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Abstract

Thin-film and emerging technologies in photovoltaics (PV) offer advantages for lightweight,
flexible power over the rigid silicon panels that dominate the present market. One important
advantage is high specific power (power-to-weight ratio). Here, we consider niche market size,
price points, and value propositions that can provide a path for new PV market entrants.
Examining the cost-production experience curves of Si, CdTe, and CIGS PV suggests a minimum
market size of US$0.2-1B to incubate a new market entrant. Several markets requiring high
specific power meet this threshold. We then assess the critical role of the substrate, packaging,
and interconnects and provide a quantitative assessment of pathways to maximize specific
power. With all requisite components included, along with requirements for safety and
reliability, we estimate a lower bound for a durable lightweight module at ~300-500 g m2,
Pairing this bound with a 15% efficiency thin-film or 35% efficient IlI-V module would yield
specific powers up to 500 W kg or 1167 W kg?, respectively.



Introduction

Multiple markets are emerging for renewable, low-cost power generation including aerospace
and unmanned aerial vehicles (UAV), portable charging, micro-integrated products, and vehicle-
and building-integrated power. These markets are underserved by the rigid Si modules that
dominate the utility, commercial, and residential PV markets today. This is because these
markets derive value from more than the standard cost, efficiency and reliability triad that
dominates large, grid-tied markets. Flexibility and portability offer two additional value
propositions. However, different operational stresses and required lifetime must also be
considered. Significant system weight reduction generally results in improved flexibility, so
both added value propositions can be quantified in terms of specific power (watts/kilogram).
While early work has focused on maximizing specific power by using the highest efficiency cells,
substrates and packaging are often poorly understood or overlooked variables for maximizing
specific power, form factor, and flexibility.

Silicon (Si) is the dominant technology for large-scale, grid-tied PV (95% of 2016 global
market)!. Thin-film cadmium telluride (CdTe) and copper indium gallium diselenide (CIGS)
make up the remainder. Despite low market penetration in grid-tied applications, thin-film PV
has long been considered an option for lower cost, lightweight applications. Flexible CIGS can
be grown on thin stainless steel substrates for building integrated (e.g., facade), transportation,
and flexible charging®. New materials, such as perovskites, aim to reduce production costs with
high-throughput solution processing while maintaining high efficiencies?.

For technologies competing with a major incumbent, experience gained at low-volume
manufacturing is often critical to future cost reduction and long-term diversified market
success. While a handful of thin-film companies are successfully competing at utility-scale, new
market entrants may require experience in alternate markets before expanding to utility-scale.
While this is an often-discussed concept in PV circles, actual market potentials and
requirements are hard to find.

Here, we consider size and price points for non-utility-scale applications, particularly ones
demanding high specific power or new packaging approaches. We analyze technology cost-
production experience curves and determine a minimum market size to support new
technologies. We survey existing products and then evaluate the key roles of the full package,
and quantify routes to optimize packaging for increased specific power. This integrated analysis
identifies smaller, yet still significant markets that can enable new lower cost investment for
TW-scale electricity generation while defining realistic limits and essential research areas in
maximizing specific power.

New Markets with Added Value Propositions

The magnitude of initial investment required for competitive levels of production and
standardization can slow the deployment of new technologies. A “strategic niche
management” approach has been discussed to outline ways for new technologies and players
to succeed*®. A cornerstone of this approach is to identify markets that will pay a premium for
an added value (e.g., lightweight) to support initial, low-scale production. We confine our



discussion to one of the four pillars (value proposition) of business model morphology®. High-
value market niches with major growth potential allow a technology to incubate protected
from incumbent technologies by the markets’ unique specifications. This creates time and
investment for product maturation and economies-of-scale to lower costs.
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Figure 1: Projected market size as a function of price/watt. The projected market size reflects price
ranges and market size projected from current values with a compound annual growth rate (CAGR)
estimate of 40% over a ten-year period (i.e. 2018-2027). The left- and right-most points of each bubble
correspond to the 2018 and projected 2027 market sizes, respectively. The top- and bottom-most
points of each bubble correspond to the 2018 and projected 2027 price per watt, respectively. A
detailed discussion of the approach used in generating this figure is provided in the methods. A detailed
discussion of the approach used in generating this figure is provided in the methods.

Figure 1 highlights high-value markets underserved by conventional technologies with
estimates of present to near-future market sizes based on present-day prices. We apply a
compound annual growth rate (CAGR), in which growth is assumed to grow with the same
percentage year after year. For instance, a 20% CAGR would have increased to 1.2x the starting
value after one year, 1.44x after two years, 1.728x after three years and so forth. Applying a
cumulative annual growth rate of 20-40% to annual sales over the course of ten years (with the
starting point assumed to be the beginning of 2017) we estimate upper bounds presented in
Figure 1 and Table 1. As the overall PV market has realized a CAGR in this range for decades
(35% CAGR from 1995 to 2015, 43% CAGR from 2005 to 2015%), we believe that these provide
conservative market size potential for these growing markets. Conventional rigid PV
manufacturers minimize costs with a one-size-fits-all solution for large, grid-tied markets in
permanent static installations. The high-value markets in aerospace, person-portable, and
vehicle-integrated products critically value flexibility and/or specific power (power-to-weight
ratio). Two other non-standard PV markets (micro-scale integrated PV and building integrated
PV (BIPV)) value additional integrated functionality such as storage, lighting, structural or
decorative function. All these markets have unique value propositions, service life
requirements and specific concerns. Table 1 presents the values used for Figure 1 with
summaries of qualities differentiating each market — the Methods section presents a detailed
discussion of the markets and how the data were derived.



Table 1: Present and projected niche PV markets. Breakdown of different market’s present day
and projected cost, size, and value propositions used to generate Figure 1. Markets were
identified through market surveys and discussions with numerous players in the PV community
including PV manufacturers, supply-chain, and end-use. The maximum price for each market
was established from estimates of present day values. Lower bound price estimates were
established using an extrapolation from the average selling price experience curve — namely, for
every two orders of magnitude of cumulative production experience there has been a factor of
~ 4 drop in price. A detailed discussion of this data for each market is provided in the Methods.

Cost Present Cumulative Value Proposition|Required service|Specific concerns
(US$/W) Day Market after 10|Factors life
Market years (MW)
Min |Max |Size MW) |20%  [40%
CAGR |CAGR

Acrospace, UAV 10 100 |5 260 500 High-efficiency, ultra-|GEO 7-15 yr Radiation hardness, uv
high specific power,|LEO 1-8 yr exposure, pressure cycles
flexibility UAV 1-5 yr

Portable charging 4 16 |4 210 400 Moderate  efficiency,|3 yr (military)  |Durability to extensive,

(Developed world) high specific power,|1-2 years|aggressive handling
robust packaging, |(recreational)
flexibility

Vehicle-integrated 25 |10 10 520 990 Moderate  to  high|Life time of|Compliance with crash test
efficiency,  moderate|vehicle. 10 yr or|standards. Integration with
specific power,|250,000 miles  |vehicle’s existing shape and
flexibility, low cost, electrical systems.
adjust form factor to
contour to a car body

Solar lanterns and(2.5 (10 |30 1600 {3000 |Predominantly 2yr Portability, handling, product
., |chargers kerosene lamp and storage integration.
§ (Developing world) replacement Relaxed PV stability

g requirement due to other

. subsystem lifetimes.

E Solar home systems|1.25 |5 30 1600 {3000 [Commonly kerosene|5 yr Ease of installation, storage
E) (Rural/ developing replacement or integration. Relaxed PV
f’é world) upgrade, fan stability requirement due to
E storage integration lifetimes.

<

% |Indoor light 2.5 65 175 Performance under low|3 yr indoors Stability concerns relaxed due to
g harvesting light flux, light weight low light flux and controlled

E integration into environment.
common business and
household items.

Building integrated 1.3 |5.25 |700 36000 {69000 |Wider product|25-30 yr power|Appearance, stricter standards
selection with varied|warranty and building code compliance.
form  factors  and
aesthetics. Light
weight for roofs.

Each of these nascent markets approaches or exceeds GW-scale cumulative potential in the
next decade with projected prices >USS1/W. From a perspective of strategic niche
management, are these markets large enough to incubate new players to reach economies-of-
scale?

Three PV technologies have reached gigawatt-scale annual production: Si, CdTe and CIGS?.
While lll-V-based technologies dominate space-based applications, their annual production is
far below GW/yr. Amorphous silicon production peaked in 2011 (625 MW/yr) and subsequently
declined!. Emerging technologies including organic, dye-sensitized, quantum dot, and



perovskite PV are far below GW-scale, if commercially available at all. Any new market entrants
must compete not only with fossil fuels, nuclear, and wind, but consistently decreasing costs
and increasing performance from established high-volume PV manufacturers.

Examining technologies (Si, CIGS, and CdTe) that have reached GW-scale provides guidance. By
separating the experience curve for each technology (Fig 2a) and integrating over cumulative
shipments, we estimated magnitude of cumulative investment (Fig 2b). This integration of cost
relative to shipments represents a minimum investment to finance businesses as they improve
efficiencies and lower costs. This neglects multiple, significant investment offsets not captured
in manufacturing experience—these are discussed in the methods. Figure 2b does, however,
capture the cost of tuning processes on toolsets that generate large amounts of product in
industrially-relevant time frames.
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Figure 2: Historic experience curve and integrated experience curve for GW-scale PV technologies. A)
Module production costs (Si, CdTe, CIGS) from Solar PV Market Research (SPV)Y%8, First Solar costs from
quarterly reports, and total market average selling price (ASP)®® as a function of global cumulative



shipments. Gold outlines were attached to points for each technology at 2004, 2010, and 2016 to
provide timestamps. Total market average selling price (open red circles) can serve as a proxy for Si cost
(filled black circles) for low volumes where the Si cost data is unavailable. In part, this is because Si
modules have rarely been sold at significant profit, and at times have actually been sold at a loss>>%°,
Low volume data, which is expected to have larger sources of error, is highlighted in a box. Examining
the CIGS and CdTe experience curves relative to the Si curve indicates historically lower required costs at
equivalent volumes for thin-film relative to Si PV. B) Integrated costs or price as a function of total
cumulative global shipments. Cost/price data integrated from Fig. 2A. Solid lines are provided as a guide
to the eye of general trends in the data. The dashed vertical line emphasizes where 1 GW of cumulative
production/shipments occurs. A detailed discussion used to generate these curves is provided in the
methods.

To reach 1GW cumulative production, Si required ~USS8 billion while CdTe and CIGS each
required ~USS$1 billion. To reach manufacturing costs of ~US$1/W, Si required ~US$155
billion, CdTe ~USS2 billion, and CIGS ~USS0.4 billion. A new market entrant may shift its
experience curve even further downward. This would require rapid scalability and low capital
expenditure using low-cost, small-scale learning runs followed by rapid scale-up to achieve
economies-of-scale while avoiding high-cost “learning” at scale. An efficient and stable,
solution-processed perovskite technology may achieve this, with a recent bottoms-up cost
model suggesting reduced CapEx, lower temperatures (energy expenditure), and high-
throughput’. Taking the most optimistic case of no expensive learning and this cost model,
which assumes ~75% of all costs are the low-cost materials (the target market may require
more expensive materials), ~USS0.2 billion minimum investment is still required for 1 GW
cumulative production.

Because predicting an entrant’s experience curve is difficult, we estimate entrants require
USS$0.2-1 billion of market to reduce costs below the price points (i.e., US$1/W) of these high-
value markets; this may be a potential point at which they could exit these markets and
transition to others. Each market outlined above satisfies this requirement. Challenges exist in
capturing large fractions of these heterogeneous markets which hinder product standardization
and therefore scale-up from different product configurations, user needs, and price points.

Interestingly, these markets (in particular aerospace, portable charging, and vehicle-integrated,
and to some degree BIPV and micro-integrated products as well), share variations on the same
value proposition: high specific power. In the remainder of this paper, we assess the critical
role of substrate, packaging, and interconnects weighed against safety and reliability
requirements to present a quantitative analysis of the drivers in delivering the value
proposition of high specific power.

Packaging for High Specific Power PV

[1I-V technologies have historically dominated high specific power PV, leading to a mistaken
belief that the highest efficiencies are necessary. However, weight is equally important in
determining this figure-of-merit. Figure 3 shows best-in-class products available today. The
highest specific power point (llI-V triple junction®) is clearly driven by package weight when
compared to moderate efficiency products. The IlI-V module utilizes epitaxial lift-off to



decouple growth conditions from the final lightweight package. This decoupling has not yet
been realized in other technologies. As discussed below, a realistic assessment of substrate,
packaging, and interconnects is critical for accurate determinations of specific power. As Figure
3 illustrates, decreasing package weights from 3.5 kg m by 5-10x has a much larger effect on
specific power than modest efficiency gains. Advanced flexible packaging comes with added
costs. However, the price points for flexible power are 1-2 orders of magnitude greater (Fig. 1),
leaving ample margin to account for these costs, particularly if lightweight packaging were
combined with thin-film PV produced at ~USS0.5/W (Fig. 2).
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Figure 3: Specific power as a function of AM1.5G module efficiency. Data points represent current
commercial products. Dashed lines indicate potential complete module areal densities representative
of cases discussed in the text. These different areal densities will largely be determined by the growth
substrate in the case of thin-film PV. The highest available specific power is from a lll-V module (>700 W
kg™), with a one sun efficiency of 25% compared to the l1I-V mini-module record of 34.5%82. Thin-film
modules can have efficiencies >15% and specific powers ~90 W kg™ compared to a CIGS module record
of 19.2%8%8. A detailed discussion of the approach used in generating this figure along with module
datasheet references is provided in the methods.

Reducing a complete module’s package weight while simultaneously ensuring safety,
performance, reliability, and managing costs is challenging. Below we review key
considerations.

First, several packaging layers (anti-reflection, anti-soiling, front-sheet, encapsulant) have
optical requirements since light passes through them to reach the cells. These materials must



maintain high transmission over the module’s lifetime with long-term UV stability a primary
concern. Many polymers yellow and embrittle with UV exposure, so additional coatings or
additives are required to improve stability. This is especially important for the encapsulation
layer, for which the definition differs between cell and module communities. The cell
community commonly calls a barrier to water vapor and oxygen encapsulation. Conversely, in
modules encapsulation (e.g., ethylene-vinyl acetate, EVA) optically and mechanically couples
the front- and back-sheets to the cells without barrier functionality, but must be sufficiently
elastic to prevent mismatched coefficients of thermal expansion from causing failures.

The entire package provides mechanical support and protection of the cells. Flexure from hail
impacts, wind, snow loading, or walking on the modules may cause breakage of Si wafers or
front-sheets. International Electrotechnical Commission (IEC) standard 61215° outlines these
mechanical durability tests. Typical front-sheets are made of 3.2-4 mm tempered glass coupled
to a metal frame. In frameless designs, an additional glass back-sheet increases package
strength. Thin-film cells are only a few microns thick enabling significantly increased flexibility
relative to Si wafers. Still flexibility is limited to a critical bend radius. Flexible package design
can prevent fractures by keeping bending sub-critical.

For non-wafer-based technologies, the growth substrate doubles as part of the package. The
cell architectures may be deposited with either the transparent contact first on a transparent
front-sheet (superstrate; e.g. CdTe, perovskite) or the opaque, back metal contact first
(substrate; e.g. CIGS). The substrate geometry has enabled CIGS growth on glass, stainless
steel? and polyimide'®!, The highest efficiency thin-film devices have required high growth
temperatures (>500°C) and harsh chemical environments (Cl or Se ambients), which are
incompatible with some substrates.

Some module packaging components are required for electrical safety. The thicknesses of these
layers establish the maximum safe voltage levels for a system. The Relied Upon Insulation (RUI)
as evaluated by the Distance Through Insulation (DTI) test!? sets these values. In flexible
module designs the RUI is primarily a polyethylene terephthalate (PET) film.

Moisture is another significant consideration for package design. Liquid water is excluded for
electrical safety and to prevent chemical corrosion. Si PV is remarkably resilient to ambient
levels of humidity, while the front glass sheet serves as mechanical protection, breathable back-
sheets (0.1-1 g m2 day?) allowing water vapor diffusion into the package are common. Thin-
film PV has historically been more sensitive to moisture vapor3'7 leading to hermetically
sealed package designs with desiccant-laden polyisobutylene-based edge-seals to glass front-
and back-sheets preventing moisture ingress for >30 yr 8%, Flexible designs require front- and
back-sheets with very low water vapor transmission rates (WVTR) for thin-film PV. The
minimum requirement of a “PV-quality” barrier is 10 g m2 day™, which equates to a micron
thick water layer accumulating over 30 yrs, on par with the device layer thickness31>2°, While
GW level capacity exists for these barriers, flexible module production volumes have been
relatively low. Asthe market grows and flexible module production scales, projections suggest
a much lower cost for barrier films, while maintaining the necessary WVTR level of



protection for the lifetime of the modules.? WVTR may be higher for moisture insensitive PV
materials or relaxed for shorter lifetime applications.

Finally, cost is a critical consideration. While certain materials may provide a minor technical
benefit in one of the aforementioned properties, if they are not cost-competitive, they are
impractical. For this reason, glass is the dominant front-sheet material because it’s nearly
impossible to be “cheaper than dirt” (high purity sand).

Packaging Examples for High Specific Power

Figure 4 presents illustrative package designs quantifying only the electrically inactive sub-
components by areal density. Cell and interconnecting ribbon weights are compared
separately below.

A conventional Si module package is presented in Fig. 4a. The glass front-sheet with Al frame
construction protects the fragile wafers while achieving low costs and other properties outlined
above. The encapsulant (commonly EVA, which balances good performance with low cost) is
sufficiently thick to fully encase the wafers, the interconnecting ribbons, and solder joints.
Finally, a polymer back-sheet, commonly PET due to cost, provides most of the electrical
insulation. The outside of this back-sheet is coated with a thin fluoropolymer, (e.g., polyvinyl
fluoride (PVF)) for UV-stability.

A conventional thin-film module package is presented in Fig. 4b. The multi-functionality of
components in this design results in fewer layers. Only one layer of encapsulant is necessary, as
the cells are grown directly on either the front- or back-sheet. The encapsulant layer is thick
enough to encapsulate ribbons bridging monolithic interconnections to the junction-box. An
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Figure 4: Contribution of various packaging components to areal density. A) Si framed rigid package
(11.2 kg m2, 1500V compatible). B) Thin-film frameless glass/glass package (16.6 kg m2, 1500V
compatible). C) Stainless steel substrate with packaging (3.2 kg m, 1500V compatible). D) Hypothetical
thin glass substrate-based package (0.62 kg m2, 1000V compatible). Products utilizing plastic instead of
thin glass with comparable areal density are available today (see Fig. 3). E) Ultra-lightweight plastic
package (0.22 kg m2, 300V compatible). F) Direct comparison of different package designs from A-E.
Each of these is meant to be illustrative of different strategies. Cross-hatched regions provide an
example where cells could be placed in the package. Areal density can be further reduced by balancing
voltage or hermiticity requirements against their component weights. A detailed discussion of the
approach used in generating this figure is provided in the methods.

Figure 4c presents a heavy, flexible package with many more layers than the other examples. A
hard fluoropolymer (polyethylene tetrafluoroethylene (ETFE)) serves as a scratch-resistant, UV-
stable, anti-soiling outermost layer of the front-sheet 22. Here, a stainless-steel foil is the growth
substrate. A conductive substrate material makes monolithic interconnection challenging.
Therefore, encapsulant above and below the cells enables the singulated architecture. The
back-sheet uses the same PET and fluoropolymer thicknesses as the rigid Si package with an
additional aluminum foil layer as a moisture barrier. This module’s primary focus is flexibility
with reduced package weight relative to rigid designs.

Figure 4d shows a hypothetical package where a thin, flexible glass layer is introduced as the
growth substrate???’. The glass substrate enables monolithic integration and high temperature
processes, potentially yielding lower cost and high efficiency. The outermost ETFE front-sheet
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enhances scratch and impact resistance. Replacing the metal foil growth substrate and
eliminating an encapsulant layer significantly reduces weight. Careful module design can
minimize the required encapsulant thickness if there is a cost or application driver.

Finally, Figure 4e shows a hypothetical package with minimal areal density. Polymers are
preferred to inorganic layers here due to their lower densities. Cells must either be directly
deposited on the polymer front- or back-sheet or lifted-off from a growth substrate and
repackaged. Growing directly on ultralight front- or back-sheets requires low temperature
processing and careful handling strategies as the dimensional stability and thermal tolerance of
these polymers is poor.

This package would be appropriate either for a moisture-free environment or with a moisture-
insensitive technology. While several companies have developed PV-quality moisture barriers,
no commercially available options as thin as in Fig 4e presently exist. Furthermore, pinholing
creates challenges for free-standing fluoropolymer sheets <35 um thick. The front- and back-
sheets are a minimum thickness, leading to lower voltage compliance from reduced RUI layer
thicknesses.

Cells and Interconnects

Figure 5 compares areal densities of cells with different absorbers excluding interconnect
weight. Standard Si wafer thicknesses from 100-200 um lead to unpackaged cell areal
densities of 300-525 g m2. Wafers are incompatible with lightweight packages due to fragility.
Conversely, the areal densities of several thin-film technologies (CIGS, CdTe, GaAs, and
perovskite) are over an order of magnitude lighter at ~5-35 g m2 because of their thin absorber
thicknesses.
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Figure 5: Contributions to the areal density of the cell layers comprising each solar cell
technology. Sitypically has a singulated architecture whereas thin-film technologies can be
monolithically interconnected. It is plausible, however, that cells grown in a singulated fashion
could be cut and shingled together to attain similar form factors as in the monolithic case. Itis

11



assumed for the case of GaAs, which are not typically grown with monolithic interconnections,
that lightweight modules would take this approach. To calculate cell areal densities, standard
cell architectures and layer thicknesses were used for each technology. Areal densities of these
layers were obtained from a series of references®%818%-92 While variations in layer thicknesses
might alter some of the thin-film technologies total cell areal density, such changes should be
<10 g m, which is a minor consideration relative to the package weights.
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Figure 6: Impact of interconnects on areal density. Comparison of areal density from
interconnects in both singulated (wafer-based) and monolithically interconnected (thin-films)
architectures as function of A) number of parallel circuits (which changes current/voltage
requirements) and B) module aspect ratio (length/width of module). C) Top-view and D) side
view of singulated architecture. E) Side view and F) top view of monolithic architecture to
illustrate different conductor length requirements. Darker conductors in C) and F) indicate
ribbons to the junction box. A detailed discussion of the approach and equations used in
generating this figure are provided in the methods.

Cell interconnects contribute significantly to package weight. Fig. 6a-b shows the interconnect
areal density for two module architectures (singulated and monolithic) as a function of parallel
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circuits and aspect ratio. Singulated architectures use cells grown independently then
interconnected to create modules. Many thin-film technologies implement monolithic
interconnections, which is a major cost benefit. In monolithic integration, cells are defined and
then interconnected using scribes through specific layers between growth steps, thereby
replacing ribbons with thin-film contacts. Monolithically integrated cells are shaped differently
from singulated cells (Fig. 6¢-f). In singulated modules current traverses the module length
multiple times instead of just twice (monolithic), therefore longer conductors result in higher
areal densities for singulated modules. Additionally, ribbons connect the +/- terminals to the
junction-box, independent of module architecture.

For a constant wattage system, interconnect areal density increases as voltage decreases
(increasing parallel circuits) due to larger cross-sections required for higher currents. Minor
areal density improvements come with increasing aspect ratio by reducing busbar length to the
junction-box. Both architectures quickly asymptote.

This analysis shows interconnects can weigh as much as an ultra-lightweight package. There are
necessarily tradeoffs between shedding weight from lower voltage packaging and increasing
current capacity of the wiring. Ultimately, when paired with cabling and a j-box, package, cell-
level, and interconnect areal densities establish the practical lower bounds for durable,
lightweight photovoltaics in the range of 300-500 g m2 (Table 2).

Table 2: Areal densities in g m of different technologies. Columns present different
technologies with singulated (S), shingled (SH), or monolithic (M) interconnections, paired with
the illustrative packages from Figure 4 (A: Rigid Si; B: Rigid Thin Film; C: Metal Flex; D: Flex
Glass; E: All Plastic). High and low c-Si and perovskite correspond to the values used for Figure
5, which were derived from plausible upper and lower bounds for absorber layer thicknesses
for each technology. This does not include the cabling or junction-box weight. J-boxes range
from 40-200 g. A discussion of the origin of these values is presented in the methods section.

Cell Type / Interconnect Type
¢-Si High | c-Si Low GaAs / Perovskite | Perovskite

Package /S /' SH SH CdTe/M | CIGS/M High / M Low / M

A 11764 11185 11270 - - - -

B 17092 16859 - 16583 16582 16573 16565

C - - 3234 - 3218 - -

D - - 657 643 642 633 624

E - - 259 244 243 235 226

Conclusions
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Significant markets for high specific power PV with customized form factors are emerging. We
analyzed potential size and cost targets for these markets to understand their viability at low
production levels and potential pathways to terawatt-scale impact. We assessed historic
investments of the dominant PV technologies and compared these to high-value market
potentials. This analysis suggests a path for a few large-scale players to emerge or a new
technology with standardized equipment to share learning between companies.

While this analysis has focused primarily on ways to enhance the value proposition via technical
innovation, ultimately penetration may require different business models than typical of
today’s dominant markets (e.g. third party ownership (power purchase agreement), host-
owned feed-in®). One potential model would be cross-selling PV systems by companies that do
not consider themselves PV entities® — this is plausible in several of the identified markets
(drones, vehicles, buildings). Clearly, governmental policies mandating zero net energy
buildings, more agile militaries, and fleet fuel economy standards may speed adoption.

Navigating these markets requires value propositions which differentiate products from today’s
utility-scale offerings. High specific power is one potentially attractive differentiator; however,
each market has numerous requirements that may be enhanced or relaxed for successful
market penetration (highlighted in Table 1 and the methods).

By examining PV packaging requirements, we establish some of the limitations and challenges
along this path. State-of-the-art commercially available packages are transitioning to lower
areal densities with typical best values ~1-2 kg m2 and specific power ~90 W kg™! for thin-film
PV and 700 W kg™* for llI-V packaged at 350 kg m2. Our analysis establishes a lower limit of
300-500 g m™2 for fully packaged modules. Lower areal densities will reduce safety, reliability
and/or durability. This supports specific power >350 W kg with an optimized package
combined with realistic module efficiency of 15% for existing thin-film technologies. That
product potentially meets demands for lightweight, competitive efficiency and low cost. An
upper bound of 1167 W kg! would be met if the record AM1.5G 1-sun module efficiency (35%)
were combined with a fully packaged module at 300 g m™.

Four general strategies can advance high specific power PV — but all must develop their
products around the final package. First, heavier flexible but high temperature compatible
materials (i.e., metal foils) offer more immediate deployment in flexible markets. Further
learning can thin some layers to shed weight, but their complex packaging sets a weight limit
and ultimately adds material costs over rigid products. The second approach utilizes new
materials like flexible glass, which allows reduced complexity and hence weight, while still
allowing high temperature growth used on rigid products. But new materials require validation
of the total package (e.g., limiting glass breakage). The third requires a shift to low temperature
processes that achieve high efficiency when paired with lightweight plastics. Generally, this
approach’s challenge is improving efficiency and/or stability. The fourth approach lifts-off or
thins freestanding cells to obtain high efficiencies that may be integrated into any package.
This approach presently has few examples outside of 1lI-V and Si technologies, which struggle
with cost and efficiency respectively.
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We note decisions enabling penetration of specialized markets can increase cost. The largest
cost increases, however, stem from low production-scale as evidenced by Si wafer product
offerings in these spaces. Ultimately, with any approach above, strategic niche management of
markets may allow lightweight flexible products to achieve sufficient experience to realize
economies-of-scale to drive down costs approaching standard rigid PV. Some of this learning
can be shared even cross-sector through the supply chain for materials such as flexible,
transparent moisture barriers. Eventually, these lightweight and flexible products might
transition into larger markets leveraging potential balance-of-system cost advantages in
transportation and installation.
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Methods:

Market size assessments. This section outlines derivation of Figure 1 and Table 1. Five different
nascent markets were first identified (aerospace, portable power, vehicle-integrated, micro-
scale integrated products, and BIPV) through market surveys and discussions with numerous
players in the PV community including PV manufactures, supply-chain, and end-use. The
requirements were identified together with present-day prices and market size (discussed
below by market). For each case, estimates of present-day annual market size are the lower
bounds of the cumulative shipments. Table 1 captures the values we used for these different
markets.

Aerospace and Unmanned Aerial Vehicles

Aerospace is the highest price-point (USS/W) market with requirements of high specific power
and high efficiencies due to limited surface area. This market primarily consists of satellites and
unmanned aerial vehicles, as PV has insufficient power density to support most manned
aircraft?. PV adds value through the ability to increase range and flight duration, but products
have reduced life expectancies. Depending on orbit, satellites can stay in orbit for as little as a
year to as much as fifteen?®. While there is reduced susceptibility to moisture and oxygen,
radiation hardness is a significant concern. UAVs also can have reduced life expectancies with
some military applications ranging from a single mission to > 10yrs3%3!, The market incumbents
are high efficiency c-Si and IlI-V PV. A new disruptive market entrant or significant progress in
either technology could drive market growth as c-Si has weight, efficiency, and flexibility
limitations while 11I-V PV has significantly higher manufacturing costs (>US$20,000/m? for llI-
V’s32 compared to <US$75/m? for utility-scale c-Si at US$0.40/W).

Present day market estimated based on stated Alta Devices production goal of 2 MW/year3?
and rounding to 5 MW/year based on other suppliers which range from high efficiency Si cells
to lower efficiency thin-film CIGS and a-Si34.  Using cost estimates of US$25k/m? with 25%
efficient 11I-V cells gives a present-day one-sun cost on the scale of USS100/W as an upper
bound32. Public statements and cost modeling have indicated falling costs over the next
decade. There is a range of efficiency, cost, weight, and flexibility tradeoffs for products
outside of the IlI-V space. While the highest efficiency Si cells are much lower cost, when
integrated into specialty products they lose the economies-of-scale for utility-scale modules,
making the lower bounds multiple dollars/watt. While the cost of the most efficient IlI-V
products must come down, the other products must likely become more efficient, flexible,
and/or lighter to continue to maintain their presence in the market.

Portable Charging

General requirements include rapid module deployment and relocation by one person without
complex wiring, mounting or delicate handling requirements. In this market, the need for high
specific power, efficiency, and flexibility that enables rapid person-portable deployment must
be balanced with cost. Reaching the correct balance could facilitate millions of units to be
utilized in disaster relief, military, and recreation applications. Module power requirements are
similar for these markets. This provides a moderately high-value market for such specialized
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products, with outdoor lifetimes in the range of one to three years3>3’. However, these
products must be rugged and withstand numerous deployments or relocations from non-
experts with rough handling. The present-day market was estimated based on a recreational
market at ~3 MW and additional US military market at 1 MW, note that the potential market
size would shift upwards if the global military market followed US trends. Price points are
based on current systems and customer targets3>38-42,

Vehicle-integrated

Vehicle manufacturers are more cost conscious than the previous two markets. PV installed on
a vehicle will compete at least indirectly with grid-supplied electricity. However, PV provides
additional benefits in terms of ambient temperature control and modest range extension
(estimated to be up to 13-24 miles/day in Arizona summers for varying vehicle sizes)*3. Lifetime
requirements are limited to that of the vehicle itself (~10 yr or 250,000 miles). While the total
ground transportation market potential is large (100M/yr vehicles sold globally in 2020%%), the
value proposition for PV on vehicles remains challenging. This is because each product needs to
be customized and integrated differently than utility-scale solar, which increases cost relative to
standard PV modules. For example, PV installed on vehicles may utilize smaller panels than
utility-scale PV, need to conform to roof contours, and require different wiring and power
electronics. This suggests that flexible products may have an advantage in this market —
however, it is worth noting that many of the present-day products use thin Si wafer products
rather than thin film PV. Concerns also exist in passing roll-over tests* although a rugged
flexible product may address issues with rigid glass modules.

The 2015 plug-in hybrid and battery electric vehicle market size was 1.26M*¢. The EV market
has enjoyed significant growth, doubling globally from 2014 to 2016*’. Assuming at least 5% of
such vehicles integrate 100 W PV would lead to a present-day market size ~10 MW. Maximum
price estimates are based on reported Prius solar roof prices*® (£1500 for 180W ~US$10/W),
although there are some aftermarket products that have already achieved lower prices (e.g.
Webasto <USS5/W (R. Kogler, personal communication)). Therefore, the cumulative market
worth will be >USS1 billion®°.

Micro-scale PV Integrated Products

Non-standard PV products such as solar lanterns/chargers and solar home systems are also
used to replace kerosene lights and electrify households. For example, lanterns are products
that utilize a small PV unit (~5 W) integrated with an LED and energy storage system. These
markets are particularly robust due to declining PV, battery, and LED prices, especially in Asia
and Africa with payback periods from 3-11 months®!. In 2015, US$200M was spent on ~11M
solar lanterns/chargers°'. Assuming these units to be on average ~3W, leads to an estimate of
~30 MW market°!l. Somewhat larger systems (~20W additionally used to power fans)
contribute another ~30 MW>!. Because these are sold as consumer products long lifetimes are
not necessary and are typically reduced by subsystem components such as batteries or lights>*
>4 While conventional rigid PV panels are sometimes integrated in larger solar home systems,
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which results in remote habitation integrated PV estimates ~200 MW?>>, the micro-integrated
products discussed above that serve this space make up a smaller fraction.

Indoor light harvesting in commercial and internet-of-things applications, presents another
emerging integrated product application with reduced duration lifetimes and milder ambient
conditions (indoor temperatures, humidities)®®=%. Technological advantages of emerging
technologies over c-Si at low light levels have also been reported, making this particularly
attractive to those technologies. The consumer indoor power market sizes is estimated
between 2.5-2.7 MW>>.

Building Integrated PV

BIPV includes products fully integrated with building materials such as roofs, walls, and
windows. While this sector has garnered interest over the past 30 years, deployment has been
limited compared with traditional roof mounted panels (building applied PV (BAPV)) due to
numerous challenges including aesthetics, cost, reliability, and full integration with building
materials. Products require panels of varied form factors with different mounting, integration,
and aesthetic concerns. For example, BIPV roof shingles have a different shape and form factor
than traditional BAPV panels with the need to withstand people walking on them. Furthermore,
BIPV products must be long-lived and commensurate with existing building materials and safety
standards. Market deployment estimates for BIPV vary considerably both in price and volume.
It is important to note that higher prices can be sustained in this market, due to the fact that
the products are multi-functional and replace other building elements that have substantial
costs such as roofs, windows, and facades. In places where both land and electricity are
expensive, BAPV and BIPV is likely to have a big impact.

Two relatively recent BIPV estimates included annual installations of 343 MW in 2012 with a
prediction to grow to 1.15 GW by 2019°° and a 2015 market size estimate of US$6.94 billion 0.
The 2016 building integrated market size has been estimated to be ~ 815 MW/y®!. These
estimates are consistent with a CAGR of ~18.9%, which mirror another report’s estimate of
18.7% CAGR for this period®°. Another report states the value of these markets as USS$3 billion
in 2015 and USS9 billion in 2019%2. Correlating the 2015 projections between these two reports
leads to a ~USS$5.20/W in 2015. In contrast, equating the numbers for 2019 gives ~US$7.80/W,
indicating the uncertainties in the various projections.

Module production costs. Data for Figure 2 come from multiple sources including SPV Market
Research®3 and First Solar quarterly reports. For Si, the cost curves are an average for mc-Si
and c-Si production, using data for multiple companies that contribute to the overall market.
The Si cost curve from SPV has been offset by the cumulative shipments from the ASP curve®*
for the year the data starts (2001). In contrast, the CdTe curves show that in recent years a
single company (First Solar) is essentially the entire CdTe market, but historical data was
influenced by other players. The CIGS curve represents multiple historical sources, but more
recent data are dominated by production of a single company (Solar Frontier).

Several factors make the low volume data (gray in Figure 1) less reliable, including opaque costs
for non-publicly traded companies and overly optimistic pilot line cost projections.
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Furthermore, cost-per-watt is not the only important metric for low production volumes and
new technologies. These products, in many cases, had lower module efficiency and increased
reliability concerns. However, even with large uncertainty, both CdTe and CIGS experience
curves exhibit a clear downward offset from the Si experience curve.

For Figure 1b, in an attempt to be as uniform in the data processing as possible, each set was
truncated at the 1-2 MW point prior to integration. The integrated curves neglect a series of
investments not captured in production costs. It neglects government supported R&D for all
technologies as well as the fact that the later thin-film players received some benefits in overall
module design, packaging, and reliability knowledge from the Si industry. It also does not
include any costs incurred from businesses that developed a technology, but did not sell
significant product volumes prior to failing. Additionally, it neglects any investments made for
earlier R&D, which in some cases are significant, but difficult to compare without prejudice
across technologies. For instance, this neglects any investment made by the integrated circuit
community in developing equipment, processes, and plants to grow and process Si wafers — the
R&D investment from 1978-1995 alone for the semiconductor industry was valued at >USS50
billion, with non-lithography investments (i.e., thin-film deposition, etching, CVD, implantation
and diffusion) making up ~2/3 of relative costs®. To put this in perspective, the cumulative cost
of products that the Si PV industry has sold to date is only ~US$300 billion. This portion of Si
semiconductor wafer R&D investment is ~“5x more than the cumulative production of the entire
thin-film PV industry to date. Hence, the integrated curves represent minimum investments
from actual manufacturing experience.

It is worth noting that while discussions of experience curves have most typically used a power
law or log-linear representation, there are a variety of other choices that could be made
including exponential, hyperbolic, differential, and second/higher order models®. The choice
of a model can influence the final results and interpretation—Hurtado Mufioz et al®®. discuss this
in detail. In this case, while details from extrapolating future learning for any of these existing
technologies can certainly be influenced by the details of the fitting parameters and function
choice of a model, in the present discussion historical minimum investments are merely
extracted using a guide to the eye.

Specific power calculations. Figure 3 was generated by surveying advertised commercial
products®38-4067-74 Data are provided in Supplementary Data 1. While the literature reports
higher specific power PV, the products included in Figure 3 were selected as fair comparisons
because they included all required module elements (e.g., cells, entire front- and back-sheets,
encapsulation, interconnects). In many reports, such required elements are not included”>-%°,
Efficiency was calculated whenever possible from stated power generation (at standard test
conditions under AM1.5G) and full module areas. Similarly, specific power was calculated from
power generation and complete package weight. Best-in-class products were used. Some
technologies (e.g., CIGS) clearly were optimized in different manners with either higher
efficiency, but heavier packaging or lower efficiency, lighter weight packaging. In these cases,
multiple points were included. While rigid PV typically ranges from ~11-17 kg m2, 67,7173
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available flexible products are mostly in the range of 0.85-5 kg m2838-4068-70.74 Hegavier, but not
rigid, products have targeted the benefits of flexibility with less concern for specific power.
State-of-the-art commercially available packages are transitioning to lower areal densities with
typical best values ~1-2 kg m2. The heavier end of this range is dominated by the stainless steel
growth substrate and added packaging required as described in Figure 4. The lighter side
presently uses thick, all-plastic packaging. The llI-V triple junction point is an outlier largely due
to its reported package weight (350 g m2)8, which uses a package most similar to package E in
Figure 4. It is worth noting that like the other points, this is the efficiency of an advertised
product, not a champion, and that IlI-V cells and modules are often optimized for different
conditions than one sun concentration, the AM1.5G spectrum, and being lightweight.

Calculation of package weights. To establish package weights in figure 4, areal densities of
common materials were obtained from a series of sources and datasheets®'8>, The
assumptions of various layer thicknesses appear in the cartoon associated with each set of
histograms. The edge-seal layer is the same thickness as the encapsulant and only marginally
denser. For simplification, it is treated as extra encapsulant material in areal density
calculations. In the cases of rigid PV, typical module constructions were assumed and can be
compared with existing datasheets of various PV module and material suppliers. In the
conventional Si module construction the back-sheet has a thin EVA primer layer that promotes
adhesion to the main EVA layer. The resulting polymer total thickness is thus slightly larger on
the backside of Si modules.

For the lightweight, flexible packages various assumptions were made about the utilized layers
and their thicknesses, some of which are described in the main text. The RUI was used to set
minimum package layer thicknesses. It defines a minimum of 10 um for <300 V and >300 um
for 1,500 V systems, with different thicknesses for intermediate voltages (IEC 61730-1, table
4%%) The encapsulant thickness contributes to the RUI only if solder cannot penetrate it and it
has an appropriate relative thermal index rating. These RUI and DTl rules apply equally for the
front-sheet, back-sheet, and encapsulant layers.

These are meant to be illustrative pathways to various package weights — there are other
choices that could be made to achieve such weights. For instance, there is no product presently
on the market that utilizes flexible glass, although there are plastic-based packages that achieve
a similar package weight. Another example would be the possibility of thinning the Al layer in
the back-sheet, although this will likely be less robust than the thicker Al moisture barrier layer
in the 3.5 kg m? package. Alternatively, thin (e.g., 100 nm) vacuum deposited layers might be
utilized to generate a lightweight high moisture barrier. Similarly, a slight reduction in the
outermost fluoropolymer layer thicknesses might be considered. The overall intention of
Figure 4 is to illustrate the necessary tradeoffs and limitations of the lightweight packaging
problem.

The junction-box, bypass diodes and cabling external to the package are discrete additions that
may vary in weight due to both overall module output and application specific considerations.
Typical junction-boxes weigh ~40 to 200 g. As the junction-box and related components are
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technology agnostic and requirements vary depending on application, they are not included in
this analysis.

Areal density contribution from interconnects. To calculate the areal density contribution of
the interconnecting ribbons and busbars (collectively referred to as interconnects) in figure 6
we started with two modules set at 15% efficiency under AM1.5G illumination, using copper
conductors (d:.,=0.00896 g mm3). For both cases, a simplified ampacity of 4.02 A mm2 (Ac,)
was used with no voltage drop across the conductors. A safety requirement of 156% (Sy) of the
short circuit current was also used following the guidelines from NEC sec. 690.8 on overcurrent
protection and conductor sizing for PV¥. Hypothetically, replacing Cu with Al wiring could
reduce wire weight by about a factor of two after accounting for differences in density and
conductivity; however, there are significant technical obstacles to this including the need for
compatible solders.

Two commercially available modules were used as a starting point to define common module
dimensions and then the aspect ratio (R.) (length/width of the module) and number of parallel
circuits (P) were altered. A crystalline silicon module was used for the singulated architecture’?,
where the module was defined as being ten rows of wafers (Nyow) in length and six columns of
wafers (Nco) in width, with each wafer having a fixed size (W) of 154 mm. The geometry of the
singulated architecture was fixed such that the interconnecting ribbons follow the string of cells
down the module length, across the width to pick up the next string of wafers, and then back
up the length. This occurs on both the front and back of the wafers such that the busbar only
spans the width of the module once and therefore the number of columns must be even. CdTe
was used for the monolithic case®” defining a module as having 216 cells (Nc) of 0.56 cm in
length (Lc), which may not be altered due to the conductivity of the transparent conducting
oxide, and a module width (W) of 60 cm. The geometry in the monolithic architecture was
fixed such that interconnects are the whole module area except for the busbar, which forms an
“l shape” that spans the width of the module twice and length once. By defining the
architectures in this manner, one can derive the areal density of the interconnects for the
singulated case as

Aans = (L) 2+ () P30 W

where impp is the current at the maximum power point, Sy the safety factor, dcu the density of
copper, Wy, the wafer width, Ac, the ampacity of Cu, Nrw the number of rows of wafers, Ncos
the number of columns of wafers, and P the number of parallel circuits (all cells in series has
P=1).

Similarly, one can derive the areal density of the interconnects for the monolithic case as

A _ (imppsdeu) [LM+P(LM+2WM)] (2)
den,m Acu LW

where Ly is the length of the module or N¢*Lc and Wiy is the width of the module.
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Data availability statement. The majority of data that supports the plots presented in this
paper and the calculated values presented in this study are available from the corresponding
author upon reasonable request. The market data from SPV Market Research is the only
exception. The corresponding author can provide contact information for SPV for the
acquisition of those data sets.
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