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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 m-2.  
Pairing this bound with a 15% efficiency thin-film or 35% efficient III-V module would yield 
specific powers up to 500 W kg-1 or 1167 W kg-1, respectively.  
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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)1.  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., façade), transportation, 
and flexible charging2.  New materials, such as perovskites, aim to reduce production costs with 
high-throughput solution processing while maintaining high efficiencies3.   

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 succeed4,5. 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 
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discussion to one of the four pillars (value proposition) of business model morphology6. 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.  

   

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 20151), 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.  
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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 

(US$/W) 
Present 
Day 
Market 
Size (MW) 

Cumulative 
Market after 10 
years (MW) 

Value Proposition 
Factors 

Required service 
life 

Specific concerns 

Min  Max 20% 
CAGR 

40% 
CAGR 

Aerospace, UAV 10 100 5 260 500 High-efficiency, ultra-
high specific power, 
flexibility 

GEO 7-15 yr  
LEO 1-8 yr 
UAV 1-5 yr 

Radiation hardness, UV 
exposure, pressure cycles 

Portable charging 
(Developed world) 

4 16 4 210 400 Moderate efficiency, 
high specific power, 
robust packaging, 
flexibility 

3 yr (military) 
1-2 years 
(recreational) 

Durability to extensive, 
aggressive handling 

Vehicle-integrated 2.5 10 10 520 990 Moderate to high 
efficiency, moderate 
specific power, 
flexibility, low cost, 
adjust form factor to 
contour to a car body 

Life time of 
vehicle. 10 yr or 
250,000 miles  

Compliance with crash test 
standards.  Integration with 
vehicle’s existing shape and 
electrical systems.  

M
ic

ro
-s

ca
le

 in
te

gr
at

ed
 p

ro
du

ct
s 

Solar lanterns and 
chargers 
(Developing world) 

2.5 10 30 1600 3000 Predominantly 
kerosene lamp 
replacement 

2 yr  Portability, handling, product 
and storage integration.  
Relaxed PV stability 
requirement due to other 
subsystem lifetimes.   

Solar home systems 
(Rural/ developing 
world) 

1.25 5 30 1600 3000 Commonly kerosene 
replacement or 
upgrade, fan 

5 yr  Ease of installation, storage 
integration.  Relaxed PV 
stability requirement due to 
storage integration lifetimes.   

Indoor light 
harvesting 

  2.5 65 175 Performance under low 
light flux, light weight 
integration into 
common business and 
household items. 

3 yr indoors  Stability concerns relaxed due to 
low light flux and controlled 
environment. 

Building integrated 1.3 5.25 700 36000 69000 Wider product 
selection with varied 
form factors and 
aesthetics.  Light 
weight for roofs. 

25-30 yr power 
warranty 

Appearance, stricter standards 
and building code compliance.  

 

Each of these nascent markets approaches or exceeds GW-scale cumulative potential in the 
next decade with projected prices >US$1/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 CIGS1.  
While III-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 
declined1.  Emerging technologies including organic, dye-sensitized, quantum dot, and 
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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.   

 

 

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)1,68, First Solar costs from 
quarterly reports, and total market average selling price (ASP)69 as a function of global cumulative 
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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 loss59,69. 
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 ~US$8 billion while CdTe and CIGS each 
required ~US$1 billion.    To reach manufacturing costs of ~US$1/W, Si required ~US$155 
billion, CdTe ~US$2 billion, and CIGS ~US$0.4 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-
throughput7.  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), ~US$0.2 billion minimum investment is still required for 1 GW 
cumulative production.  

Because predicting an entrant’s experience curve is difficult, we estimate entrants require 
US$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  

III-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 (III-V triple junction8) is clearly driven by package weight when 
compared to moderate efficiency products. The III-V module utilizes epitaxial lift-off to 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher.



 7 

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-2 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 ~US$0.5/W (Fig. 2).  

 

 

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 III-V module (>700 W 
kg-1), with a one sun efficiency of 25% compared to the III-V mini-module record of 34.5%88.  Thin-film 
modules can have efficiencies >15% and specific powers ~90 W kg-1 compared to a CIGS module record 
of 19.2%88.  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 
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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 612159 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 
steel2 and polyimide10,11.  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) test12 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 m-2 day-1) allowing water vapor diffusion into the package are common.  Thin-
film PV has historically been more sensitive to moisture vapor13-17 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 18,19.   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 10-4 g m-2 day-1, which equates to a micron 
thick water layer accumulating over 30 yrs, on par with the device layer thickness13-15,20.  While 
GW level capacity exists for these barriers, flexible module production volumes have been 
relatively low.  As the market grows and flexible module production scales, projections suggest 
a much lower cost for barrier films, while maintaining the necessary WVTR level of 
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protection for the lifetime of the modules.21 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 

identical 
thickness 
desiccant-
laden 
polyisobutylen
e edge-seal 
eliminates 
moisture 
ingress 
through the 
package’s 
edges.   
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Figure 4:  Contribution of various packaging components to areal density. A) Si framed rigid package 
(11.2 kg m-2, 1500V compatible). B) Thin-film frameless glass/glass package (16.6 kg m-2, 1500V 
compatible). C) Stainless steel substrate with packaging (3.2 kg m-2, 1500V compatible). D) Hypothetical 
thin glass substrate-based package (0.62 kg m-2, 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 m-2, 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 substrate23-27.  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 µm 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 µm lead to unpackaged cell areal 
densities of 300-525 g m-2.  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 m-2 because of their thin absorber 
thicknesses.    

 

Figure 5:  Contributions to the areal density of the cell layers comprising each solar cell 
technology.  Si typically 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.  It is 
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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 references80,81,89-92. While variations in layer thicknesses 
might alter some of the thin-film technologies total cell areal density, such changes should be 
<10 g m-2, which is a minor consideration relative to the package weights. 
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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 

  

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. 
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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. 6c-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 m-2 (Table 2). 

Table 2: Areal densities in g m-2 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 

Package c-Si High 
/ S 

c-Si Low 
/ SH 

GaAs / 
SH CdTe / M CIGS /M Perovskite 

High / M 
Perovskite 
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-in6).  One potential model would be cross-selling PV systems by companies that do 
not consider themselves PV entities6 – 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 m-2 and specific power ~90 W kg-1 for thin-film 
PV and 700 W kg-1 for III-V packaged at 350 kg m-2.  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-1 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-1 would be met if the record AM1.5G 1-sun module efficiency (35%) 
were combined with a fully packaged module at 300 g m-2.  

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 III-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 (US$/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 
aircraft28.  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 fifteen29.  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 > 10yrs30,31.  The market incumbents 
are high efficiency c-Si and III-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 III-V PV has significantly higher manufacturing costs (>US$20,000/m2 for III-
V’s32 compared to <US$75/m2 for utility-scale c-Si at US$0.40/W).  

Present day market estimated based on stated Alta Devices production goal of 2 MW/year33 
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/m2 with 25% 
efficient III-V cells gives a present-day one-sun cost on the scale of US$100/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 III-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 III-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 years35-37. 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 targets35,38-42. 

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)43.  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 202044), 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 tests45 although a rugged 
flexible product may address issues with rigid glass modules.  

The 2015 plug-in hybrid and battery electric vehicle market size was 1.26M46.  The EV market 
has enjoyed significant growth, doubling globally from 2014 to 201647.  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 prices48 (£1500 for 180W ~US$10/W), 
although there are some aftermarket products that have already achieved lower prices (e.g. 
Webasto <US$5/W (R. Kogler, personal communication)). Therefore, the cumulative market 
worth will be >US$1 billion50. 

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 months51.  In 2015, US$200M was spent on ~11M 
solar lanterns/chargers51. Assuming these units to be on average ~3W, leads to an estimate of 
~30 MW market51.  Somewhat larger systems (~20W additionally used to power fans) 
contribute another ~30 MW51.  Because these are sold as consumer products long lifetimes are 
not necessary and are typically reduced by subsystem components such as batteries or lights52-

54.  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 MW55, 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)56-58.  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 MW55.   

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 201959 and a 2015 market size estimate of US$6.94 billion 60.  
The 2016 building integrated market size has been estimated to be ~ 815 MW/y61. These 
estimates are consistent with a CAGR of ~18.9%, which mirror another report’s estimate of 
18.7% CAGR for this period59. Another report states the value of these markets as US$3 billion 
in 2015 and US$9 billion in 201962.  Correlating the 2015 projections between these two reports 
leads to a ~US$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 
Research1,63 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 curve64 
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 >US$50 
billion, with non-lithography investments (i.e., thin-film deposition, etching, CVD, implantation 
and diffusion) making up ~2/3 of relative costs65.  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 models66.  The choice 
of a model can influence the final results and interpretation–Hurtado Muñoz et al66. 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 
products8,38-40,67-74. 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 included75-80.  
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 m-2, 67,71-73 
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available flexible products are mostly in the range of 0.85-5 kg m-2 8,38-40,68-70,74. Heavier, 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 m-2.  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 III-V triple junction point is an outlier largely due 
to its reported package weight (350 g m-2)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 III-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 datasheets81-85.   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 µm for <300 V and >300 µm 
for 1,500 V systems, with different thicknesses for intermediate voltages (IEC 61730-1, table 
486). 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 DTI 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-2 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 (dcu=0.00896 g mm-3).  For both cases, a simplified ampacity of 4.02 A mm-2 (ACu) 
was used with no voltage drop across the conductors.  A safety requirement of 156% (Sf) of the 
short circuit current was also used following the guidelines from NEC sec. 690.8 on overcurrent 
protection and conductor sizing for PV87.  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 (Ra) (length/width of the module) and number of parallel 
circuits (P) were altered.  A crystalline silicon module was used for the singulated architecture73, 
where the module was defined as being ten rows of wafers (Nrow) in length and six columns of 
wafers (Ncol) in width, with each wafer having a fixed size (Ww) 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 case67 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 (WM) 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 
“I 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 

𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑,𝑠𝑠 = �𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑆𝑆𝑓𝑓𝑑𝑑𝑐𝑐𝑐𝑐
𝑊𝑊𝑤𝑤𝐴𝐴𝐶𝐶𝐶𝐶

� �2 + � 1
𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟

� �3𝑃𝑃 − 2𝑃𝑃2

𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐
�� (1) 

where impp is the current at the maximum power point, Sf the safety factor, dCu the density of 
copper, Ww the wafer width, ACu the ampacity of Cu, Nrow the number of rows of wafers, NCol 
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  

𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑,𝑚𝑚 = �𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑆𝑆𝑓𝑓𝑑𝑑𝐶𝐶𝐶𝐶
𝐴𝐴𝐶𝐶𝐶𝐶

� �𝐿𝐿𝑀𝑀+𝑃𝑃(𝐿𝐿𝑀𝑀+2𝑊𝑊𝑀𝑀)
𝐿𝐿𝑀𝑀𝑊𝑊𝑀𝑀

� (2) 

where LM is the length of the module or NC*LC and WM 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.   

  

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher.



 24 

 

References 
 

1 SPV Market Research. Photovoltaic Manufacturer Shipments: Capacity, Price & 
Revenues 2016/2017. (April 2017). 

2 Reinhard, P. et al. in 2012 IEEE 38th Photovoltaic Specialists Conference (PVSC) PART 
2.  1-9.  DOI:  10.1109/PVSC-Vol2.2012.6656789 

3 Yang, M. et al. Highly Efficient Perovskite Solar Modules by Scalable Fabrication and 
Interconnection Optimization. ACS Energy Letters (2018).  DOI: 
10.1021/acsenergylett.7b01221 

4 Kemp, R., Schot, J. & Hoogma, R. Regime shifts to sustainability through processes of 
niche formation: the approach of strategic niche management. Technology analysis & 
strategic management 10, 175-198 (1998). 

5 Mourik, R. & Raven, R. A Practitioner’s View on Strategic niche Management. Energy 
Research Centre of the Netherlands Report, ECN-E–06-039 (2006). 

6 Strupeit, L. & Palm, A. Overcoming barriers to renewable energy diffusion: business 
models for customer-sited solar photovoltaics in Japan, Germany and the United 
States. Journal of Cleaner Production 123, 124-136 (2016).  
https://doi.org/10.1016/j.jclepro.2015.06.120 

7 Song, Z. et al. A technoeconomic analysis of perovskite solar module manufacturing 
with low-cost materials and techniques. Energy & Environmental Science 10, 1297-
1305 (2017).  DOI: 10.1039/C7EE00757D 

8 Microlink. Solar sheets, <http://mldevices.com/index.php/product-
services/photovoltaics> (2017).  Accessed: 02/22/2017 

9 IEC. IEC 61215-2 Ed. 1.0 Terrestrial Photovoltaic (PV) modules – Design 
qualification and type approval – Part 2: Test procedures. . IEC Central Office: 
Geneva, Switzerland (2016). 

10 Chirila, A. et al. Potassium-induced surface modification of Cu (In, Ga) Se2 thin films 
for high-efficiency solar cells. Nature materials 12, 1107 (2013).  DOI: 
https://doi.org/10.1038/nmat3789 

11 Chirila, A. et al. Highly efficient Cu (In, Ga) Se2 solar cells grown on flexible polymer 
films. Nature materials 10, 857 (2011).  DOI: https://doi.org/10.1038/nmat3122 

12 IEC. IEC 62788-2 Ed. 1.0 Measurement procedures for materials used in 
photovoltaic modules – Part 2: Polymeric materials – Frontsheets and backsheets. 
IEC Central Office: Geneva, Switzerland (2017).   

13 Coyle, D. J. Life prediction for CIGS solar modules part 1: modeling moisture ingress 
and degradation. Progress in Photovoltaics: Research and Applications 21, 156-172 
(2013).  https://doi.org/10.1002/pip.1172 

14 Coyle, D. J. et al. Life prediction for CIGS solar modules part 2: degradation kinetics, 
accelerated testing, and encapsulant effects. Progress in Photovoltaics: Research and 
Applications 21, 173-186 (2013).  https://doi.org/10.1002/pip.1171 

15 Coyle, D. J., Blaydes, H. A., Pickett, J. E., Northey, R. S. & Gardner, J. O. in Photovoltaic 
Specialists Conference (PVSC), 2009 34th IEEE.  001943-001947 (IEEE).  DOI: 
10.1109/PVSC.2009.5411551 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher.



 25 

16 Weerasinghe, H. C., Watkins, S. E., Duffy, N., Jones, D. J. & Scully, A. D. Influence of 
moisture out-gassing from encapsulant materials on the lifetime of organic solar 
cells. Solar Energy Materials and Solar Cells 132, 485-491, 
doi:https://doi.org/10.1016/j.solmat.2014.09.030 (2015). 

17 Domanski, K., Alharbi, E. A., Hagfeldt, A., Grätzel, M. & Tress, W. Systematic 
investigation of the impact of operation conditions on the degradation behaviour of 
perovskite solar cells. Nature Energy, 3, 61-67 (2018). 

18 Kempe, M. D., Panchagade, D., Reese, M. O. & Dameron, A. A. Modeling moisture 
ingress through polyisobutylene‐based edge‐seals. Progress in Photovoltaics: 
Research and Applications 23, 570-581 (2015).  https://doi.org/10.1002/pip.2465 

19 Kempe, M. D., Dameron, A. A. & Reese, M. O. Evaluation of moisture ingress from the 
perimeter of photovoltaic modules. Progress in Photovoltaics: Research and 
Applications 22, 1159-1171 (2014).  https://doi.org/10.1002/pip.2374 

20 Reese, M. O., Dameron, A. A. & Kempe, M. D. Quantitative calcium resistivity based 
method for accurate and scalable water vapor transmission rate measurement. 
Review of Scientific Instruments 82, 085101 (2011).  
https://doi.org/10.1063/1.3606644 

21 Fischer, T. Beyond The Panel Workshop presentation, National Renewable Energy Lab, 
Golden, Co.  FigShare: DOI 10.6084/m9.figshare.7025813 

22 Cuddihy, E. & Willis, P. B. Antisoiling technology: theories of surface soiling and 
performance of antisoiling surface coatings.  (1984).  Document ID: 19850007987 
(Acquired Nov 13, 1995) Accession Number: 85N16296 

23 Peng, C.-Y., Dhakal, T. P., Rajbhandari, P., Garner, S., Cimo, P., Lu, S., & Westgate, C. R. 
(2014). Flexible CZTS solar cells on flexible Corning® Willow® Glass substrates. 
Paper presented at the Photovoltaic Specialist Conference (PVSC), 2014 IEEE 40th.  
DOI: 10.1109/PVSC.2014.6924945 

 24 Myong, S. Y. & Kwon, S. W. Superstrate type flexible thin-film Si solar cells using 
flexible glass substrates. Thin Solid Films 550, 705-709 (2014).  
https://doi.org/10.1016/j.tsf.2013.11.039 

25 Tavakoli, M. M. et al. Highly efficient flexible perovskite solar cells with 
antireflection and self-cleaning nanostructures. ACS nano 9, 10287-10295 (2015).  
DOI: 10.1021/acsnano.5b04284 

26 Sheehan, S. et al. Flexible glass substrate based dye sensitized solar cells. Solar Energy 
Materials and Solar Cells 132, 237-244 (2015).  
https://doi.org/10.1016/j.solmat.2014.09.001 

27 Mahabaduge, H. et al. High-efficiency, flexible CdTe solar cells on ultra-thin glass 
substrates. Applied Physics Letters 106, 133501 (2015).  
https://doi.org/10.1063/1.4916634 

28 Cambone, S. A., Krieg, K. J., Pace, P. & Linton, W. Unmanned aircraft systems 
roadmap 2005-2030. Office of the Secretary of Defense 8, 4-15 (2005). 

29 CEOS. CEOS EO Handbook-Catalogue of Satellite Missions, 
<http://database.eohandbook.com/database/missiontable.aspx> (2018).     Accessed: 
03/15/2016 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher.

https://doi.org/10.1002/pip.2465
https://urldefense.proofpoint.com/v2/url?u=https-3A__doi.org_10.6084_m9.figshare.7025813&d=DwMGaQ&c=vh6FgFnduejNhPPD0fl_yRaSfZy8CWbWnIf4XJhSqx8&r=wt3BQIqrqA-HpsKfcy-tkPcD-nnB33CZ2OuI9P23O2c&m=vcNPf9ae0mNQJ2EQYgHKnf65ydBC4EPx_F48B71MipE&s=rsoxdZj6xnLKdnY91aAMzDhWy19gxYhcRrOx7ReXUhY&e=
https://doi.org/10.1016/j.solmat.2014.09.001


 26 

30 General Atomics Aeronautical. Single Predator B RPA Amasses 20,000 Flight Hours.  
(2015).   http://www.ga-asi.com/single-predator-b-rpa-amasses-20000-flight-
hours   Accessed: 05/16/2018 

31 General Atomics Aeronautical. Predator-Series Aircraft Pass Five Million Flight Hour 
Mark.  (2018).  http://www.ga-asi.com/predator-series-aircraft-pass-five-million-
flight-hour-mark   Accessed: 05/16/2018 

32 Horowitz, K. A., Woodhouse, M., Lee, H., & Smestad, G. P. (2015). A bottom-up cost 
analysis of a high concentration PV module. Paper presented at the AIP Conference 
Proceedings.  https://doi.org/10.1063/1.4931548 

33 Wesoff, E. Alta Devices, GaAs Solar Startup, Finally Admits Acquisition by China’s 
Hanergy <https://www.greentechmedia.com/articles/read/alta-devices-gaas-solar-
startup-finally-admits-acquisiition-by-chinas-ha> (2014).  Accessed: 08/31/2017 

34 Dricus. Top 8 Solar Powered Drone (UAV) Developing Companies, 
<http://sinovoltaics.com/technology/top8-leading-companies-developing-solar-
powered-drone-uav-technology/> (2015).  Accessed: 08/31/2017 

35 Shields, E. Needs beyond the panel. FigShare: DOI 10.6084/m9.figshare.7025759 
36 P3 solar. Sunlinq portable solar charger 3 & 4, <https://p3solar.com/wp-

content/uploads/2015/08/Sunlinq-3-4-Instruction-Sheet-040915.pdf> (2015).  
Accessed: 05/16/2018 

37 Powerfilm Solar. PowerFilm, Inc. Limited Product Warranty, 
<https://www.powerfilmsolar.com/contact-us/warranty/> (2018).  Accessed: 
05/16/2018 

38 Powerfilm. Fm16-7200 120W foldable solar panel, 
<http://www.powerfilmsolar.com/products/?fm167200_120w_foldable_solar_panel&s
how=product&productID=271514&productCategoryIDs=6578,6579> (2017).  Accessed: 
02/22/2017 

39 P3 solar. 75W 24V portable solar charger spec sheet, 
<http://p3solar.com/portfolio/p3-75w-24v-portable-solar-charger2/> (2017).  
Accessed: 02/22/2017 

40 P3 solar. 21W rollable solar charger spec sheet, <http://p3solar.com/portfolio/p3-21w-
rollable-solar-charger/> (2017).  Accessed: 02/22/2017 

42 Cristiani, J. in Alternative Energy for Defense Conference.  
http://www.dtic.mil/dtic/tr/fulltext/u2/a562519.pdf  Accessed 9/19/17  

43 Abdelhamid, M., Haque, I., Pilla, S., Filipi, Z. S. & Singh, R. Impacts of adding 
photovoltaic solar system on-board to internal combustion engine vehicles towards 
meeting 2025 fuel economy CAFE standards. SAE International Journal of Alternative 
Powertrains 5 (2016).  DOI: 10.4271/2016-01-1165 

44 Syrah Resources. New York Presentation. (2016).  
www.syrahresources.com.au/investors/downloads/406  Accessed: 08/22/2017 

45 King, D. The Toyota Prius's roof-mounted solar panel isn't coming to the US, 
<https://www.autoblog.com/2016/06/17/toyota-prius-plug-in-solar-roof-us/> (2016).  
Accessed: 08/29/2017 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher.

http://www.ga-asi.com/single-predator-b-rpa-amasses-20000-flight-hours
http://www.ga-asi.com/single-predator-b-rpa-amasses-20000-flight-hours
https://urldefense.proofpoint.com/v2/url?u=https-3A__doi.org_10.6084_m9.figshare.7025759&d=DwMGaQ&c=vh6FgFnduejNhPPD0fl_yRaSfZy8CWbWnIf4XJhSqx8&r=wt3BQIqrqA-HpsKfcy-tkPcD-nnB33CZ2OuI9P23O2c&m=vcNPf9ae0mNQJ2EQYgHKnf65ydBC4EPx_F48B71MipE&s=15X7EEw51G8XsAYZVqpvieUyoFjl3N1CgbQdGqK7axw&e=
http://www.syrahresources.com.au/investors/downloads/406


 27 

46 OECD/IEA. Outlook 2016, Beyond one million electric cars. (2016).  
https://www.iea.org/publications/freepublications/publication/Global_EV_Outlook
_2016.pdf  Accessed: 08/31/2017 

47 OECD/IEA. Global EV Outlook 2017, Two million and counting. (2017).  
https://www.iea.org/publications/freepublications/publication/GlobalEVOutlook2
017.pdf  Accessed: 08/11/2017 

48 Toyota. Price list effective from August 1st 2017. (2017).  
https://www.toyota.co.uk/world-of-toyota/price-list.json  Accessed: 08/31/2017 

50 Bloomberg New Energy Finance. Electric vehicles to be 35% of global new car sales 
by 2040, <https://about.bnef.com/blog/electric-vehicles-to-be-35-of-global-new-car-
sales-by-2040/> (2016).  Accessed: 09/11/2017 

51 Lighting Global, B. N. e. F. Offgrid solar market trends report. (2016).  
https://www.lightingglobal.org/wp-
content/uploads/2016/03/20160301_OffGridSolarTrendsReport-1.pdf   

52 Nokero Solar USA LLC. Nokero N233 Solar Light, <https://www.nokero.com/Solar-
Light-N233-p/n233.htm> (2018).  Accessed: 05/17/2018 

53 Gcell. Customized solar cells, <http://gcell.com/gcell-products/custom-solar-cell> 
(2018).  Accessed: 05/21/2018 

54 Solopower systems. Solo Bucket Spec Sheet, <http://solopower.com/wp-
content/uploads/Solo-Bucket-Spec-Sheet-21-Sep1.pdf> (2018).  Accessed: 
03/14/2018 

55 Mints, P. (2012). Overview of Photovoltaic Production, Markets, and Perspectives. In 
Semiconductors and Semimetals (Vol. 87, pp. 49-84): Elsevier.  
https://doi.org/10.1016/B978-0-12-388419-0.00004-2 

56 Apostolou, G., Reinders, A. & Verwaal, M. Comparison of the indoor performance of 12 
commercial PV products by a simple model. Energy science & engineering 4, 69-85 
(2016).  https://doi.org/10.1002/ese3.110 

57 De Rossi, F., Pontecorvo, T. & Brown, T. M. Characterization of photovoltaic devices for 
indoor light harvesting and customization of flexible dye solar cells to deliver superior 
efficiency under artificial lighting. Applied Energy 156, 413-422 (2015).  
https://doi.org/10.1016/j.apenergy.2015.07.031 

58 Matiko, J., Grabham, N., Beeby, S. & Tudor, M. Review of the application of energy 
harvesting in buildings. Measurement Science and Technology 25, 012002 (2013).   
https://doi.org/10.1088/0957-0233/25/1/012002 

59 Snow, M. Understanding BIPV-T and Market Trends. (2015). 
http://tractile.com.au/wp-content/uploads/2015/05/literature-to-support-
tractile12.pdf 

60 Grand View Research. BIPV Market Analysis By Technology (Crystalline Silicon, Thin 
Film) By Application (Roofs, Walls, Glass Integrated, Facade), By End-Use 
(Residential, Commercial, Industrial), By Region (North America, Europe, Asia 
Pacific), And Segment Forecasts, 2013 - 2024. (2016).   Accessed: 08/28/2017 

61 Transparency Market Research. Building Integrated Photovoltaics Market: Global 
Industry Analysis, Size, Share, Growth, Trends and Forecast, 2013 – 2019. (2015). 

62 Nanomarkets. BIPV technologies and market, 2015-2022. Nano 839 (2015). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher.

https://www.iea.org/publications/freepublications/publication/Global_EV_Outlook_2016.pdf
https://www.iea.org/publications/freepublications/publication/Global_EV_Outlook_2016.pdf
https://www.iea.org/publications/freepublications/publication/GlobalEVOutlook2017.pdf
https://www.iea.org/publications/freepublications/publication/GlobalEVOutlook2017.pdf
https://www.lightingglobal.org/wp-content/uploads/2016/03/20160301_OffGridSolarTrendsReport-1.pdf
https://www.lightingglobal.org/wp-content/uploads/2016/03/20160301_OffGridSolarTrendsReport-1.pdf
https://doi.org/10.1002/ese3.110
https://doi.org/10.1016/j.apenergy.2015.07.031
https://doi.org/10.1088/0957-0233/25/1/012002


 28 

63 SPV Market Research. Report on CIGS and CdTe Market History. (2017). 
64 Margolis, R., Feldman, D. & Boff, D. Q4 2016/Q1 2017 Solar Industry Update. 

(National Renewable Energy Laboratory (NREL), 2017).    OSTI Identifier: 1358147 
65 Integrated Circuit Engineering Corporation. Integrated Circuit Engineering 

Corporation, Cost Effective IC Manufacturing: 1998-1999.  (1997).  ISBN: 1-877750-
60-3 

66 Munoz LH, Huijben JC, Verhees B, Verbong GP. The power of grid parity: A discursive 
approach. Technological Forecasting and Social Change. 2014 Sep 1;87:179-90.  
https://doi.org/10.1016/j.techfore.2013.12.012 

67 First solar. Series 4 module datasheet, <http://www.firstsolar.com/-/media/First-
Solar/Technical-Documents/Series-4-Datasheets/Series-4-Module-Datasheet---V3-
103116-%281%29.ashx> (2016).  Accessed: 02/22/2017 

68 Infinity PV. infinityPV Panels, <https://www.infinitypv.com/products/panels> (2017).  
Accessed: 02/23/2017 

69 Link Solar. Link solar catalog 2016, <http://www.flexible-solar-panel.com/flexible-
solar-panel> (2016).   Accessed: 02/23/2017 

70 SBM solar. 138W panel, <http://www.sbmsolar.com/home/sbm_solar-
138WPanel.php> (2017).  Accessed: 02/22/2017 

71 Solar Frontier. Product data sheet SF175-S, <http://www.solar-
frontier.com/eng/solutions/products/pdf/datesheat_175.pdf> (2017).  Accessed: 
02/23/2017 

72 SunPower. SunPower Z-Series residential solar panels, 
<https://us.sunpower.com/sites/sunpower/files/media-library/data-sheets/ds-x21-
series-335-345-residential-solar-panels.pdf> (2016).  Accessed: 02/22/2017 

73 Trina Solar. The Allmax framed 60-cell module, 
<http://static.trinasolar.com/sites/default/files/PS-M-0323 E   
Datasheet_Allmax_US_Feb_2017_A_0.pdf> (2017).  Accessed: 02/22/2017 

74 Xunlight. XLS data sheet, <http://www.xunlightchina.com/Download/cpgg.aspx> 
(2017).  Accessed: 02/22/2017 

75 Edmondson, K. M., Law, D., Glenn, G., Paredes, A., King, R., & Karam, N. (2006). 
Flexible III-V multijunction solar blanket. Paper presented at the Photovoltaic 
Energy Conversion, Conference Record of the 2006 IEEE 4th World Conference on 
Photovoltaic Energy Conversion.  DOI: 10.1109/WCPEC.2006.279876  

76 Romeo, A. et al. High-efficiency flexible CdTe solar cells on polymer substrates. Solar 
energy materials and solar cells 90, 3407-3415 (2006).  
https://doi.org/10.1016/j.solmat.2005.09.020 

77 Guha, S., Banerjee, A., Beernink, K., Johnson, T., Pietka, G., Demaggio, G., . . . Yang, J. 
(2009). Ultra lightweight photovoltaic device and method for its manufacture.  
Patent#: US7517465B2 

78 Shiu, K.-T., Zimmerman, J., Wang, H. & Forrest, S. R. Ultrathin film, high specific 
power InP solar cells on flexible plastic substrates. Applied Physics Letters 95, 
223503, doi:10.1063/1.3268805 (2009).  https://doi.org/10.1063/1.3268805 

79 Banerjee, A., Xu, X., Beernink, K., Liu, F., Lord, K., DeMaggio, G., . . . Guha, S. (2010, 20-
25 June 2010). Advances in cell efficiency of a-Si:H and nc-Si:H-based multi-junction 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher.

https://doi.org/10.1016/j.techfore.2013.12.012


 29 

solar cells for space and near-space applications. Paper presented at the 2010 35th 
IEEE Photovoltaic Specialists Conference.  DOI: 10.1109/PVSC.2010.5617209 

 
80 Kaltenbrunner, M. et al. Flexible high power-per-weight perovskite solar cells with 

chromium oxide-metal contacts for improved stability in air. Nat Mater 14, 1032-
1039, doi:10.1038/nmat4388 (2015). 

81 Haynes, W. M. CRC Handbook of Chemistry and Physics, 97th Edition.  (CRC Press, 
2016).  ISBN: 9781498754286 

82 Mark, J. E. Polymer Data Handbook.  (Oxford University Press, 2009).  ISBN:  
9780195181012 

83 Dupont. DuPont Tedlar Polyvinyl Fluoride (PVF) Flims, 
<http://www.dupont.com/content/dam/dupont/products-and-services/membranes-
and-films/pvf-films/documents/DEC_Tedlar_GeneralProperties.pdf> (2014).  Accessed: 
08/28/2017 

84 Corning. Corningwillow glass fact sheet, 
<https://www.corning.com/media/worldwide/cdt/documents/Willow_2014_fact_sheet
.pdf> (2016).  Accessed: 08/28/2017 

85 Dupont. DuPont Elvax EVA resins for Adhesives, Sealants and Wax blends, 
<http://www.dupont.com/content/dam/dupont/products-and-services/membranes-
and-films/pvf-films/documents/DEC_Tedlar_GeneralProperties.pdf> (2012).  Accessed: 
09/25/2017 

86 IEC. IEC 61730-1 Ed. 2: Photovoltaic (PV) module safety qualification - Part 1: 
Requirements for construction. IEC Central Office: Geneva, Switzerland (2016). 

87 NFPA 70-Article 690. National Electrical Code - Solar Photovoltaic (PV) Systems. 
National Fire Protection Association (2014). 

88 Green, M. A. et al. Solar cell efficiency tables (version 50). Progress in Photovoltaics: 
Research and Applications 25, 668-676 (2017).    https://doi.org/10.1002/pip.2909 

89 Devices, A. Technology Perfomance brief, <http://www.altadevices.com/wp-
content/uploads/2016/12/technology-performance-brief-1216.pdf> (2016).  Accessed: 
04/28/2017 

90 AZO materials. Copper Indium Gallium Selenide / CIGS (CuInxGa(1-x)Se2) 
Semiconductors, <https://www.azom.com/article.aspx?ArticleID=8432> (2013).  
Accessed: 08/28/2017 

91 China Rare metal material. AZO - Aluminium Oxide + Zinc Oxide, <http://www.china-
raremetal.com/product/aluminum_oxide_ zinc oxide_azo .htm> (2010).  Accessed: 
08/28/2017 

92 Custer, J. et al. Density of amorphous Si. Applied physics letters 64, 437-439 (1994).  
https://doi.org/10.1063/1.111121 

 

 

 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher.

https://doi.org/10.1002/pip.2909


 30 

 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher.


	Increasing Markets and Decreasing Package Weight for High Specific Power Photovoltaics
	Abstract
	Introduction
	New Markets with Added Value Propositions
	Packaging for High Specific Power PV
	Packaging Examples for High Specific Power
	Cells and Interconnects
	Author contributions
	Acknowledgements



