enable
lower future costs, but the potential influence from this factor is not included in Figure 20.
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The TEF plot for CdTe PV systems is shown in Figure

21. Historical cost modeling results from

NREL (Woodhouse, Goodrich et al. 2013) serve as a primary reference point for the 2010 cost
and energy data, while 2020 and 2030 data reflect the cost model results from our current work.
These data, as well as other metrics such as power temperature coefficients and degradation rates
over time, were determined via discussion with experts at the 2020 NREL TEF Workshop

(National Renewable Energy Laboratory 2020). Given

the challenges associated with CdTe

reaching the long-term potential efficiency (Kanevce, Reese et al. 2017), we assume that the

technology will not reach 25% efficiency by 2030 and

will instead need to progress further along

the system cost axis to achieve the target LCOE of 3 cents/kWh.
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Figure 21. TEF plot for CdTe PV systems

25

This report is available at no cost from the National Renewable En

ergy Laboratory at www.nrel.gov/publications.



3.3 Copper Indium Gallium (Di)selenide (CIGS)

CIGS PV has been produced commercially since the 1990s, and approximately 2 GW of annual
CIGS manufacturing capacity are active today (Table 5). The largest CIGS manufacturer is the
Japanese company Solar Frontier. Solar Frontier has over 900 MW of production at its Kunitomi
factory, at which it has been consolidating production over the last several years. Solar Frontier
currently focuses on mainstream PV markets—including residential rooftop, commercial, and
utility-scale markets—and it produces the CIGS layer using a two-stage sputtering plus batch
selenization and sulfurization (SAS) process.

China has recently moved into the CIGS space as well. The Chinese National Building Material
Company (CNBM) acquired Avancis and installed 300 MW of production capacity in China,
with plans to install a total of 1.5 GW there. The Shenhua Group acquired the CIGS technology
developed at Manz and ZSW and is constructing 300 MW of production capacity in China. The
three CIGS companies under Hanergy—Miasolé, Global Solar Energy, and Solibro—had plans
to install hundreds of MW of capacity using each company’s technology in China, aiming for a
total capacity of over 3 GW. However, financial issues at Hanergy resulted in mass layoffs
across the companies in 2019 and 2020; production remains halted with some equipment
auctions occurring in late 2020.

Table 5. Summary of Current CIGS Module Manufacturing

2019 global active annual production capacity ~2 GW
Manufacturing locations Japan, Germany, China, South Korea, United
States, Switzerland
Commercial methods for CIGS layer deposition e Sputtering plus batch SAS (largest share of
production)
e  Sputtering plus rapid thermal processing
(RTP) SAS
e 1-stage in-line co-evaporation process
e 3-stage co-evaporation process

CIGS technology is not standardized in terms of product or process. Multiple different device
stacks are in production today, the most common of which are shown in Figure 22. Different
companies deposit the layers using different techniques (see Section 3.3.1). Thicknesses of the
layers can also vary by company and process. The dominant architecture for CIGS is
monolithically integrated modules, which may use a variety of substrate materials including
glass, metal foils, and plastics. Most modules produced today are deposited on glass and have a
rigid, glass-glass configuration.
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Figure 22. Different CIGS device stacks used today (thicknesses of individual layers can vary)

Although aperture-area record efficiencies for small CIGS devices in the lab are now above 23%,
champion module efficiencies are still near 19%, while full-area,' fleet-average production
efficiencies for commercially available products range from 12% to 16% (Figure 23).
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Figure 23. CIGS cell and module efficiency progress

3.3.1 Process Flows and Costs by Step

Figure 24 shows the general process flow used for producing monolithic, glass-glass CIGS
modules. The two parallel paths represent the two classes of techniques used to fabricate the
CIGS layer itself: sputter plus SAS and co-evaporation. Within each of those classes, there are

! CIGS efficiencies are often reported for the aperture area only, which does not include losses due to dead area and
shading of the module interconnections and edge or frame.
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variations on the processes used. For example, single-stage or three-stage co-evaporation can be
used, and SAS may occur either in a batch or in-line RTP process.

In addition to variations in processing the CIGS layer, different approaches are taken to deposit
the buffer and TCO layers. Buffer layers are typically deposited using either a dry sputtering
process or a wet chemical bath deposition (CBD) process. CdS and Zn(O,S), common buffer
layer materials, may be deposited using either approach. Various InS-based buffer layers have
also been used, and these are sometimes thermally evaporated. The TCO is typically produced by
sputtering, but Solar Frontier uses a customized metal organic vapor phase epitaxy (MOVPE)
process instead for both the TCO and the window layer. The other steps in the process flow are

more standardized across companies.
- — - m—

Sputter CIG. Selenization/sulfurization, resulting

ina 1.5-2 pm thick CIGS layer.

Unload, inspect and Sputter Mo back contact. P1 laser scribe through Mo. Deposit CIGS layer (co-evaporation)
wash soda lime back glass. 1.5 - 2 pm thickness. I
+
wq w ‘ ‘ ( i
P3 mechanical scribe down to Sputter intrinsic and P2 mechanical scribe through Buffer layer chemical
Mo and laser edge isolation. doped TCO layers. buffer down to Mo. bath deposition.

cIGs
Device structure
Module front
B y Module back
Electrically connect the Feed bus bar ribbons through Solder the bus bar ribbons to the junction-box leads; and bond the
monolithically integrated cells pre-drilled hole in tempered J-box to the back glass with potting agent, tape, and frame.
by solder-welding metal back glass. Bond the cells and Light soaking followed by high voltage isolation (Hi-Pot), ground
ribbon busbars and busbar assembly to the front continuity, and solar simulator J-V testing.
conducting adhesive tape. glass with EVA and edge seal. Visual inspection and module binning and packing

Figure 24. Process flows for manufacturing glass-glass monolithic CIGS modules

The parallel paths for the CIGS layer represent different approaches that are being taken in production, including
several sputtering plus selenization and co-evaporation processes. MOCVD = metal organic chemical vapor
deposition.

We model step-by-step costs associated with production of reference design A shown in Figure
22, assuming a 1.5-um CIGS absorber layer, a 500-nm Mo layer, and a 1.65-m x 0.65-m module.
We assume the two-stage sputtering plus batch SAS process is used for the CIGS layer, CBD of
CdS for the buffer layer, and sputtered AZO for the top TCO. The results for a 16%-efficient
module are shown in Figure 25, with the inputs summarized in Table 6.

The batch SAS step is the most expensive step, driven both by the very low throughput of the
SAS process (requiring many furnaces and associated high costs of depreciation, labor, and
maintenance) as well as the cost of the HoSe and H»S. Alternative processes, including co-
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evaporation and RTP SAS, can be lower cost, but scale, yield, and efficiency will also influence
the total module cost using these other approaches.

Glass, which has decreased in cost over the last several years, is still a major contributor to cost.
Although some companies are looking to reduce cost by moving to thinner glass, these options
are not currently cheaper owing to production scale and yield. The use of alternative flexible
substrates, including polymers, also does not result in lower-cost modules today. In fact, flexible
packaging is currently much more expensive than glass ($20-$40/m?) because of the small scale
of production as well as the demands for packaging that allows minimal moisture ingress to
avoid damage to the CIGS material.
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Figure 25. Step-by-step costs for CIGS reference design A, where the CIGS layer is produced
using the two-step sputtering plus SAS process

A 15% module efficiency is assumed, with Japanese input data for materials, utilities, and labor costs at 900 MW of
annual production volume. Total manufacturing costs are $0.40 per W direct current (Wpc) or $61/m?. These costs do
not reflect those of any particular company but are intended to approximately benchmark CIGS technology and
illustrate key cost drivers.

Other balance-of-module costs also contribute significantly to overall costs, including costs of
the junction box and frame. Frameless CIGS modules are sold in the market today and can be
installed with slight modifications to the installation design and process. A single junction box is
used per module; thus, as the power per module increases by increasing the efficiency and/or
module area, junction box costs will decrease.

Reported pricing for cell and balance-of-module materials varies significantly depending on the
supplier, purchase scale or contract, and region of the world. In some cases, Chinese suppliers
quote materials at half the price of U.S., European, and Japanese suppliers. However, some
module manufacturers still choose to source materials from outside of China for various reasons.
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Costs also depend on the location of suppliers and CIGS manufacturers as well as exchange
rates. Finally, material prices—particularly for Ga and In—fluctuate substantially over time.

Table 6. Summary of Inputs Used in NREL’s CIGS Module Cost Model

Product Details (in addition to reference design A in Figure 22)

Cell 1.5-um CIGS absorber layer, 500-nm Mo layer

Module 1.65-m x 0.65-m module

Variable COGS Inputs for Fully Integrated Module Conversion

Principal input Glass, deionized water, Mo sputtering target (rotary), H2Se, H2S, N2,
materials Cuo.75Gao.25 sputtering target (rotary), In sputtering target (rotary), CdSQa,

CS(NHz)2, NHsOH, NH4C2Hs02, AZO sputtering target (rotary), iZnO
sputtering target (rotary), Cu ribbon, Sn and In solder, EVA, Al framing
materials, junction box, and pottant.

Labor 0.75 employees per MW of annual production at volume assumed in
results shown here (varies in industry).

Electricity Total of 32 kWh per module.

Maintenance Annual cost corresponding to 3.6% of the original investment in

equipment, assuming new equipment.

Fixed COGS Inputs for Fully Integrated Module Conversion

Equipment CapEx 900-MW facility, two-stage sputtering plus batch SAS process for CIGS
and depreciation layer, CBD of CdS for buffer layer, sputtered AZO for top TCO.

Total equipment CapEx of $0.51/W of annual capacity. 7-year straight-line
depreciation. Assumed ~90% yield.

Facilities CapEx and  $0.05/W for new (greenfield) facilities CapEx. 20-year depreciation
depreciation (straight line).

Remaining Fixed Operating Expenses

R&D 3% of revenues

SG&A 9% of revenues
Inputs vary by company, module design, and manufacturing processes used.

3.3.2 Benchmark Costs and Technology Roadmap

To benchmark the 2020 CIGS PV price structure, the costs by step shown in Figure 25 are
aggregated as COGS, and a gross margin is applied to estimate the MSP. The benchmark price
structure is shown in Figure 26. This benchmark assumes a gross margin of 15%; error bars
show gross margins of 25% (high MSP) and 5% (low MSP). This is the highest benchmark of
the technologies in this section. However, several CIGS companies are focused on flexible PV
designs targeted at specialty applications, including weight-constrained rooftops, solar shingles,
portable PV, and outdoor recreation equipment. As such, the technology may not be directly
competing with CdTe and c-Si technologies and their predominant markets.
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Figure 26. CIGS PV module MSP benchmark, 2020

A 16% module efficiency is assumed, with Japanese input data for materials, utilities, and labor costs. Results shown
are for 900 MW of annual production volume.

Figure 27 shows a potential roadmap to reduced CIGS module manufacturing costs from our
benchmark of $0.48/Wpc. As mentioned above, frameless CIGS modules are available today,
with both framed and frameless modules purchased in volume. Thus, the cost reduction due to
frame removal is not applicable to all modules. Furthermore, the final step in the roadmap
evaluates the impact of increasing module area, however this may reduce the ability to
manufacture the module without a frame.

Increasing efficiency is a critical component of the CIGS roadmap. We break out the impacts of
increasing from 16% to 18% efficiency in the near term and from 18% to 20% efficiency as a
long-term target for full-area, average production CIGS module efficiencies. There are several
pathways for increasing efficiency, including engineering processes so that small-area
efficiencies such as those reported in Figure 23 are maintained over large areas and reducing the
dead area (e.g., by moving toward laser scribing for all interconnects).

Increasing throughput of the CIGS deposition is also key to lower CIGS costs. A 15- to 20-fold
increase in throughput may be achievable today in lower volumes using current co-evaporation
or RTP SAS processes. Both cycle times and materials costs can also be decreased by reducing
the thickness of the CIGS layer. The efficiency, yield, and scale of production for any high-
throughput processes will strongly influence the degree of cost reduction achieved. Additional
cost reductions might be achieved if CIGS production volumes increased, resulting from learning
by doing and economies of scale.
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The TEF plot for CIGS PV systems is shown in Figure 28. Historical cost modeling results from
NREL (Goodrich, James et al. 2011, Horowitz, Fu et al. 2016) serve as a primary reference point
for the 2010 cost and energy data, while 2020 and 2030 data reflect the cost model results from
our current work. These data, as well as other metrics such as power temperature coefficients and
degradation rates over time, were determined via discussion with experts at the 2020 NREL TEF
Workshop (National Renewable Energy Laboratory 2020). Because the CIGS roadmap shows
significant limitations to long-term efficiency potential (Topi¢, Geisthardt et al. 2015), it must
progress further down the cost axis than other technologies to reach the 3 cents’kWh LCOE
target for 2030.

CIGS

annual energy 1/system cost
(KWh/m?) (m?/$)

2010
2020
BN 2030

service life (years)

Figure 28. TEF plot for CIGS PV systems
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4 PV Technologies at Small Scale or Pilot Production

This section reviews PV technologies that have small-scale or pilot-scale production in 2020,
namely I1I-Vs and perovskites. For each, we provide an overview of their most commonly used
manufacturing methods and discuss their fit within the technology assessment criteria described
in Section 2.2. We compile 2020 benchmark step-by-step costs for III-V cells into total cell
production costs. We estimate 2020 step-by-step costs for perovskite module production at
significantly larger scales than the pilot production occurring in 2020. We compile these into an
estimated module benchmark. We then conclude each section with roadmaps of future cost
projections and each technology’s past, present, and projected TEF scores.

4.1 1lI-Vs

III-V PV technologies date back to the 1970s and 1980s, when companies such as IBM and
Varian performed early research. Commercial manufacturing of III-V cells began in the mid-
1990s for use in space applications. The technologies include multijunction devices that increase
efficiency by stacking multiple semiconductor layers to capture more of the solar spectrum.
Inverted metamorphic growth and epitaxial liftoff techniques have created flexible III-V devices
with state-of-the-art efficiencies.

Today, I1I-Vs encompass the highest-efficiency PV products on the market. The current highest
research-cell efficiency is 47.1% for a multijunction III-V device with solar concentration
(Figure 29), and even higher efficiencies are possible. Terrestrial III-V devices with
concentration also have some of the best laboratory-tested temperature coefficients; one study
showed efficiency reductions of less than 0.2% per degree Celsius (Siefer and Bett 2014).
However—despite historical cost reductions due to improved processing yields, processing
techniques, and epitaxial deposition and the growth of complementary industries such as light-
emitting diodes—standard I1I-V devices are orders of magnitude more expensive than current
market-leading PV modules. The high cost has kept I1I-V technology in niche marketplaces,
predominantly space applications but also terrestrial concentrator applications. Commercial and
R&D efforts aim to reduce costs and improve competitiveness in emerging and traditional
markets. Even in the space market, III-V manufacturers are being pressured to innovate and
reduce costs, because changes in launch technology have reduced the premium on light, high-
efficiency PV devices, and the efficiency gap between III-Vs and other PV technologies has
decreased. Emerging markets for III-Vs include rapid deployment applications, drones
(aerospace), vehicles, and wearables/military applications—small markets constituting less than
1% of the global PV industry by capacity.
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In the III-V industry, there is no standard device form factor. Customers in this market—mainly
manufacturers of custom-designed satellite applications or aerospace projects—have substantial
influence over design and quality requirements. However, most companies produce some version
of a triple-junction (TJ) III-V device on a Ge substrate, including InGaP, InGaAs, and Ge
junctions. Table 7 lists some of the leading III-V manufacturers. Typical 1-sun efficiencies are
25%-32% for commercially available TJ III-V devices. Doping levels, device thicknesses, and
efficiencies vary by manufacturer. We benchmark a 33%-efficient TJ device (Figure 30). We
report on cell growth and fabrication only owing to the diversity of I1I-V applications and final

module formats.

Table 7. Summary of lll-V Companies

. ] . Thinnest Lowest-Weight
Company Manufagturlng Avallz_ab_le D_ewce Devices Device
Locations Efficiencies
(pm) (mg/cm?)
SolAero Albuquerque, NM 32% AMO 50 28
Microlink Devices Niles, IL 31% AM1.5 40 35
o, o]
Spectrolab Sylmar, CA 32% AMO, up to 4.0 % 140 84
under concentration
1 o, 0,
AZUR Space Heilbronn, 32% AMO, up to 44 %o 110-190 50
Germany under concentration

AMO = zero air mass, AM1.5 = air mass 1.5
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Figure 30. Ge-based TJ reference design

4.1.1 Process Flows and Costs by Step

Fabrication of III-V devices occurs through epitaxial deposition of PV material via MOVPE. The
overall process flow is depicted in Figure 31. The epitaxial layers are grown on semiconductor
substrates in a high-temperature (500—1,500°C) environment. The deposition occurs in a vacuum
process chamber using a rotating graphite wafer platter to optimize uniform epitaxial growth
rates and thickness across all processed wafers. Additional fabrication is completed with
patterning lithography tools and metal deposition processes to produce antireflective coatings as
well as gridlines and busbar connections. Costs by step are summarized in Table 8 and Figure 32.
The Ge wafer is the biggest cost contributor, followed by the MOVPE growth step.

-> -
-»O"

1. Unpack and clean 2. MOVPE of triple 3. Deposition of back 4. Lithography and etching
Ge epi-wafer. junction stack. contact metal. of contact layer.

\

@" @4‘
133 em? triple-junction solar cell 7. Edge isolation & 6. Deposit AR coating. 5. Frontside metallization.
on germanium substrate. 8. J-V testing & sorting.

AR = antireflection.

Figure 31. Process flow for Ge-based TJ cell
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Table 8. Overview of Inputs Used in NREL’s IlI-V Cost Models

Variable COGS Inputs for Cell Conversion

Principal input 6-in Ge substrate, trimethyl gallium (TMGa), trimethyl indium (TMIn),
materials TMAI, AsHs, PHs, Ag, Au.

Labor 0.15 direct employees per kW of annual production.

Electricity 12 kWh per cell.

Maintenance Annual cost corresponding to 3% of the original investment in equipment.

Fixed COGS Inputs for Cell Conversion

Equipment CapEx Total equipment CapEx of $10.90/W for standard baseline TJ IlI-V
and depreciation processing line at 200 kW/capacity. 7-year depreciation (straight line).

Facilities CapEx and  Total facility CapEx of $0.81/W for new facility and building CapEx. 20-
depreciation year depreciation (straight line).

Remaining Fixed Operating Expenses

R&D 3% of revenues
SG&A 9% of revenues
$40.00
Depreciation (Equipment & Building)
$35.00 B Maintenance
Utilities
= $30.00 M Labor
E ' m Materials
[m]
9 $25.00
)]
H
S $20.00
“;,' $37.04
@
o
3 $15.00
o
& $10.00
$5.00
$2.30 TR
$0.00 $2.67 $2.90
Unpackand MOVPE growth  Deposit ARC Lithography Deposit front Deposit back Other cell
clean substrate metallization metallization processing

Figure 32. Step-by-step costs for MOVPE growth of TJ llI-V cell on Ge substrate in the United
States, 2020

4.1.2 Benchmark Costs and Technology Roadmap

Our 2020 benchmark MSP for TJ III-V PV devices on Ge is shown in Figure 33. This
benchmark assumes a gross margin of 15%; error bars show gross margins of 25% (high MSP)
and 5% (low MSP).
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Figure 33. MSP benchmark for TJ llI-V cell on Ge substrate, U.S. production, 2020

A cost-reduction roadmap for TJ III-V cells is shown in Figure 34. As shown in our model,
substrate costs constitute more than 50% of total device costs, which has motivated research on
processes to reuse the substrate to produce multiple PV cells. Epitaxial liftoff is the most
common technique, in which a sacrificial release layer adjacent to the substrate is selectively
dissolved (typically AlAs in hydrofluoric acid) (Ward, Remo et al. 2016). Because the MOVPE
process is the second-largest cost driver, methods to reduce deposition costs are also prioritized.
These include increased deposition rates, higher product yields, or lower material costs. Hydride
vapor phase epitaxy (HVPE) is being investigated at NREL as a way to lower epitaxy material
costs while increasing deposition rates (Horowitz, Remo et al. 2018). Metallization is another
significant cost driver owing to the lithography process and the high cost of gold. Lower
metallization costs could be achieved using electroplating or screen-printing techniques like
those used for c-Si cells. Equipment scaling and general economies of scale are also possible
pathways to reduce costs but are not estimated in the roadmap.
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The TEF plot for 1-sun III-V PV systems is shown in Figure 35. Historical cost modeling results
from NREL serve as a primary reference point for the 2010 cost and energy data (Woodhouse
and Goodrich 2013, Horowitz, Woodhouse et al. 2015), while 2020 data reflect the cost model
results from our current work. The 2030 data reflect the Stage 3 cost projection published in
another NREL report, assuming module assembly similar to c-Si module assembly (Horowitz,
Remo et al. 2018). Metrics such as power temperature coefficients and degradation rates over
time were determined via discussion with experts at the 2020 NREL TEF Workshop (National
Renewable Energy Laboratory 2020). ITII-Vs have exceptional performance in energy yield and
service life, but costs would need to decline significantly to reach the 3 cents/kWh LCOE target
for 2030.

l-vs

annual energy 1/system cost
(KWh/m2) (m2/$)

service life (years)

Figure 35. TEF plot for 1-sun IlI-V PV systems
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4.2 Perovskites

Various PV materials have been the subject of intense academic laboratory research. Some, such
as copper zinc tin diselenide (CZTS) and organic PV, have garnered interest owing to their
greater elemental earth abundance compared with CdTe or CIGS. Quantum dot cells exhibit
multiple exciton generation, which may substantially increase current from PV devices (Nozik
2002). Dye-sensitized cells use a single layer of light-absorbing dye that is covalently bound to
an optical scaffold and charge-transport matrix like TiO, (Gratzel 2003).

Most recently, perovskites have emerged at the laboratory scale, offering new hope for a
breakthrough material class for next-generation PV technologies and stimulating interest in new
opportunities in commercialization and scale-up. In this section, we analyze perovskites in terms
of technology manufacturing costs, efficiency progress, and reliability measurements.

Solution-processable perovskites offer potentially lower initial CapEx for manufacturing
equipment and facilities, which is possible owing to the low temperature processing of the
materials in perovskite devices (Table 9). These features open the processing window to spin
coating, dip coating, spray pyrolysis, ink-jet printing, gravure coating, bar coating, and slot die
coating. Perovskites also open the potential for new markets in which PV applications require
flexible form factors and lower mass than traditional c-Si modules or glass-glass thin-film
modules. The lower CapEx for R2R assumes the same efficiency and yield as S28S, although it
remains to be seen whether this will hold for large-scale manufacturing. The R2R CapEx total
presents a significant advantage over the typical CapEx for c-Si and CdTe as well, which are
more comparable to the S2S magnitude around $0.25-$0.30/W.

Table 9. Overview of CapEx Differences for Rigid S2S vs. Flexible Roll-to-Roll (R2R) Single-
Junction Perovskite Modules, Assuming the Same Efficiency (16%)

Equipment and Facilities Investment $2S (16%) R2R (16%)
Unload and clean front and back cover $0.027—0.031/W $0.027—0.031/W
Sputter adhesion and diffusion barrier $0.000/W $0.014—0.018/W
TCO sputtering $0.013—0.017/W $0.013—0.017/W
Active layer deposition and annealing $0.022—0.026/W $0.0024—0.0032/W
Solar Cell ETL and HTL depasition and annealing $0.035—0.039/W $0.0024—0,0032/W
Back contact $0.075—0.079/W $0.0024—0.0032/W
Monolithic integration $0.039—0.043/W $0.039—0.043/W
Meodule layup and lamination $0.037—0.041/W $0.0024—0.0032/W
Balance-of-
Module - i inni izi
;‘i\vtatfgll;l;ulggx, module testing and binning, and palletizing for $0.049—0.053/W $0.049—0.053/W

Total Capital Expenditure per Watt-Rated Annual Capacity | $0.30—0.33/W | $0.15—0.17/W
(Depreciation using 5 and 20 year straight-line for equipment and facilities) ($0.048—0.053/W) (50.024—0.027/W)

ETL = electron transport layer, HTL = hole transport layer.

Perovskite bandgaps typically range from 1.2 to 2.3 eV, and the optical absorption profile can be
tuned by managing the composition chemistry (Noh, Im et al. 2013). The absorption coefficient
of the perovskite material most common in academic research, methylammonium lead iodide
(CH3NH3Pbl3), allows for very thin layers (200—-500 nm) that absorb across the entire visible
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spectrum (Batmunkh, Zhong et al. 2020). A high absorption coefficient across a customizable
optical profile means that perovskite materials can be used efficiently in single-junction devices
or multijunction architectures in which optimal efficiency requires precisely tuned absorption in
both the top and bottom cells. Charge-carrier lengths in the um range—well beyond the
absorption depth of the material—also enable high efficiencies in perovskite thin-film PV
devices (Saliba, Matsui et al. 2016). Most recently, control of bulk (Yang, Park et al. 2017) and
surface (Jiang, Zhao et al. 2019) recombination in perovskite devices has led to efficiency
improvements. Perovskite cells have experienced rapid efficiency gains through all these
technology advancements and many more that have not been mentioned. Champion cell
efficiencies have surged from near 14% when they first appeared on the NREL efficiency chart
in 2013 (Burschka, Pellet et al. 2013) to the most recent 25.2% record established in 2020. The
record efficiencies of perovskites and other emerging PV technologies over time are shown in
Figure 36.
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Figure 36. Efficiency progress for early-stage PV technologies including perovskites

For our benchmark analysis, we consider generic perovskite absorbers in the reference design
shown in Figure 37. The bandgap of MAPDI3, the most common single-junction absorber, is
around 1.5-1.6 eV, with a light-absorption spectrum up to a wavelength of 800 nm (Jeon, Noh et
al. 2015). However, there are stability and efficiency advantages for different cation and anion
mixtures, and the cost differential between perovskite compositions is well within the margins of
uncertainty in this model.
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Figure 37. Single-junction perovskite reference design

4.2.1 Process Flows and Costs by Step

The process flow for manufacturing an S2S single-junction perovskite module is shown in
Figure 38, and the costs by step for this process are shown in Figure 39. These costs are not
currently representative of commercial production and are instead serving as a hypothetical
estimate of costs given the current scale of perovskite research, material, and equipment
availability. The process flow for a dual-junction perovskite cell would have two additional steps
for depositing a recombination layer and another sequence of ETL/HTL, perovskite ink, and
HTL/ETL deposition for the second cell in the stack.

1. Atmosphere pressure 2. Wash front surface. 3. Print HTL/ETL. 4. Anneal/Sinter 5. Deposit/Anneal
chemical vapor HTL/ETL. Perovskite.
deposition of SnO2:F.

v

10. Deposit top electrode. 9. P2 laser scribe 8. Print and anneal 7. Insulator fill for 6. P1 laser scribe through
down to SnO5:F. ETL/HTL. cell isolation. pervoskite, HTL/ETL, and SnO5:F.

Edge seal

Medule front Module back

11. P3 mechanical scribe down 12. Electrically connect the

: . Lt B 13. Feed bus bar ribbons through 14. Solder the bus bar ribbons to the junction-box leads, and bond
to ETLMHTL and edge isolation. ;;osll?‘;';':[cvf;:y[;iﬁ;eir::;driﬁ; pre-drilled hole in tempered back the J-box to the back glass with potting agent and tape
busbars and conductive glass. Bond the cells and the busbar 15. Light soaking followed by high voltage isolation (Hi-Pot),
adhesive tape. assembly to t:e Zack glalss with EVA ground continuity, and solar simulator J-V testing.
and edge seal.

16. Visual inspection and module binning and packing.

Figure 38. Process flow for S2S single-junction perovskite module
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Ceo = carbon-60, EH44 = 9-(2-ethylhexyl)-N, N, N, N-tetrakis(4-methoxyphenyl)-9H-carbazole-2,7-diamine, FTO = fluorine-doped tin
oxide.

Figure 39. Step-by-step costs for S28 single-junction perovskite module manufacturing in the
United States, 2020 (est.)

The process flow for producing a perovskite-on-Si tandem cell is shown in Figure 40, which then
proceeds through a typical module assembly process such as in Figure 7. Our cost model
assumes a two-terminal configuration with an n-type SHJ cell as the bottom cell and a single-
junction perovskite as the top cell. We assume a near-term module efficiency of 28% based on
NREL-certified results from Oxford PV which exceed this value (Case, Beaumont et al. 2019,
Osborne 2020). This process assumes a PCBM interlayer, although a SnO»/Csp stack is an
alternative option. The costs by step for the perovskite-on-Si tandem cell and subsequent module
assembly are shown in Figure 41. PCBM costs may be higher than anticipated because of low
evaporation yield due to polymerization during the deposition process.

1. Test incoming 2. Saw damage removal and 3 PECVD of a-Si:H on front 4 PECVD of a-Si:H on back 5. Sputter ITO on front
wafer. texturization, HF dip for oxide (i-passivation then p-doped (i-passivation then n-doped (50-100 nm) and back
removal. layers, 156-20 nm). layers, 15-20 nm). (30-50 nm).
10, Print & anneal SnO7 9. Deposit PCBM layer. 8. Print & anneal perovskite 7. Print & anneal NiOx layer, 6. Rear metallization.
layers. layer.

Y o e o

11. Sputter ITO. 11. Screenprint frontside 12. J-V testing and sorting.
Ag paste.

Figure 40. Process flow for perovskite-on-Si tandem cell
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Figure 41. Step-by-step costs for perovskite-on-Si tandem module manufacturing in the United
States, 2020 (est.)

Table 10 summarizes the inputs used to obtain the cost model results in this section, for the all-
perovskite architecture and the perovskite-on-Si tandem.
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Table 10. Overview of Inputs Used in NREL'’s Single-Junction Perovskite and Perovskite-on-Si
Tandem Cost Models

Product Details (in addition to reference designs)

Cell SHJ architecture for c-Si bottom cell.

Module 0.72 m2 for single-junction perovskite module, 1.97 m2 for 72-cell
perovskite-on-Si tandem module.

Variable COGS Inputs for Cell Conversion

Principal input A generic perovskite ink is assumed. Several options (including MAPbDIs,

materials FAPDIs, CsPbls, and “kitchen sink” options) were evaluated, and costs
were determined to have a maximum variation of 30%.

Labor 1 direct employee per MW of annual production.

Electricity Total 27-28 kWh per module.

Maintenance Annual cost corresponding to 4% of the original investment in equipment.

Fixed COGS Inputs for Cell Conversion

Equipment CapEx Total capacity: 5.2 million modules/year for perovskite single-junction

and depreciation modules (2.0 GW at 16% efficiency), 2.0 GW perovskite-on-Si tandems
(28% efficiency). See Table 9 for discussion of CapEx. Assumes 5-year
straight-line depreciation.

Facilities CapEx and See Table 9 for discussion of CapEx. Assumes 20-year depreciation
depreciation (straight line).

Remaining Fixed Operating Expenses

R&D 3% of value-added revenues.

SG&A 9% of value-added revenues.

4.2.2 Projected Costs and Technology Roadmap

Because perovskites are not yet commercially available, we estimate S2S single-junction costs at
a small production scale and provide a roadmap for future commercial development in Figure 42.
The estimated costs for 2020 consider a smaller-format module; significant cost savings are
expected by using a larger-format module. Improving single-junction efficiency to 22% and
maintaining this performance in the larger-format module could achieve a price of $0.21/W by
2025. Developing an all-perovskite two-junction module with an efficiency of 30% could
achieve prices as low as $0.18/W in the long term. However, these potential cost reductions
would only be possible if the performance and durability of perovskites can be improved without
significant increases in expenses such as materials or processing, which is not certain at this
stage of technology development.

Finally, the estimated costs and MSP for perovskite-on-Si tandem module production at small
scale are shown in Figure 43. The MSP estimate assumes a gross margin of 15%; error bars show
gross margins of 25% (high MSP) and 5% (low MSP). This technology could benefit from
progress along the perovskite and c-Si roadmaps presented in Figure 42 and Figure 13.
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Figure 43. Estimated costs and MSP for perovskite-on-Si tandem module production in the United
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The TEF plot for perovskites is shown in Figure 44. Because perovskite PV research is relatively
new, historical data are based on early laboratory efficiencies and high costs associated with
laboratory-scale production. The 2020 and 2030 data reflect the cost model results from our
current work. Metrics such as power temperature coefficients and degradation rates over time
were determined via discussion with experts at the 2020 NREL TEF Workshop (National
Renewable Energy Laboratory 2020). Given the high degradation rates currently associated with
perovskites, cost is the primary metric that must be developed to reach the 2030 LCOE target of
3 cents/kWh. However, given the early stage of this technology, the degradation rates achievable
by perovskites over the long term are still unknown.

perovskites

annual energy 1/system cost
(kWh/m?2) (m2/$)

2010
2020
2030

service life (years)

Figure 44. TEF plot for perovskite PV systems

5 Conclusions

We benchmark module MSPs in this report via bottom-up manufacturing cost analysis. Figure 45
summarizes our MSP benchmarks for established PV technologies in mass production.
Technologies based on c-Si dominate the current PV market, and their MSPs are the lowest; the
figure only shows the MSP for monocrystalline monofacial PERC modules, but benchmark
MSPs are similar ($0.25-$0.27/W) across the c-Si technologies we analyze. CdTe modules have
a slightly higher MSP ($0.28/W), and the CIGS MSP represents a larger step up ($0.48/W),
largely owing to higher labor and equipment/facility costs.

We provide technology roadmaps to additional MSP reductions for these PV technologies,
summarized in Figure 46. The MSPs for c-Si and CdTe modules stay similar to each other over
the short and long term, while the CIGS premium shrinks but remains significant.
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We also separately consider III-V and perovskite PV technologies, which are currently in small-
scale or pilot production. This report contains our first technoeconomic assessment of perovskite
PV as well. As shown in Figure 47, the III-V MSP benchmark is two orders of magnitude higher
($77/W) than the benchmarks for established technologies, and to date such high prices have
kept III-V technology in niche markets including space and terrestrial concentrator applications.
This challenge is reflected in the III-V roadmap, in which several potential cost reductions still
result in a long-term projection of $20/W, two orders of magnitude higher than the long-term
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MSPs of the other technologies. As shown in Section 4.2.2, the single-junction S2S perovskite
module MSP estimated at small production scale is $0.38/W, with potential cost reductions over
the long term achieving $0.18/W if performance is able to be improved without incurring
additional costs. Perovskites can also be combined with other PV technologies in multijunction
configurations. We estimate a 2020 MSP of $0.31/W for small-scale perovskite-on-Si tandem
module production, and this technology could benefit from progress along both the perovskite
and c-Si roadmaps.
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Figure 47. Estimated MSPs for lll-V and all-perovskite PV technologies

The costs captured in our MSP results represent only some of the factors that determine actual
module selling prices. Cost reductions related to production scale-up (economies of scale) and
the accumulation of manufacturing experience (learning by doing) are important, but they are not
estimated in our cost-reduction roadmaps. Other important module price drivers not captured in
our bottom-up analysis include global supply and demand fluctuations, domestic policies related
to PV deployment and manufacturing, trade policies, and corporate strategies. Comparing our
bottom-up module MSP results with module market prices helps illuminate these other drivers.

Finally, this report developed a technology evolution framework to analyze additional drivers of
LCOE reductions, including system cost—which is heavily influenced by module price—as well
as service life and annual energy yield. These results highlight technology-specific challenges
and opportunities related to achieving the 3 cents/kWh LCOE target by 2030. CdTe and c-Si
technologies are likely to achieve higher efficiencies by 2030, which increases the annual energy
yield and alleviates the reductions in system cost needed to reach the 2030 LCOE target. In
contrast, CIGS systems require the larger cost reductions owing to limits on annual energy yield
caused by the lower long-term efficiency projection for CIGS. Similarly, both III-V and
perovskite technologies require large system cost reductions to achieve the 2030 LCOE target:
the I1I-Vs because their exceptional energy yield and service life potential cannot fully offset
their extremely high current system cost, and perovskites because they currently have the
shortest service life among all technologies.
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Appendix

Table A-1. Input Data for TEF Plots

Mono | Bifacial PERT/
PERC | PERC | si-IBC | PERL SHI | CcdTe | CIGS | II-Vs | Perovskites
g;’:v‘;'e price $2.00| $3.00| $200| $300| $200| $1.25|$080| s 200 $ 11.20
System cost (3/W) | $ 2.76 | S 3.75 | S 2.68 | $3.74 | $2.72 | $220| $ 1.84 | S 200 $ 15.50
Efficiency at STC 18% | 18% | 22% | 20% | 20% 13% | 12% | 30% 2%
2010 | Power
temperature 0.35% | -0.25% | -0.30% | -0.40% | -0.25% | -0.30% | -0.40% | -0.20% -0.20%
coefficient (K1)
Efficiency at 50°C | 16.4% | 16.9% | 20.4% | 18.0% | 18.8% | 12.0% | 10.8% | 28.5% 1.9%
ReEacationliats 1% 1% | 0.7% 1% 1% 07% | 07% | 0.6% 80%
(% per year)
Module pri
(57\73; € price $025|8 026| $027| $025| $0.27| $0.28|$048| s 100 $0.38
System cost (S/W) | S 0.97 | S 0.94 | S 0.91 5094 | 5092 $1.05| S5 132 | S 101 S 1.31
Efficiency at STC | 20.5% | 22% | 25% | 22% | 24% 18% | 16% | 33% 13%
2020 | Power
temperature 0.35% | -0.25% | -0.30% | -0.40% | -0.25% | -0.30% | -0.40% | -0.20% -0.20%
coefficient (K1)
Efficiency at 50°C | 18.7% | 20.6% | 23.1% | 19.8% | 22.5% | 16.7% | 14.4% | 31.4% 12.4%
Degradationrate |, co. | 079 | 05% | 07% | 07%| 045% | 0.45% | 0.40% 10.0%
(% per year)
Module pri
($7\:‘VL)I € price $015|$ 018 | $019| $017| $0.19| $0.18| $0.10 | $ 0.29 $ 0.18
System cost (/W) | S 0.69 | S 0.69 | S 0.69 | S0.69 | S069 | S 069 | $ 069 | S 0.72 S 068
Efficiency at STC | 23.0% | 25.0% | 26.0% | 25.0% | 26.0% | 25.0% | 20.0% | 35% 28.0%
Power
2030 | temperature -0.35% | -0.25% | -0.30% | -0.40% | -0.25% | -0.30% | -0.40% | -0.20% -0.20%
coefficient (K1)
Efficiency at 50°C | 21.0% | 23.4% | 24.1% | 22.5% | 24.4% | 23.1% | 18.0% | 33.3% 26.6%
Degradationrate |, 1no | 0.40% | 0.40% | 0.40% | 0.40% | 0.40% | 0.40% | 0.30% 0.50%
(% per year)

STC = standard test conditions.

Note: Efficiency of bifacial architectures is increased by 8% to account for rear-side energy yield.

Table A-2. LCOE Values Represented on TEF Plots (cents/kWh)

“:::: B:,f:;ica' si-IBC PEB::'/C;:LL Bi;‘_ﬁa' CdTe cIGs Vs | Perovskites
2010 15.0 19.9 12.5 19.8 14.7 10.5 8.8 $8.11 $8.62
2020 4.4 4.7 41 4.7 4.6 4.6 5.6 $3.66 $4.00
2030 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
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