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EXECUTIVE SUMMARY

Solar energy and the photovoltaiPV)technologies thatharvestit are rapidly transforming the
worl dds energy systems. This transformation i s
nearly carbonfree. As such, it is an ideal technology for tackling climate change. And,tae overall
carbon intensityof the power grid declinesmanufacturing newsolar panels will eventuallybecome
carborneutral. Second, thanks to technology and manufacturing improvementsolar energyis
extremely inexpensive. Today, a new solar poweail is one of the lowest coststrategies available
for meeting the worl dbés growing energy needs, in
keeps going down, with new world record low prices for contracts routinely announced.

Many projedions of the future of energynow anticipate that, as a result of its lowcost and
minimal carbon footprint,solar energy may providas much as 50% or more of futurglobal energy
demand. Part of this growth is likely to come from electric utilities, wiape increasingly comfortable
with high rates of penetration of solaPVon the grid. At the same time, the need for lcearbon options
for the transportation sector is driving innovation in battesglectric vehicles, hydrogen fuel cell cars,
and other soldions, all of which provide tk potential to soak up and store large quantities of
abundant, lowcost solar electrons produced when the sun is shining. Together, the electricity and
transport sectors may drive theaddition of multiple terawatts of solarpanel manufacturing capacity
and of solar paneldeployment over the next several decades.

These trends highlight the importance for the field of solar energy to regularly evaluate the
ongoing progress of photovoltaics in technology innovation and developme safety and
environmental performance, contributions to lowcarbon energy transitions, and providing value to
society. This report contributes to that effort, focused on thin filsedmium telluride CdT¢ solar PV
technologyand the principal global manfacturer of CdTePV modules, First Solar. Today, CdTeV
technologies comprise approximately orthird of the U.S. utilityscale PV market and over 25 GW of
CdTePVmodules have been deployed globalliz. i r s t cepacity ;omansifacture CdTE@Vmodules
is currently 6 GW per year, globally, and projected to grow to 8 GW in the next few years. With annual
production capacity of 1.9 GW in its Ohio manufacturing facilities, First Solar is the largest U.S. PV
module manufacturer, with over 2,750 direct jobsn the U.S., $1 billion spent annually in the U.S.
supply chain, and over $1 billion spent on research and development since 2010

Working with First Solar, we reviewed the now extensive research literature describing the
performance of CdTe PV technolag and systems both theoretically and in the field over the past
two decades. We also visited First Solar facilities and spoke with First Solar technglaggnufacturing,
and sustainability managers. The work was carried out jointly by Arizona State Usitie and the
Massachusetts Institute of Technology, under the auspices of the Quantum Energy and Sustainable
Solar Technologies Engineering Research Center.

The report describes the growing acceleration of trends towards transitioning the U.S. and
globaleconomy to a carbomeutral future, the place ofPVtechnologies in that transition, existing and
potential future CdTePVtechnologies, the historical and theoretical performance of CdTe technologies
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in terms of energy generation in diverse operating canits, the environmental and safety record of
CdTe PV, and the social and economic dimensions of solar energy.

Based on our review of competitiveness, safety, and life cycle environmental performance,
CdTePVtechnology is expected to make a valuable caiftution to the U.S. energy transition. These
conclusions are drawn on the basis of ecefficiency as the driver of solar energy adoption, wheeeo-
efficiency is the concept of creating more economic value with lower environmental impadthe main
findings include

1 Creating economic value CdTe PV technology is well positioned to contribute
significant economic value as part of a lowarbon energy transitionAlong with wind
and combined cycle natural gagjtility-scale solar energy is the most costompetitive
source of new electricity generation based on levelized cost of enerfjp. the extent
that module prices continue to fall and module efficiencies continue to increase, these
economic benefits will continue to growTo date,CdTe PV efficiency hamcreased
steadily with record cell efficiency of 22.1%, record module efficiency of 19.0%, and
average commercial modules of 42@150W (First Solar Series 6)Jnnovation in module
size and packaging, back contacts, and seoonductor bandgap grading have ben
used to improve CdTe PV device efficiency, lelegm degradation rates, and cost per
watt, and additional improvements in efficiency are expected in future CdRY
technologies.In the future, synergies with battery srage and vehicle electrification
are also expected to increase the demand for and integration of solar energy into the
grid. Through use of advanced inverters, control systems, energy forecasting, and rapid
ramping capabilities, largescale PV power plargt are also able to regulate real iad
reactive power output to provide griflexible operationand provide important grid
services CdTe PV technologg especially suited for hot and humid climates, where it
has higher energy yield than crystalline silicoPV due to a lower temperature
coefficient and lower spectralsensitivityto infrared light absorption by water vapor

1 Creating environmental valueCdTePVtechnology is also well positioned to contribute
significant environmental value as part of fow-carbon energy transitionOverall,CdTe
PV technology hasamong the lowest greenhouse gas emissions and smallest
environmental footprints of anyenergytechnology Per unit energy generatedCdTe PV
creates significantly lower overall lifecycle envirmmental impacts than the current
U.S. electricity grid. Avoidance of grid electricity greenhouse gas and air pollutant
emissions with use of PV electricity amounts to environmental and public health
benefits of $20/MWh and $14/MWh respectively. Among commercial PV
technologies, die to low enegy and material use in manufacturing, CdTe PV has the
lowest life cycle environmentalmpacts, includingcarbon footprint, energy payback
time, water use, human health impactsand ecosystemimpacts. Properly designed
and constructed solar facilities can lave a positive impact on shared uses of land,
including increasing agricultural productivity and enhancing biodiversity through
revegetation, management of invasive and sensitive species, apceservation of land
for alternative future uses CdTe P\modules are also recyclable, reducing lorterm
waste from ener gy ghgmalueaecycliagfacilitiesihave beenSo |l ar 6

10
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operating commercially for over a decade arate able to recove more than 90% of a

CdTe PV module faeuse in new solar module and glass products. FirstSolérs gl o b al

recycling facilitiesprocess 20,000-30,000 metric tons of manufacturing scrap and
end-ofdife PV modules annually.

Health, safety, andreliability: First Solar CdTe Pmodulesare designed to provid&5+
years ofreliable performance.CdTe is sourced as a byproduct of zinc and copper
mining. All thin film PV manufacturing steps occur in a single facility, facilitating
integrated quality contrd. Automated, enclosed equipment and air monitoringelp
ensure industrial hygieng and worker biomonitoring is used to confirm occupational
health. First Solar manufacturing facilities are certified to international standards for
guality, environmental managment, and occupational health (ISO 9001, ISO 14001,
ISO 45001).Product reliability is continuously evaluatedhrough inline monitoring of
production processesindoor reliability testing with longerm test sequences, outdoor
testing in temperate, troptal, and desert climates and operations and maintenance
programs that monitor performance in the field The manufacturing process
encapsulates and seals~3 pm thick semiconductor layers in durable glasglass
modules. Experimental data, fate and transporimodels, and field data from extreme
weather events have confirmed thenvironmental product safety of CdTe PX case
of non—routine events such as field breakage and firéAlthough the goal is to recycle
all PV modules, standard waste characterization tsting and fate and transport
modeling have confirmed the environmentaproduct safety of CdTe PVh case of
landfill disposal Strong chemical bonding in Cdlresults in high chemical and thermal
stability, which are important for longerm device reliabiity and product safety.
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|- THE PLACE OF SOLAR ENERGY IN AL
CARBOBNERGY TRANSITION

TheU.S.and the globe are in the midst of largescale transformation of the energy sector.
This transformation is expected to fundamentally
sector from a heavy dominance on fossil fugltoday, to one in the relatively near future that is much
more reliant on alternative energgourcesand, especially, solar photovoltaic (PV) and other renewable
energy technologies. As we detail below, current estimates anticipate that the energy seaetill
globally deploy multiple terawatts (TW) of solar PV teologies over the course of the next few
decades. There is thus a clear need to assess the lotgym performance andsustainability of PV
technologies. In this report, we review thifilm, CdTePV technologies, manufactured by First Solar,
with regard toa range oftechnical performance,environmental, health, safety, and socieconomic
considerations.

The current transformation of the energy sector is being driven by two primary factoihe
first is rapid declinesin the price ofrenewableenergy geneation technologies, especially solar and
wind technologiesIn the past decade world recordprices for unsubsidized contracts for solar energy
dropped by a factor of ten from 17 cents/kvh in 2011 to less than 2 cents/KWh in 2018 and by lesser
but significant amounts for wind energy (onshore from 8 to 2 centsikh; offshore from 17 to 5 cents
per KWh) (Liebreich, 2018) In 2018, as a result, the levelized cost of energyom new solar and wind
generation was lower than for all dter electricity generation technologies, anith a growing fraction of
the world wascompetitive with the marginal cost of operation of existing coal, gas, and nuclear power
plants (Lazard, 2019) In May 2019, the EU spot markeprice for mainstreamsilicon solar modules
was 25 cents/W (Schachinger, 2020) The second is widespread scientific, public, and policgncern
about climate changeand the resulting need to quickly reduce carbon emissions froenergy use
(IPCC, 2019) Concerns about climate change have grown markedly since 1990, escalating rapidly
over the past ten years. Today, a growing number of gouwments and companies have commiéd to
achieve carbon neutrali y over the next few decades, i ncludin
companies, such as Btish Petroleumand TotalS.A (The Climate Group, 2020; CNCA, 2020)

These changes in policies antharkets are, in turn, driving new patterns of energyeneration
and investment in new energy technologies, with renewable energy now accounting ®%lofU.S.
electricity generation, while coal has dropped to 24% &f.S.electricity generation(EIA, 2020d) In
2021, the U.S Enemgy Information Administration (EIA) projects electricity generation from renewable
sources to surpass nuclear and cogP020a). Worldwide, since 2016, new investmersteach year in
solar and wind generation capacity havexceeded new investments in natural gas and cchted
power plants(McKinsey, 2019) In 2019, global investments in wind and solar energy reached284
billion (BNEF, 2019) Today, the amount of gleal investment in new renewable energy generation
technologies for the power sector is nearly three times the amount invested in new fossil fuel
generation(IEA, 2019b)
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The upshot of these changes is thaexpectations are rapidly evolving regarding the future of
the gl obal energy industry. Annual additions to t
top 100 GWl/year, and this number is anticipated to continue timcrease steadily(Liebreich, 2018)
Recent estimates suggest that solar and wind technologies will supply between 20% and 40% of world
electricity demand by 2040(BNEF, 2019; IEA, 2019b)While forecasts for what a futurecarbon
neutral energy system will ultimately look like remain uncertain, current expectations are that
renewables will occupy a large share of future energy generation. Under such a scenario, it is not
unreasonable that sdar PV technologies may by themseks perhaps comprise up to 50% of the
worl ddés energy markets. By 2050, one estimate pr o]
of solar PV(McKinsey, 2019) This may be particuldy true if electric vehicles coméo dominate the
transportation sector, requiring large, lowost increases to electricity supplyAnother recent study
examined the scale of solar PV additions to gl oba
needs under a variety of scenariogKurtz et al., 2020) Their estimates range from 37 TW, in a scenario
in which all final end uses of energgre electrified, to 180 TW, in a scenario in which major segments
of final end uses of emrgy rely on chemical storage andombustionof hydrocarbonsgenerated with
renewable electricity Their baseline scenario is 820 TW of solar PV in a world of 10 billion people
and 3.2 kW of consumption per person

Within this landscape of chanipg enegy policies and technologiesthe manufacturing and
deployment of CdTe thin film solar PV technologies constitutes an important segment of the PV market.
In the U.S., CdTe P&tcountsfor approximately onehird of cumulative capacityof utility-scale sola
through 2018 (Bolinger et al., 2019) First Solaremploysover 2,750 associatesin the U.S and with
the addition of a second factory in Ohio in 2019,
GW, making it the lagest PV module manufacturer in the U.S. and thgestern hemisphere(First Solar,
2019c). In the pad decade, over onghird of the total manufactured PV modules in the U.S. (2010
2018) were thin film CdTe PV module$NREL, 2019) Globally in 2017, thin film technologies
represented approximatel6% of t he wo rylmarBess(Fauntoten, 20EOnWithirgthe thin
film market, the largest manufacturing segmentis C&T, wi t h Fir st Sol ar <curren
manufacturer of thin film PV As of 220, First Solar reported total sales ofver25 GW of CdTe thin
film product (First Solar, 2020b) Tod a y , F iglobaltman&axcturang cépacity for CdTe thin film
PVmodulesis approximately6.0 GW/year, with 55 GW/year of manufacturing capacity for its newest
Series 6modulesin three facilities in Vietnam, Malaysia, an®errysturg, OH(First Solar,2020). The
scale of CdTe thin film ¥ manufacturing is expected to grow. While the future scale of the PV market
is uncertain, First Solar currently anticipates expanding its manufacturing capacity-&® GW/yearby
the end of 2021 (First Solar, 2020b) If thin film retains a similar market share of global solar
installations over the nextéw decades, totalcumulativeinstallations of CdTe thin film PV could reach
several hundred GW or more.

Our intention in this report is to review the most important developmeniis solar energy in
recent years, with an emphasis on CdTe thin film technolegi Outstanding results have been
achieved by many contributors and in many countries. A complete overview of existing literature
(Google Scholar lists close to 3,000,000 publi¢d®ns on solar energy, 750,000 alone in the last four
years) is beyondur scope. Our approach was to select examples that we believe illustrate and are
representative of the developments and discussions currently ongoing. This selection was subjective
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and with a focus on the United States. The omission of studies from this repohosild in no way be
interpreted as a comment on their quality. For example, when discussing energy transisoanarios,

we briefly describe efforts in Australia and in Californidustralia and California both have a long
tradition in solar energy developmnt and have recently developed exemplary integrative
infrastructure concepts. Yet, equally detailed transition scenarios now exist for many regions and
countries around the wod. We kindly ask the reader to bear this in mind.

A-The ContributiorPtibbvoltaisto the Energy Transition

Between 1998 and 2015, the cumulative photovoltaics installation capacity has grown
between 20% and 72% annually, with a compound growth raté about 40%. This makesPV the
fastest growing renewable energy technologydowever, nost projections and scenarios of PV
deployment have consistently underestimated this growttCreutzig et al., 2017) For example, he
International Energy Agency (IEA) predicted annual growth rates of between 16% and 30% between
1998 and 2010. The 2012 Worl d Enered32% @uauallgrovthk 6 new
until 2015 but anticipated a too smallgrowth rate of 12% for the fdbwing five years. Transformation
scenarios by the German Advisory Council on Global Change (WBGU) estimated the growth rate to be
26%, and even the most advanced scenarios fall below fég with expected growth between 24% and
32%. The different scenaris, as well as the actual growtlof PVare shown inFigurel, illustrating the
fact that every projection has consistently fallen short of the pace of actual solar growth

Figurel. PV Growth Over 2§ earPeriod
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The discrepancy between actual deployment and moe@sed predictions is attributed to
biases in the models, with three factors being especially importantnderestimates of the fast
technological learningthat has occurredin the PVindustry, changes inpolicy supportfor PV, and
increasing coss for competing technologies. PV technology has experienced exceptional technological
learning. Module costs, in accordanceithw h a t i's someti mes ,laeelddcreatedSwanso
by 22.5% for every doubling ofstalled capacity. Underestimating the learning rates, as well as the
rapid capacity expansiophave both contributed to modelling errors. In addition, cost reductions in PV
technology have helped transform itrbm an expensiveoption to one that is on pa or evenless
expensive than traditional electricity sources, expanding the customer baséearning curvesare
expectedto continue in the future(Creutzig et al., 2017) By 2030, for example, projections suggest
that solar energy may be the lowest cost energy source in most global markets, including being less
expensive than the marginal costs of operating existing combined cycle thermal power plants
(McKinsey, 2019).

Policy supporthas also had a significant impact on the success of PV. One exampfeolicy
is the use of feed-in tariffs, which have acceleratedgrowth in some markets following their
introduction. In Germany, feeéh tariffs contributed to a 400-fold growth in installed capacity between
2000 and 2016 (Creutzig et al., 2017) Important features of the German feed-in tariff were a
streamlined permitting procedure and guaranteed remuneration over a lotigne period (20 years),
making PV a lowisk investment. In addition, the technology enjoyed broad societal and public
acceptance, with adopters willing to pay up ®20% premium on electricity generated via PXfodules
These factors are often left out bmodels of the electricity market which typically minimize system
cost and design the energy mix accordingly. Only stylized policies, like carbon pricing, are typically
considered and often projections are made using existing policies onlgersonal prderences and
technologyspecific policies are typically neglected, resulting in a failure to capture these effects in
growth predictions. In addition, models overestimated the impact oarbon captureand storage or
nuclear power technologies that can corpete with the growth of renewablegCreutzig et al., 2017)

Creutzig et al. (2017)presenttheir own growth modelattempting to correct for some of these
discrepancies. Theyredict a share of 30% to 40% dPVin the electricty mix by 2%0, even if sectors
continue to electrify.Theyconclude:

Reaching a solar economy would require policymakers and society to
overcome organizational and financial challenges in the next decades but
would then offer the mostaffordable clean enegy solutionfor many.
Continuing to underestimate the role of solar risks squandering this
opportunity.
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B-Transition Scenarios

As more and more regionsf the world, as well as individual companies and citiespmmit to
carbon neutrality, a number of initiatives tave begun to develop longeterm scenarios for the
transition to carbon free electricity generation. Briefljwo such scenarios are discussed herelhese
scenarios aremeant to beillustrative, only,reflecting a much larger pool of efforts currently undeay
to identify and develop pathways for achieving lodgrm energy transitions for specific localities or
organizations.In both cases, as with many other similar efforts worldwide, the studies projéarge
new additions of solar energy in the coming dades.

|.B1 - Decarbonizing California

California is a leadelin the solar energy transition in the U.SVith the passage of Senate Bill
100, California has committed to targets of 60% renewable elgicity by 2030 and 100% carboHAree
electricity by 204 (2018). The Californiaelectric utility, Southern California Edisonhas developed
the dean Power and Electrification Pathway as an integrated approach to reduce gieeuse gas
emissions and air pollutionand create a futire lowcarbon economy, including electricity generation,
transportation and buildings(Southern California Edisor2017). They plan to further develop state
policies and explore new measures to find epeffective and practical wayg to significantly reduce
emissions reach defined climate goals and generate new jobs. Goals include the installation of
increasingly energy efficient buildings with electrified space and water heaters, an electric grid ihat
80% carbon free and the adoption of more than 7 nlibn electric vehicles, all by 2030.Figure 2
summarizes thesemeasures andshows that theobjectiveis to reduce theoverall carbon footprintof
the California economyby 40% compared to 1990 ir2030, and by 80% in 2050

Figure2. Decarbonize Califorrd Projections
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The plan includes thefuture installation of an additional 30 GWof renewable energy
generation capacity and 10 additional GW of storage from fixed and mobile sourcdte plan is to
support these resources witharge hydroelectric generators. Achievingdtgoalsset for 2030 are seen
as a starting point to achieve the even deeper carbon emission deaset for 2050. While the initial
period will be dominated by a shift to renewable electricity, later measures will more strongly focus on
further decarbonizing the transportation sector, bldings, and industrialenergy consumption

.B2-100% Renewablin Australia

In a series of papers, A. Blakerand colleaguesfrom the Australian National University (ANU)
describe a scenario that supports 100% renewable electricity for AustrafiBlakers 2017, Blakers et
al. 2017). Theypresent simulated results &ing an hourly energy balance model of the Australian
National Electricity Market (ANEM), assuming a scenario with 100% renewable electricity. Thé lon
share of the generation isprovided by wind and photovoltaics (about 90%), with biomass and
hydroelecticity providing the balanceof required energy Theyassume that wind and solar generation
are distributed over the Australian landmass to average out variations in weathgatterns and to
reduce the need for storage (sed-igure 3B). Meeting this assumpton would requirea significant
expansion of highvoltage interconnection power lines between regionas well asadding electricity
storage. These measures are also necessary to support gridflity. To provide storagethe study
concentrates on pumped lgdro, whichcurrentlyaccounts for 97% of the worldwide stationary installed
storagecapacity. The studyincludes estimates ofthe unused pumped hydro potential in Australidhe
authors laterextended this investigation to provide a map of potential pumpgéiydro sites in the world
(Figure 3A). The additional cost to support therojected renewable energy supply is estimated at
AU$2530/MWh (corresponding to US$123/MWh). LCOE is estimated at AU$93/MWh
(US$70/MWh) and isestimated to fallover time.
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Figure 3. AustraliaRenewable Energyaps
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Figure3A. Atlas of potential pumped hydro sites. More than 22000TWh of potential capacity were
identified. (Stocks et al., 2019)
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Figure3B. Map of the wind resource in Australia. High voltage transmission lines to interconnect
different regions are indicated in greer(Stocks et al., 2019)

m Energy and Sustainable Solar Technologies

18



Energy and Sustainable Solar Technologies

| OE Engineering Research Center
W/aEssT

Achieving the goals set for 2030 are seen as a starting point to
achievethe evendeeper carbon emission goals set for 2050.
While the initial period will be dominated by a shift to renewable
electricity, later measures will more strongly focus on further
decarbonizing the transportation sector, buildings, and

industrial energy consumgion.
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II-PV PERFORMANCE

PV deployment is growing rapidiylo achievethe high solar P\tapacities needed toreduce
carbon emissiors from the energy sector significantly and create a lesarbon economy, however, will
require significant continuedgrowth, as highlighted above One of the core questions is what the
conditions are for the PV industry to be able to scale sufficiently rapidly to meet global PV targets.
Central to that challenge is the need to continue to advance the performance of R¢hnologis
coming off the manufacturing line.

Needleman et al.(2016) used the Paris climate goals to estimate a PV deployment target of
more than 10TW by 2030, about 20 times th total installed P\tapacity at the end of 2018 To achieve
this installed apacity,the study emphasizes that manufacturing capacityeeds to scale accordingly
and explores the requirements for achieving this goal

The study explores multiple scenarios through which the PV industry might scale its
manufacturing capacity. The samarios edplored include simply scaling current PV manufacturing,
raising additional debt, and including new technological innovations (e.g., reduced variable costs and
increased module efficiencies) (Needleman et al., 2016) The resultsfor different scenarios are
summarized inFigure4.

Figure4. ProjectedPVInstallation 2016-2030
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Figure4. Projection for cumulative PV installation over time for a number of scenarios: baseline
technology (light blue), linef-sight technology innovations (red), an advanced concept with improve
efficiency (16% to 24% module efficiency), an advanced conceptdusing on reduced variable costs
(green), and line of sight improvements with an additional increase in debt to equiitio of 5:1
(Needleman et al., 2016)
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The authors find thaf currently, the PV industry is not capablefcscaling fast enough on its
own. Withexistingmanufacturing capacity (light blue line), the installeBVcapacity by 230 would fall
significantly below 2TWNeedleman et al., 2016) Lineof-sight innovation (red line) would improve the
potential to meet the Paris goalSbetween3 and 4TWPVcould be installed by 203G but this would
still not suffice to reach the needed manufacturing capacity. One way to accelerate growth is to
increase debt (gllow). This strategy is initially efficient and allows the fastest growth rates of any
scenario.lIn later years, lowever,interest paymentsslowthe ability of comparies to grow, and growth
stagnates. In the shown scenaria debt to equity ratio of 5:1 vas used, and a cumulative capacity of
just above 4TW was reached. The most efficient ways to improve growth that the authors identified
were technologicaladvancements. One scenario used a reduced variable cost (green), which can be
accomplished for exampe, by using much thinner wafers and advanced module concepts (the
scenarios were developed for silicon). This scenario achieved more than 6TW cumulatigtallation.

A further improvement in efficiencyffom 16 to 24%) resulted in the highest installatio leveld more
than 11TW. It should be noted, though, that the models assume that innovation here benefits profit
margins that are used to scale manufactumg; they do not prioritize a reduction in selling price.

The study highlights the crucial role of eninuing innovationin the PV industryto create the
conditions to supply enoughmodules to achieve thedeployment targetsnecessary to create a low
carboneconomy Improving efficiency and reducing material and module costs, traditionally targets of
PV research, are confirmed to be the right topics. The study also warns that the accumulation of debt,
a practice observed with many PV companieas their battle for market shares, while helpful in the
short term, may become a serious issue foithe ability of mmpanies to continue to expand
manufacturingcapacity in the future.

A- Technology Roadmap

PV technology has seen a tremendous increase in installatirwith more than 0.5 TW of
cumulative capacity installed today. The market is dominated kafer-silicon technology(multi- and
mono-crystalline silicon) which have seen extraordinary growth rate3hinfilm technologies utilize
glass or other substrate naterials to directly deposit compound semiconductors such as CdTe and
copper indium gallium diselenide@IGS, instead of silicon wafersThin-film technologies particularly
CdTe have alsobenefited fromrapid growthin the PV industryMarket sharefor thin-film technologies
has decreased since 2009 Figure 5A), despite overall production having ramped up significantly
(Figure5B). The reason for the comparably small market share is the immense scaling of silicon PV
production following the embrace of tis technologyby Chinese solar manufacturersn 2017, thin-
film technologies garnered approximately 4.5% of the global PV market, with CdTe securing over 2%.
As of 2017, annual production of CdTe was just 2.5 GW per yelar2019, CdTe manufacturinggrew
significantly, tonearly 6 GW/yearof CdTePVmodules, more thandoubling itsprior peak production
capacity from 2016, and it is set to continue to grow rapidly in the next few years.
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Figure5. Thinfilm PVMarket Share and Production
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II.Al - Efficiency

The power conmersion efficiency, measured under standard testing conditions, remains the

most significantfactor of merit for photovoltaic technologies. The significance of thiactor lies in the
sensitivity of most other metrics to efficiencymproving efficiency (Whout increasing cost and ideally

while also decreasing costis the most effective technological way to reduce the costs of a module
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and the levelized cost of electricityas measured in $/W)(Powell et al., 2012; Powll et al., 2013).
Figure6 shows that improvingmodule cost is most sensitive to gains in thefficiency of PVmodules,
and efficiency hasthe highest potential for cost savings overall. Thesesults were derived for silicon
but can be qualitatively tansferred to CdTe as well.

Figure6. Sensitivity Map for 2012 Cost Structure
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Figure6. Sensitivity map of the cost structurdor silicon solar cells. The analysis emphasizes the role of
improving efficiencies in reducing costsModule cost is most sensitive to changes in efficiency, and
improving efficiency has also the overall highest potential for cost savinBowell et al., 2013)

The state of the art for CdTe cell and module efficiencieaccording to the NREL(2020)
efficiency charts is shown inFigure 7. The efficiency record for a lalmade solar cell (0.5cnm?) is
22.1%. Since 2010, this number has steadily increased ~15%with First Solar having contributed the
majority of world records sine then, including the most recent. Labased efficiencies demongate
the potential of atechnology butare not representative for what can be realized in manufactured
module. Scaling of cellsto module areas induces additional loss mechanisms for all kemetrics
(current, voltage and fill factor). The current worldecord efficiency for a CdTe module is 19.06Green
et al., 2019) for a First Solar module with an area &.4 m2. Also, this number has steadily increased
from about 10% in 2010, with First Solar being the only contributorrie 2012.
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Figure7. CdTe P\Efficiency Record for Solar Calland Modules
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Figure7. Development of cell (dots) and module (triangle) recoddTe P\éfficiencies ove the past
30 years. First S markedbydarker shades (Nadtiandl Remewable &meryy
Laboratory, 2019)

A comparison of efficiencies between CdTe and other technologies is showfigure8 and
Table 1 (Fraurhofer, 2019). Table 1 was adapted for this report, using data fronmultiple sources
(Green et al., 2019; Geisthardt & Topic, 2015Note thatFigure8 only considerscells with an area in
excess of 1cn, and the highest efficiency value for a CdTe solar cell with this area is given21.0%,
whereas the record efficiency for a smaller cell is 22.1% (both First Sol&l).major technologiesare
included that contribute to utility and residential PV apmations. Thesetechnologies are mono-
crystalline silicon, multicrystalline silicon, CIGS and CdTéle also includeone upcoming technology:
perovskites. There are currently no perovskite module manufacturers selling productand this
technology isstill resolving stabiity issues.
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Figure8. PV Efficiency Comparison
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Figure 8.Comparison of stateof-the-art research cell and module efficiencies for a variety of different PV
technologies (Fraunhofer, 2019)

In 2019, CdTemanufacturing grew sgnificantly, to nearly 6GW/year of
CdTe PV modules, more thatioubling itsprior peak production capacity
from 2016, and it is set to continue to grow rapidly in the next few years.
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In a direct comparison, celbnd module efficiencies for CdTe are sligly below the values
achieved for the other technologie$ a disadvantage that is compensated by the lower fabrication
cost of CdTe modules, as will be shown later. The highest efficiency value achieved for amylesi
junction solar cell under norconcentrated light is 28.8% for GaAs. The most advanced silicon solar
cells have achieved 26.7%, muHirystalline silicond the most widely installed technologyd have
achieved efficiencies 0f22.3% and CIGSells have ahieved 22.9%. The most efficient advanced
silicon PV module has achieved 24.4% efficiencgulti-crystalline silicon19.9%, and CIGS19.2%.
CdTehas currently achievedl9.0%.

A look at some of the key solar cell characteristics revedtise future potential avenuesfor
improving CdTe efficiencyl'able 1 shows which fraction of the potential for two metrics, open circuit
voltage (\&g and fill factor (FF)have been realized for different technologie§.o date,CdTe solar cells
have realizedthe least potental, in both FF, and more significant, valge. For Si and GaAs solar cells,
more than 95% of potential in Flhave alreadybeenrealized CIGS has realized more than 91% of its
potential; and CdTe 88%. In a4 CdTe has only realized 77% of its potentialjttv GaAs going as high
as 97% and Si and @S reaching 85%. Possibilities to realize higher values in FF and voltage will be
discussed later. Considering past improvements, significant advances in CdTe efficiencies for both
modules and solar cells are pogble.

Tablel. Different Solar CelMetrics

Category Alta Panasonic Solar Frontier First Solar
GaAs-28.8% Hit-Si- 26.7% CIGS 22.9% CdTe 22.1%

FReal (%) 89.5 87.1 87.1 89.5
FF (%) 86.5 83.3 79.7 78.5
FF/FFdeal (%) 96.6 95.6 91.5 87.7
Voc,ideal(V) 1.163 0.879 0.879 1.156
Voc(V) 1.122 0.744 0.747 0.887
VodVoc ideal(%0) 96.5 84.6 85.0 76.7

Table1. Comparison of the potential for different solar cell metrics realized by different technologies
(Geisthardt & Topic, 2015).

A final remark should be made about étiencies While efficiencies are the basis for a first,
general comparison, they are not sufficient to capture the full picture of how much energy a solar cell
generates under outdoor conitions, which for most of the operational lifetime of a PV systedeviate
from the standard testing conditions used to determine nameplate efficiendgee sectionll.B). A
significant difference between CdTe and Si, as well as CIGS, is the higher band @faf.54 eV
(compared to around 1.1 eV for the latter two). We wdliscuss the implications of bandyap on energy
yield in detail later. Here it should just be mentioned that a higher band gap comes with an overall
advantage on energy yield (sefigure9). Considering median values for the electricity generation
potential of solar cells around the planet, there is a penaltyn energy yield otharvesting efficiency
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(i.e. the average efficiency of the solar cell under outdoor operation) that is roughly line@h band
gap. Comparing CdTe and Si on this account, lafeasured efficiencies of Si solar cells should be
reduced by 1.4% to better account for outdoor conditions, whereas CdTe solar cell efficiencies should
only be reduced by 0.2%Peters & Buonassisi, 2018) This would bring module ditiencies of CdTe,
CIGS and multcrystallinesilicon very close together.

Figure9. Band Gap Comparison
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Figure 9.Upper- Comparison of standard testingcondition efficiency Hstcand harvesting efficiencyy
r for different solar cell technologies in the radiative limit as a function of band gapower- The
difference between the two efficiency metrics is plotted, revealing a roughly linear relation betwee
the efficiency penalty for outdoor operation and the band gap of a soleell. As a consequence,
standard testing condition efficiencies benefit cells with a smaller banglap. In outdoor operation,
performance losses for higher band gap cells are smalléhan and result in a better performance
ratio when compared to STC ratiys (Peters & Buonassisi, 2018)

[1.A2 - Module Cost

A second important metric ighe cost of themodule. Typically, this cost immeasuredin $/W
and combines thepower generated by the modul€W) with the cost to produce anodule ($). The
reduction of this metric $/W) in PV over the past decades is unique in the history of energy
technologies. A 29%eduction in cost for every doubling in installed capacityas beenobserved for
silicon solar cells, and a 25% reduction fathinfilm technologies.Reminiscento f Mo leaw @10 s
semi conductor s, this devel opment Lasd Modute picecsme s r e
between 2006 and 2017 are shown inFigure10. The total installed capacity in 2017 was 405GW for
c-Si techndogy and 33GW in thidilm modules (about half of which are CdTe PV modules).
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Figurel0. Decrease in P\Module Pricing
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Figure10. Learning rates for thinfilm (green) and crystalline silicon technology (blue) for the time ve¢en
Q2 2006 and QL 2017 (Fraunhofer, 2019)

Traditionally, thinfilm technologies have been able to produce modules at a lower $/@vice
than crystalline silicon technologydue to the relatively low energy and material reiements of thin
film PV manufacturing In recent years, however, strong cgmetition amongsilicon PV manufacturers
in China with a focus on capturing market sharghas resultedin the sale ofsome silicon modulesat
extremely lowprices, especiallyin conventional multicrystallinealuminum back surface field AHBSH
technology. The fact that the industry transitiead from BSF topassivated emitter and rear cellFERG
and, to some extent, from multcrystalline to mono<rystalline manufacturingmay be an additional
factor. Manufacturers have closed or phased outold manufacturing lineswhich is accelerating the
transition away fromthis out-of-date technology (ABSF).Figurell shows theU.S.and global average
selling prices for siliconPVtechnologies (NREL, 2019)
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Figurell. PV Module Pricing
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Figurell. U.S. and globahverage sellingprices for different crystalline silicon ¢-Si) PVtechnologies
(NREL, 2019)

IILA3-Levelized Cost of Energy (LCOE)

A third relevant metric is the levelized cost of electricity (LCOE). This metric describes the price
at which a PV installation is able to generate electricigver its lifetime In addition to efficiency and
module cost, this metric also considers balance of system (BOS) cosés well as costdor installation
and maintenance andthe impacts ofmodule degradationon electricity generation by thenodule as
time progresses LCOHIses a net present value calculatiorto assess the average cost oklectricity
incorporatingall occurring costs over the lifetime of the PV system.

PV electricity has undergone dramatic cost reductions that have turned it from one of the most
expensive forms of electricity to one of the cheagst. An analysis by Lazard2019) shows this
developmentin Figure12 (2019).
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Figurel2. Levelized Cost of Energy Comparison
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Figure12. Unsubsidized LCOE for different electriciggenerators between 2009 and 2019 (Lazard, 2019)
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When considering unsubsidized LCQBolar and wind fare better than any other source of
electricity. Notably, thin film solar PV with2342 $/MWh is slightly cheaper than crystalline sidon PV
with 36-44 $/MWh in this analysis (Lazard, 2019) Wind generates the lowest value with 254
$/MWh, and gas combined cycleis also at a very low value witd4-68 $/MWh (Figure13). A large
part of the reason for the lowL.COE of renewable energy technologies is their rapidly declining capital
costs, in compari®n to traditional energy technologiesHigure13).
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Figurel3. Levelized Cost and Capital Cost Comparison
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Figure13A. Analysis of the unsubidized LCOE for various electricity generating technologies. The analysis
shows that solarPV andwind are costcompetitive with conventional generation technologies
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Figure13B. In some instances, the capital costs of renewable energy generation tewlogies have
converged with those of certain conventional generatioiechnologies, which coupled with improvements in
operational efficiency for renewable energy technologies, have led talacrease in LCOKLazard, 2019)

31



Energy and Sustainable Solar Technologies
-DOE Engineering Research Center

II.A4 - Energy Payback Time

A fourth relevant metric is energy payback timdnvestigations of energy payback time
generally mirror the results for the carbon footprinfsee later in the report section IV). The smaller
energy intensity of fabricating &dTe PV module compared to adlison module, in combination with
relatively high conversion efficiencies results ifaster energy payback times. Whereas the carbon
footprint critically depends on the carbon intensity of the electricity used in the fabri@at process,
the energy paybak time is solely defined by the amount of energy requiréol manufacture the module
and the amount of energy produced by the system. The latter varies with the solar cell resource, which

is location dependent due to, among oher things, the cosine factoof solar insolation and variations
in air mass.

Figurel14. Africa and Europe Energy Pagck Map
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Figure14. Standard (upper row) anchontenewable (lower rowkenergy payback time of different photowltaic
technologies(Louwen et al., 2017)

A study by Louwen et al. shows the energy payback tinf@ several PV technologiess a
function of location for Africa, Europe and the Middle Eagtigure14 (2017). The authors diinguish
betweenenergypaybacktime (EPBT, upper row) andon-renewable EPBT (lower row). The difference
between the two lies in the assumption about whaype of electricity production is replaced by a newly
installed PV system: the current mix of eledtity, including all renewable and norenewable sources
(conventional EPBT) or just narenewable sourcesrfon-renewable EPBT). The difference between the
total and nonrenewable EPBT depends on the penetration level of renewable electricity sources. In
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countries with very high shares of renewable energy (mainly hydropower) like Norway, there will be a
big difference between the two, while at low penetratidavels of renewable electricity, the difference
will be small.

In either case, CdTe has the lowesPBT of all investigated technologies, with values below
0.5 years in many locations, especially on the African continent, but also in some southern European
countries, whereirradiance levels are similar to theU.S Variations in EPBT are due to the caletion
met hod which <considers each countryds average
renewable electricity (especially hydropower) and with high primary energy to electricity conversion
efficiency shav high nonrenewable payback times.

Enemgy payback time was also considered in the review by Peng ef(2013), using the same
sources with data between the year 1998 and 2011 as indicated belovhlso here and even for the
quite early stage of CdTe PV mdale technology, CdTe PV already demoraties its advantage
compared to other module technologies. Energy payback times stated in this study vary between 0.75
years and 2.1 years with an average of about 1.4 years. The results are summarizeBigurel5.

Figurel15. Aveiage PVEnergy Paybaciime
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Figure15. An overview of energy payback times from various PV technologies. Data was assemble
from a number ofsources(Peng et al., 2013)

The study by Lecciskt al. (2016) considers a morerecent state of CdTe PV technology and
distinguishes between three levels of irradiation. The study confirms EPBT values as low as 0.5 years
for regions with the highest insolation and supports a differenceylonore than a factor of two between
CdTe PV andinglecrystalline silicon technology. Results for the study are summarizedTiable2.
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Table2. Energy Payback Comparison

GRIDEFFICIENCH) SGSIPV  MGCSIPV  CDTEPV  CIGS PV
2.8 21 11 19

1700 KWH/(M2 YR) §=0.3) 1.6 1.2 0.6 1.1

2300 KWH/(M2 YR) (=0.3) 1.2 0.9 0.5 0.8

Table 2. Energy payback timéyr)for various PV technologies and under various insolation conditions an
grid efficiencies(Leccisi et al., 2016)

B-Hot and Humid Climates

Solar cellsreact to the environments in which they are placed, including temperature and
humidity, and cellsmade of different materials react differently taheir operating conditionsand
environmental contexts Thesedifferences can have a significant impact on theamount of energy
produced by different kinds ofolar celk. Generally, materials with a higher bangap are less sensitive
to operating conditions where tie band gap of a semiconductor is the minimum energy requiréal
excite an electronfrom its bound state into a free state where it can participate in conduction
Compared to silicon, lte reduced sensitivity of CdTe to elevated temperatures tw the impact of
humidity on the light available to the Pvhodule (technically referred to as light extinctionprovides
CdTe thin filmmodules with an advantage, especially when operating in hot and humid climates. The
result is an improvedrelative performanceand higher comparable energy yieldlefined as the total
energy ouput from an installed solarmodule.

[I.B1- Impact of Temperature

The impact of temperature on PV system performance is well documeni@tishioka et al.,
2003; Woyte et al., 2013; Ye et al., 2013; Reiclet al., 2012). The impact oftemperature is also
developed in predictive model¢King et al., 2004; Veldhuis et al., 2015; Sandia National Laboratories,
2020). The solarcell output voltage and current genetion are affected viatemperature and
materials-specific factors the kT dependence of Boltzmann statistics and materiatgpecific bandgap
narrowing or widening as well as devicerchitecture specific factorgPeters et al.,2018). Figure16
shows how the radiative efficiency of several PV materials changes as a function of temperature.
Figure 16 directly compares the temperature dependence of performance ratios of statéthe-art
CdTe and PERGpe silicon PV modules as &unction of tempemture. This function is often linearly
approximated, and the slope is called the power temperature coefficient.
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Figure16. Cell Efficiency at Different Banéaps
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Figure16. Left - Limiting efficiency as a function of band gap and temperature. Band gaps of variou:
PV technologies as a function of temperature are also showRight- Normalized performance ratio of
a CdTe PV module and PERgDpe silicon solar ceb. CdTe is lessensitive to changes in temperature
and has a comparably higher performance ratio at high temperaturgPeters et al., 2018)

Table 3 summarizes the material properties of various solar cell materials. Tempasure
coefficient here is the most relevant parameter. Compared to mainstream silicon PV technology, CdTe
has a significantly smaller temperature coefficient, resulting in a better performance ratio at
temperatures abovestandard test conditions of25 degrees Celsius (77 degrees Fahrenheit)When
generating most of their powerPV modulesare typicallymuch hotter than the ambient airaround
them (10 degrees Celsius or more above ambientair is not atypical), hence much of the power is
generated at temperatires above 40 cegrees Celsius (104 degrees Fahrenheit; 313 degrees Kelvin
in Figure16). One exampleof the relationship between PV module power generation and temperature
is shown inFigure17, which shows that, in hot, arid climates, most of the power generated at very
high module temperatures of between 50 and 60 degrees Celsius.

Table3. Properties of Different P\Devices

GaAs Perovskite
(CH3NHsPbl)
Band gap | E;@ 25°C| 1.010 | 1.125| 1.431 1.540 1.639
(eV) (1.0- (1.55i 1.7)
1.2)
Temperaturel Dh/ dT (% 0.317 0.27
coefficient K'Y 0.6
Record cell | hyec (%) 14.1 26.7 28.8 22.1 22.1
efficiency (22.8)

Table 3.8 Band gap at 25deg C (Eg@25°C), power temperature coefficigiit7/DT)and record
efficiency (/red (Peters & Buonasisi, 2018).
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A smaller temperature coefficient offers a significant advantage for a PV technology in hot
climates. It should be noted, though, that temperature coefficients are not only linked to materials, but
also depend on the architecture of thesolar cell. In geneal, solar cells with a higher voltage have a
smaller temperature coefficient. Typical values for silicon are in the range@#5%/K; for CdTe values
are around-0.27%/K. The very best silicon solar cells, heterojunction (or commonbiled HIT cells),
however, generate much higher voltages than conventional silicon solar cells (up to 750mV at open
circuit) and can have temperature coefficients as low af.3%/K. Further improving the voltage of
CdTe solar cells should also reduce themperature coefficent.

Figurel7. PVModule TemperatureRange
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Figurel7. Insolation and module temperature in a hot and arid sutropical environment. The
majority of the power is generated at module temperatures between 8 and 60° C(Peters et al.,
2018).

11.B2 - Impact of Watapor

In addition to temperature effects, also the impact of spectral variation on CdTe modules, and
their differences to silicon, are well documented. Spectral effectsccur because different agents in
the atmosphere absorb light predonmantly in certain spectral ranges. Water, a main contributor to
the shape of ground reaching solar radiation, is more dominantly active in the infrared, while aerosols
are mostly activein the blue. These absorptions result in changes of the percentage @failable
photons that can be absorbed by a solar cell. A small band gap cell like silicon will see a larger relative
reduction in power for high atmospheric water concentrations thanlarger bandgap cell like CdTe.
The reverse is true for aerosols.

Higher levels of humidity or water vapor in the atmosphere, sometimes referred to as
precipitable water, reduces the amount of sunlighthat reaches the solar module as it passes through
the atmosphere Waterblocks orextinguishes light through absorption ascattering. Water absorption
is not equally distributed over all wavelengthsf sunlight but rather is concentrated in a number of
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discrete bands calledabsorption bands. These absorptn bands are indicated inFigure17 as blue

bars and marked with HO. Figure18 shows how the limiting efficiency of solar cell as a function of
band gap of the solar cell material changes with increasing amounts of water in the atmosphere. It
can be seenthat, wheneverone of the blue bars is crossed, efficiency is reduced. Because silicon has

a smaller band gap (1.12 eV) than CdTe (1.54eV), silicon absorbs a wider range of photons, and light
that Si can use is affected by more absorption bands. Consequbntas the waer content in the
atmosphere increases, the light intensity thatan be used bysilicon modulesto create electricityis
reduced more strongly than for CdTe. The greater sensitivity of silicon compared to CdTe is also shown
in Figure18.

Figue 18. Precipitable Waterand Band GapEffects onEfficiency
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Figure18. Left - Limiting efficiency as a function of band gap and total precifible water. Band gaps
of various PV technologiesare also shown Right- Normalized performance ratio of a CdTe PV modul
and a PERC type silicon solar cells as a function of total pretglle water (Peters et al., 2018)

The sensitivity to water is specifito a solar cell band gap which is defined by its absorber
material. Higher band gap materials are principally less sensitive to water vapor in the atmosphere
than lower band gap materials. All higher band gap materials consequently have an advantage ove
silicon in areas with high humidity. Because this advantage is tied to the absorbed band gap, there
are also no technologicameans bywhich lower band gap materials could compensate. In temperate
climates, the total precipiable water (i.e. the total waer content of the atmosphere when condensed
into a column) is typically below 2cm. In the tropicsvalues can be as high as 12cm, and the
corresponding performance difference between silicon and CdTe can exceed 10%.

Analysis by First SolalHgure19) shows howspectral variations influence the energy yield of
CdTe PV modules compared to silicon PV modu(ese et al., 2015) Because of the generally greater
atmospheric water content in pas of the tropics andsubtropics, CdTehas a performance advantage
in these regions. The effect was named Ospectral
when compared to yield based on a single, standard spectrum (typically called the AM1.5 spectrum).
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Figure19. Irradiance rated spectral gain in energy yield for the First Solar serie24nodule in different
regions of the world(Lee et al., 2015)

A note on PV module characterizatiod Testing and certification of PV
modules is doneunder so called Standard Testing Conditions. These
conditions include one particular temperature (25deg C), a specific
spectrum (AM1.5g), and onespecific light intensity (1000W/n?). To
account for deviations of these conditions, typically corrections are

applied. The already mentioned temperature coefficient is one of these

corrections, and allows projecting performance at varying temperatures.
Spectral effects have long been neglected. One reason is that variations in
the spectral shape alone have littleeonsequence when only silicon solar
cells are considered, and silicon PV has dominated utility installations for a
long time. Yet, if two PV teatologies with different band gaps are
compared, spectral correction becomgnecessary. For this reason, First
Solar and others have introduced spectral correction factors that need to
be applied to arrive at the correct energy yield for CdTe PV modulese Th
above shown spectral gain is a consequence of this.
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11.B3 - Impact of Aerosols

Similar to water, aerosols in the atmosphere also extinguish light through absorption and
scattering. One difference between aerosols and water is the spectral range in whinogy are active.
While water extinguishes light in bands, many of which are located in tlwfrared, aerosols
predominately affect blue, short wavelength light. As CdTe absorption is constrained to shorter
wavelengths than silicon, it is relatively moreffected by aerosols. Note that this argument refers to
aerosols in the atmosphere and not tsoiling. The situation for soiling is different and is determined
by module architecture rather than solar cell material.

A study by MIT indicateghat CdTe module are affected more strongly by atmospheric
aerosols (Peters & Bwnassisi, 2018). In areas with high pollution, especially cities like Delhi or
Shanghai, CdTe PV modules have a disadvantage over silicon for this reason Figere20).

Figure20. Aerosol Impacts
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Figure20. Impact of PM2.5 aerosols on a variety of PV materialt) Estimated flux atenuation as a
function of band gap B) Projected performance reduction for four Pyhaterials in selected cities with
high levels of air pollution(Peters & Buonassisi, 2018)

[1.B4 - Performance Ratio

Performance ratio $ not uniquely defined, and the meaning of the term can differ depending
on who uses it. Importantly, performance ratio in research often is used differently than in industry. In
general,the performance ratiodescribes the ratio of actal yield to the expected yield. The expected
yield requires a reference value, which can be derived, for example, from the STC module efficiency
or from the nameplate capacity of the system, but can also be obtained from more rigorous
calculations. The atual yield also neels to be specified and can vary, depending on whether, for
example AC or DC yield is considered.
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Performance ratios are a useful research metric to compare different solar cell technologies,
as they eliminate efficiency differences fromthe comparison and integrate the impacts of
temperature, humidity, and other factors on performanceBecause of the lower sensitivity of CdTe to
water related | ight absorption and temperatur e,
performance ratos for CdTe in ho& humid climates. In reverse, in cold and dry climates, silicon solar
cells should show superior performance. Various studies confirm this expectati@ottschalga et al.,
2003; AlonscAbella et al., 214; Nofuentes et al., 2014; Schweiger et al., 2017)with examplesin
Figure21 (Peters et al., 2018; Huld & Gracia Amillo, 2015)

Figure21. Performance Ratio in Differat Regions
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Figure 21A. Smulated performance ratios for a variety of solar cell technologies for all areas showndn
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Figure21B. Difference between the performance ratios of CdTe and mo#&i in parts of Africa, Europe
and Asia(Huld & Graéa Amillo, 2015).

Huld & Gracia Amillg2015) explored the difference in performance between CdTe and silicon
solar cells in parts of Africa, Europe and Asia using sateHiiased simulations Figure21). Their esults
confirm the expected trends CdTe has a performance advantage in all of Africa, tropical and sub
tropical Asia (with the exception of the Himalayas), and parts of southern Europe. The magnitude of
the performance advantage is up to 8%. In northerrutbpe and northern Asia, as well as ithe high
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mountain ranges, silicon has a performance advantage of the same magnitude. In wide parts of
Europe, Kazakhstanand Chinathe twotechnologies perform similarly.

A study by Peters et al2018) extends a similar comparison to the global scale wh similar
results. CdTe is shown to have a performance advantage in the Tropics and Subtropics with a
magnitude of up to 6%. Silicon has an advantage of the same magnitude in northern North America,
northern Asia andthe southern tip of South AmericaRigure 22). Similar performance is found in large
parts of theU.S, Europe and Central Asia. A differenct the studyby Peters et al(2018) compared
to Huld and Gracia Amillo(2015) is that CdTe also appears to have an advantage in China. This
difference could be due to different data sets and years used in the two studies. It should be noted
that a warming climate will likely extend the region in which CdTe has an advantage.

Figue 22. Performance RatidComparison
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Figure22. Calculated annual average performance ratio difference between a silicon PERC solar ¢
and a CdTe PV modules. Positive values, indicated by red and yellow tones, mar&réormance
advantage for CdTe, blue values one for @eters et al., 2018)

11.B5 - Energy Yield

A second important metric is energy yield. Energy yield describes the actual energy generated
by a PV system over a certain time. This metric includes the solar cell efficiency, as well as operating
conditions. Huld& Gracia Amillo(2015) also modeled thecomparative energy yield (in kwh per kWp)
of different PV technologies in the area they explored. Results are showiFigure23. The yields for
CdTe and silicon technologies are similavith CdTe having alightly wider range of yields than any of
the silicon technologies.

In another study Peters et al.(2018) explored energy yield limits for various technologies,
including temperature coefficients and band gap narrowing for the various solar cells. Theutes are
shown inFigure24. Despite having a bad gap that results in a lower efficiency limit than silicon, the
difference in modeled energy yield between silicon and CdTe is very small (820 and 813 kWIi/m
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annual yield in 2015). Based on these yield mabers, the same study suggests that when compagn
efficiencies of silicon and CdTe cells measured under standard testing conditions, about 1.2% should
be added to the value of CdTe for a fair comparison of the median worldwide yield of silicon and CdTe
solar cells.

Figure23. Amual Energy Yield
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Figure23. Annual calculated energy yield for various PV technologi@duld & Gracia Amillo, 2015)

As an example: the current world recorekll for silicon is 26.7%, the one for CdTe 22.1%. These
values were both measured under standard testing conditions, and do not reflect typical operating
conditions. If median worldwide conditions were considered, the value for silicon should be reduced
by 14%, reachig 25.3% harvesting efficiency, and the value for CdTe by 0.2%, reaching 21,.@%ere
harvesting efficiency isthe average efficiency of the solar cell under outdoor operatiohese two
numbers, 25.3% and 21.9% are a better comparison of therelative thearetical effectivenessof the
two technologies when it comes to generating electricity undeyal-world operating conditions.

Figure24. Global Energy YielMaps
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Figure24. (A) gives the energy yield in kwWh/éfor 2015 with a material having the ideal band gap in
each location. (BXF) show the energy yields for the five considered materials. These five graphs are

shown with two axes corresponding to the radiative limit (right) and a projection to record solar cell
efficiencies (eft, color) (Peters & Buonassisi, 2018)
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C-Performanad CdTe PV in the Field

With more than 25 GW ofmodulessold, there are now numerous installations of Cdheodules
around the world. For many of these installationsmeasurement data is available to compile a
comprehensive picture of CdTe solar cell performance over time in the field. In this sective
summarize the available data.

[I.C1 - OutdoofestingStes andResults

First Solar maintains a number of testig sites around the world that are used to monitor the
performance of CdTe PV technology under a variety of operating conditioRigure 25 shows
photographs of one of these testing sites (upper left) and the additional equipment used to monitor
weather dda (lower left)(Buehler, 2015).

Dedicated sites are distributed around the planet and cover a variety of climate zones,
including temperate climaes in Ohio and Chile, the hot arid climate of Arizona, and hot humid climates
of Malaysia, India and the Phippines. Monitoring across different climate zones is important because
there are significant differences between differerf?VVtechnologies regardig performance metrics, as
well as soiling and degradation behavior. A more detailed discussion of the forngeprovided in PV
Performance sectiorll.B.

Figure25. First Solar Test Locations

Arizona 320 kw Hot Arid

Ohio 350 kw Temperate
Malaysia 350 kw Hot Humid/Wet
Chile 36 kW Temperate
India 36 kW Hot Humid/Dry
Philippines 36 kW Hot Humid/Wet

Figure25. Photographic images of a First Solar testing site (upper left) and the additional monitorin
setup (lower left). A total of six sitespread all around the world (middle) is used for detailed
monitoring (middle). The sites are distributed over varioustiate zones (right), to allow monitoring
over a wide range of operating condition@Buehler, 2015).

In addition to the detailed masurements, First Solar also monitors the performance of several
of its commercial systemsFigure26 shows a map of the tpbal distribution of First Solar PV systems
in the year 2015 on the left. Those monitored for performance are marked in red. Alsere, monitored
systems are distributed over several climate zones to cover a large variety of the operating conditions
prevalent on earth. On the righhand side, the measured system performance is compared with the
results of performance modelling. The higgram shows that systems, overall, perform as expected.
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The average modelling error is close to zero, with the distritmrticentering around that value. Errors
are spread between-5% and +3%, with a width of about 2.5%. The result shows that the major
contributors to CdTe performance are largely understood and captured in the modelling process.
Systems, after construction, erform reliably independent of location.

Figure26. First SolarMonitored Plants
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Figure26. Left - Map of First Solar power plants in 2015. Monitored plants are shown in red. Right
Histogram of the modelling error for the various system@uehler, 2015).

While Figure26 shows the spatial distribution of First Solar systemEjgure27 (below) shows
a comparison between the measured and the predicted lifetime performance of First Solar PV systems
as a function of the commissioning date. Included are systems installed between 2004 and 2016,
with the black bars marking different series dfirst Solar modules TheFigure27 shows that modules
have performed reliably and predictably from the start. Improvements in modelling are also apparent
0 over time, and especially between series, efficiency and wattage of the monitored modules has
improved. With more effient modules, performance models need to be adapted to capture relevant
effects. Especially from 2009 onwards, the spread of values has declined with fewer and fewer
systems performing lower than predicted.

Figure27. First Solar Rrformance
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Figure27. Comparison between the measured and predicted lifetime performance of First Solar PV systen
by commissioning datgBuehler, 2015).
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11.C2 - Degradation

A variety of degradation mechanisms exist thaesult in a reduction of paver output of all PV
modules over time. Two categories of mechanisms can be distinguished: first, mechanisms that affect
the semiconductor devices themselves, and second, mechanisms that affect the module construction,
including material degradation in ba& sheet or module encapsulation. Degradation mechanisms are
present in all semiconductors, and are specific to each technology, despite having a similar result;
stress over the lifetime of operation reduces the power conversioffieiency of the solar celbver time,
resulting in a regular and often prediable performance reduction. Degradation mechanisms in the
module depend on the used module architecture and are caused by harsh environmental exposure.
Examples are water ingres that can result in delamnation or corrosion of different parts of the
module. To explore module degradation, a number of testing procedures are applied. These
procedures include indoor and outdoor measurements and are designed to represent a variety of
conditions. Experience wht these degradation procedures is used to develop models to predict he
power output of a module. Comparison between simulated and measured performance results are
often used to gauge the reliability and predictability of a PV mdd.

The annual degradabn rate defines the relative reduction in power output over timReducing
degradation has been shown to be aritical factor inreaching very low LCQIas a longer lifetime for
the module stretches its viable generating periodout considerably in time, wh higher annual
production in each year. As a result, degradatidras been a focus for technology improvement by the
U.S.Department of Energy in recent year®eters et al., 2019)

CdTe solar cells degrade differently fromlieon PVmodules, which makes a direct comparison
between these two technologies less than straightforward. Especially, Cdi@dules show fastinitial
degradation followed by a saturation at a much lower rate. Eaermore, continuous improvement in
module technology has resulted in a distinct improvement of CdTe degradation over the last couple of
years(Peters et al., 2019; Strevel et al., 2013; Gloeckler, 2017)

Ore of the longest running tests is a 600V QI Te research installation established at NREL in
1995, which has been running ever since, and for which more than 19 years of continuous data is
available. DC power output for this module, along with a 1204 instllation from 2003 is shown in
Figure28 (Ngan et al., 2014) Degradation rates for these two installations ar®.47 + 0.07 %/year
and -0.33 * 0.19 %/year.Figure 28showthe potential for CdTePVto operate for very long pedds of
time with relatively little degradabn.
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Figure28. Historical CdTePVPower Output
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Figure28. A) DC Power output over 19 years for a 600/ CdTe research module installation from
1995. B) DC Power outpt over 10 years for a 1200W CdTe research module installation from 2003.
The latter module is technol (Nganetall2014) cl ose t

Jordan et al.(2016) aggregated degradation rates from PV stallations from the prior 20
years The results aredepicted inFigure29. The study found degradation rates for Si technologies in
the range of 0.5% to 1% per year. Higher degradation rates atgggestedfor CdTe, yet several things
should be noted whenconsidering these results. The paper aggregates published and selported
data: the measurements were not carried out by NREL. An aggregation is also problematic as
measurement results of thirfilm PV modules are skewed depending on the exact measurememd
calculation procedure, which is more intricate than that for silicorin addition, the number of
datapoints for CdTe is significantly smaller than for Si, hence statements about CdTe have a much
lower level of statisticalsignificance. Many studies esn report onlya single or few data points and
have largeuncertainties

Significant deviations between nameplate rating and beginnimd-ife measurements have
been documented, and performance ratio measurements taken with respect to nameplate values are
often unreliable, a result that was also foundh other studies (Peters et al., 2018)

Figure29. Degradation Rates
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Figure29. Aggregation of degradation results from outdoor measurements of vario®¥/ technologies
(Jordan et al., 205).
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Jordan and Kurtz(2012) looked at PV system degradation for systems installed before and
after the year 2000. Results from this study are shown ifrigure 30. The study finds system
degradation rate for post2000 installations in the range of 0.6%/year. The study mentions that
sysems degrade less rapidlythan modules. This discrepancy is attributed to the facthat dmodule
investigations often focus on prototypes, whereas system investigais are more likely comprised of
commercial productsd Conf ounding effects | i ke mismatch,
could also contribute.

Figure30. Degradation Location and Rates
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Figure30. A) Locationsaround the world.C) Reported system degradation ratesThe study
distinguishes between installations before (pre) and after (post) the year 20q0ordan & Kurtz,
2012).

Jordan and Kurt22012) also reviewa number ofadditional studies of CdTe systemsdMarion
et al. (2001) analyzed a CdTe system at NREL in Colorado, U8dividual module efficiencies varied
widely, with some improving by more than 10% while others degraded by more than 10% over a 5.5
year test period. Howewe the overall systendegraded by approximately 0-6%/year. Ross et @006)
found a similar degradation rate for a system located in the hot and dry climate of Tucson, AZ, USA,
over 3 years. In addition, a system in the moderate climate of Germany wasfd to be virtuallystable.
Foster et al.(2006) found degradation rates ranging from close to zero to 1%/year for several systems
installed in a hot and humid climate of Mexico.

A number of studies report higher degradation rates. Phinikarides et §2015), for example,
report five-year degradation rates of 2.4% for a module installed in Cypri&chweiger et al.(2017)
report differences in degradation over a 24nonth period depending on location. An installation in
India showed an initial increase in peer of 4% followed bysmaller than 2% annual degradation.
Similar degradation rates are reported for the .8. In Europe, strong seasonal effects are observed.
Especially in Germany, a longer stabilization phase precedes the regular degradation, and ower th
experimental periodno degradation was detected.

Overall, the data on CdTe module degradatiorin the field shows some variation across
locations and time of analysisTests published in literature often rely on small sample sets, sometimes
even a singlemodule, and are oftencarried out over insufficient time to properly include the
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stabilization phase. An additional issue is the used reference value. Often nameplate capacities are
used, without considering variations or doing prior characterization. Piding clear guidelinesor how
researchers should measure degradatioim the future could potentially helpameliorate these issues.
Figure31. Initial Stabilization

1

1 Cu free, stable
]
1 A doping
409
33%‘__. T USSR U R R U SE TSR 2O AT SO AR T i IO U (TR G DS R DL T GRS
- 9 %‘ -
- =

Cu doped at
high T stress

efficiency (in-situ MPP)

3 1 I ! ] T
0 10 20 30 40 50
stress time (davs)

Figure31. Recent results about a strategy to eliminate the casolidation phase in nev First Solar Cdé
modules (Metzger et al., 2019)

Arecent study by First Solashown inFigure31, indicated the possibility thatnext generation
First SolarCdTemodules might not suffer the same iitial period of degradation during stabilization
(Metzger et al., 2019) By producing Cdree modules, the initial degradation during light soaking tests
at elevated temperatures was completely remwed. This potential improvemet may allow more

straightforward comparison of degradation of modules made from different materials under outdoor
conditions.

[1.C3 - TemperatuRerformance

Field tests confirm the importance of temperature for PV perfoance, as described above in
theoretical and laboratory studies, and also confirm that highandwidth materials like CdTe are less
impacted by high temperature operation than silicorthe effect was documented by First Solar, for
example in works by Strevett al. (2012), but there area number of examples for similar findings.
Figure32 show the measurements presented by Strevel et §2012)t aken at Fir st Sol ar
Perrysburg, Ohio.S), measurements by Canete et al(2014) from Jaen, Southem Spain, and
measurements bylL.ouwen et al.(2017) from Utrecht, Netherlands.
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Figure32. Temperature Effects on PV Modules
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Figure32. Examges for measured comparison of temerature effects for different module technologies for
the US @), Spain B) and the Netherlands ). Note that in the lastfigure Cadmium Telluride is abbreviated
CT(Cariete etal., 2014; Strevel et al., 2012; Louwen et al., 2017)

Reported temperature coefficients in these studies vary betwedh2%/K (Strevelet al. 2012)
and -0.29%/K (Louwen et al.2017; Canete reports-0.25%/K). Reported values for silicon vary
between-0.4%/K and -0.5%/K.
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1I.C4 - Spectral Effect

The impacts of spectral absorption by water and aerosols has also been confirmed in the field.
Alonso Abella et al(2014) have captured the dfferences between module technologieby defininga
spectral facior for each The spectral factors define spectral gains (for values above 1) and losses (for
values below 1) compared to the standard AM1.5 spectrum. Detailed experimental results for Jaen,
as well as experimental and theoretical results for Jaen and Madiare shownin Figure33.

Figure33. Spectral Factor in Spain
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Figure33. A) Measuredspectral factor 8P over the course of a year in Jae(Bpain) B) Experimental
and simulated results for the overall SF in Madrid and Jaefhlonso Abella et al.2014)

The results for Jaen show a seasonal dependence gfectral factorfor CdTe with losses in
winter and gains in summer. Given the overdligher insolation level in summer, this results in a net
spectral gain over the course of a year. Crystalline silicon technologies, in comparison, show very flat
curves, as they utilizea much greater fraction of the sun spectrum. It should be noted thateasured
values of spectral factors depend on the spectral range of the available measurement equipmes.

a result,there is a discrepancy between simulation and experimental resultsthis work. Overall gains
for CdTe were smaller than expected, whiatan be attributed to additional effects that were not
considered in the study.

A very insightful studys depicted in Figure34 in which the authors established a method to
distinguish ketween temperature effecs, low irradiance, spectral effects, angle oihcidence and
soiling (Schweiger et al., 2017) The study was carried oust four sites with distinctly different
operating conditions in Cologne, Ancona, Tempe and Chennai. The study showed spectral gains for the
two includedCdTe systems, with aotable spectral gain ofmore than 5% in Chennai. The study also
clearly shows the better tempeature performance of CdTe compared to$i in all locations.
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Figure34. PV Module Performance RatiGomparison inFour Locations
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Figure34. Breakdown of losses for installations in four locations (Cologne, Ancona, Tempe and
Chemai) with distinctly different operating conditions, for a variety of installed technologies.
Considered are temperature effects (red), W irradiance (orange), spectral effects (blue), angle of
incidence (green) and soiling (purple). The authors note thiatwv irradiance behavior is most
pronounced in Cologne and benefits CdTe with a magnitude of +1.1% and that the spectral impa
is mostlypositive and high for CdTe technologies with a spectral gain of up to 5.3% in Chennai
(Schweiger et al., 2017).

The difference in performance ratio between CdTe and silicon modules was also investigated
by Peters et al(2018) using measured data from Perrysburg (Ohid,S) and Singapore. Measurement
results are shown inFigure35. The study shows a consistent performance advantage over the course
of a year of CdTe compared to Si for Singapore, and a seasonal dependenceesfgomance ratio
differences forPerrysburg. The differences are attributed to the different sensitivities of CdTe and Si
to temperature and humidity, with a sensitivity analysis indicating that temperature is the leading
effect, but preciptable water only being slightly less important.
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Figure35. Performance ratio differences between CdTe and silicon PV installatdn Singapore A) and

Perrysburg B). Alsoshown aretemperature, total preciptable water and irradiance levels in both locations
over the course of the year 201§Peters et al., 2018)

Munshi et al. (2018) investigated how the performance of CdTe modules comparés
polycnstalline silicon, if various installations are considered. In the paper, ground, rooftop and floating

PV installations are explored, with all sites being located in the tropical conditions of Thailand. Results
are shown inFigure36.

The studyshows a casistent performance advantage over the course of a
year of CdTe compared to Si for Singapore, and a seasonal dependence of
performance ratio differences for Perrysburg. The differences are
attributed to the different sensitivities of CdTe and $0 temperature and
humidity, with a sensitivity analysis indicating that temperature is the
leading effect, but precipitable water only being slightly less important.
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Figure36. PV Power Generation Over a Month
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Figure36. Onemonth comparison of Cadmium Telluride and polycrystalline silicon R¥duleson different
installation. Considered are groundanounted, rooftop and floating PV system@unshi et al., 2018)

The study shows that the pedrmance advantagefor CdTe driven by both temperature and
spectral effects, is consistent over all installations. Notably, no differences are found for installations
on water, for which lower module temperatures could be expected. These results, agaieaspo the
intrinsic material advantage of the higher bandap CdTe absorber, compared to silicon.
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1I.C5-ARC and Soiling

In the last decade, antireflection coatings (ARC) on the front glass, and more recently also anti
soiling coatings have become amain feature of PV modules. ARC coatings reduce the 4% front surface
reflection of the glass cover, and typically recover about half of this lod3assow et al.(2018)
experimentally investigatedhe impact of ARC coatings on the power generation of Fiblarmodules
(2018). Results of a measurement series over 30 months are shown Figure 37. The overall gain
due to the ARC is 1.8%.

Figure37. AntiReflective Coating Effects
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Figure37. Ratio of arerage weekly measured to predicted power generation of a group of modules
with (blue) and without (orangeganti-reflective coating ARQ (Passow, 2018)

Figure38. Soiling Effects
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Figure38. Dailyratios of effective irradiance(insolation)received bysoiled to nonsoiled modules (soiling
ratios) over time (thick line), as well as normalized power output (thin line) over one year (2013 / 2014).
Blue bars indicate rainfall(Gostein et al., 2014)
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The soiling or buildup of dirt on P¥hodules can result in significantreductions in PV module
power output. Gostein et al.(2014) investigated soiling levels and rates alongside PV plant
performance in the desert sodtwest of the United States, the Arabian Peninsula, and Western
Australia. The study found indication of a ging correlation between soiling level and power reduction,
with, in some cases a 1:1 direct correlation. Soiling rates for the five investigatetésivaried between
0.5% per week and 5% per week, underlining the importance of reducing soiling forrRdules in
desert environments, particularly irhumid, dustprone climates(e.g., Arabian Peninsulawhich can
transform dry dust into clustered and s$tky dust Results of this study are shown iRigure38.

Grammatico& Littmann (2016) investigated he anti-soiling benefits of antireflection coating
The results of this study are shown ifigure39. The authors find that First Solar CdTe PV modules
withARCd o n 8t s o in bemiarsd and desdrt climates. The average annual reduction in soiling
rate in the desert southwest was 22%n one locationand 25% inanother. In climates with frequent
rain, no orfew benefits were observed.

Figure39. Soiling Trends
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Figure39. Soiling trends observed throughout Spring 2015. Blue circles are daily ratios of ditty
clean insolation for First Solar nosARC CdTe modules, orange circles are daily ratios of dirty to clee
insolation forFirst Solar AR@dTe modules. The soiling rate of each data set is determined by the
slope of each dotted ling(Grammatico & Littmann, 2016)
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D- Reliabilityfesting

[I.D1 - Indooiflesting@ocedures af&sults

Watrrarties for field performance of PV modulesre typically granted for 25 years, with several
producers giving even longer warranties. As innovation in PV progresses rapidly, field exposure testing
to validate longterm performance for such long times ismpractical, and the PV industry has
developed accelerated testing procedures in the lab to mimic long term exposure and more rapidly
assess probable future performance and degradation of modules in the field. A number of
internationally accepted accelerted testing procedures exist to establish module reliability in the field.
Procedures follow a general format with an initial measurement of a test sample, followed by an
accelerated environmental exposure and a final test of power and safety of the sampléiree of the
common stressors for PV modules are thermal cycling with temperatures being varied betwé4
to +85°C, (the profile is shown inFigure40 on the left), humidity freeze cycling with temperatures
being varied over the same range, though withdifferent time profile, and humidity kept at 85% during
the hot period (profile shown irfFigure40 on the right), as well as damp heat testing, with a constant
exposure of 85°Cand 85% relative humidity (not shown{Strevel et al., 2013; IEC, 2008) Typically,
modules are kept for 1000 hours (about 6 weeks) under these conditions. In addition, modules are
tested for performance under electrical bias and UV exposure, as well as mechanical stresses such as
static load, dynamic load, and hail.

Figure40. TestCycles
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Figure40. Left - IEC 61646 thermal cycling profile. RightIEC 61646 humidity freeze profil{Strevel et al.,
2013).
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Historically, testingprocedures fa thinfilm PV modules were defined by the IEC 61646
standard test protocols and were different from those used for silicon modules (IEC 61215), though
now testing procedures for both technologies have been harmoniz@8C, 1993) A standard test for
thermal cycling consists of 200 cyclesfor humidity freeze testing, typically 10 cycles are used. This
standard, together with the IEC 61730 safety standargrovides the general framework of certification
to assure acommon minimum level of testing proceduresTheyare common practice in industryIEC,
2004). In recent years, the need to further refine PV module testing evaluate more than initial
quality has become apparent, and additinal tests are being designed to provide better insight into
the reliability and longterm performance of PV modules.

Figure41 shows results for thermal cycling (left) damp heat testing (right) of First Solar Series
3 Black modules. In this particular expgément, thermal cycling was extended to five times the duration
of the standard test, and damp heat testing was carried out with more than six times the conventional
1000 -hour test. Results irFigure4l are for a sample population of 25 modules. No measuloée power
reduction was found after the extended thermal cycling. For the damp heat testing, it is important to
note that the modules undergo an extended exposure in dark environmental chambeafter whicha
light soaking recovery process is carried out eliminate the dark storage effects and restore power
generation back to baseline. Three such exposures were conducted, one after about 2300 hours, one
after about 4400 hours, and one upon test completion (6384 hours). Even after this extreme testing,
the power outputof the module was reduced by only Z 3%. This result demonstrates the durability
of First Solards encapsulation and packaging proc:
versions (Series 4 and 6).

Figure4l. TestCyck Effects on Power Output
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Figure41l. Left - result of extended thermal cyclingRight - Result of extended damp heat testing. Testing
durations are five times for thermal cycling, and more than six times that of standapdocedures for damp
heat testing. No power reduction was observed for thermal cycling, during damp heat testing, power
reduced by only about 7%, despite the harsh testing conditiorfStrevel et al., 2013)
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11.D2 - Technobicalnnovation

As discussedin the previous section, PV reliabilityesearch and testing has evolved froma
focus oninitial quality to improvinglongterm reliability, which isessential giventhe long warranty life
of commercial PV modulesThelongterm reliability of PV modulesan be improved via technological
innovation (Strevel et al., 2013) While the improvementglescribed belowwere first implemented in
prior versions of First Solar modules (First Solae#es 3 Black Plus module, compared to & First
Solar Sries 3 Black module), they are also applicable to subsequent versions of First Solar modules
(Series 4 and 6) and are therefore described in this section. The Series 3 Blaokl Series 4|6 module
features innovations intended to provide impved longterm durability due to an upgrade in the
encapsulating material. The Series 3 Black Pluand Series 4|6 module additionally features
innovations in device technology to improve loAgrm power output degradatn.

The packaging system of the&ies 3 Blackand Series 4|6 module employs an upgraded edge
sealant which extends around the module perimeter and an improved encapsulant between the glass
laminates. Both innovations provide a better protection from waténgress and improved electrical
insulation. The edge sealant uses a carbdmased colorantd the reason for the product name (black).
Carbon is known to not affect the active solar cell material negatively and to absorb UV light very
efficiently. The mateial, hence, acts as a radical scavgger. The material has other advantages
including thatthe volume resistivity is between 1&and 100G cm, mor e than ten order
above the value provided in guidelines for electrical in&tion. Moreover, t features high tolerance to
extreme operating conditions (temperature and humidityand it provides excellent solid insulation,
with a relative thermal index (RTI) measured by First Solar at 105%Ca strong indicator that the
material is sutable for operation in hot and arid climates.

The encapsulant acts as a secondary barrier against environmental influences after the edge
sealant. The role of encapsulants for water ingress has been covered extensively in the literature
(Kempe, 2005) A main feature of thamproved encapsulant is a water vapor transmission rate (WVR)
that is several times smaller than that of conventional EVA. A further feature of the new encapsulant
is the observed very high strengtbf its bondingto glass even after harshaccelerated teging. The
encapsulant bond strength is on the order of 5 megapascals (~50 kg/é&nmaking it very difficult to
separatethe front and back of themodulesand soit is very difficult to breakthe modulesopen.

The Series 3 Black Plus moduleand Series 4|6 modules also feature innovations in the device
architecture. The main innovation is an improved back contact using ZnTe (d€éigure 42). ZnTe
improves the valence band offset from gype CdTe. This results in a back contact that has a more
ohmic characterstic and is morestable (Gessert et al., 1996; Rioux et al., 1993)The benefits of a
ZnTe contact were first demonstrated in 2012 by a new device efficiency record of 17.3%. Following
this achievement, the ZnTe contdavas integrated into fullscale module fabrication. The nameplate
improvement of this innovation is between 5 and 8 Wp. The ZnTe back contact improved both fill factor
and \wcof the modules.
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Figure42. ZnTeBack ContactArchitecture
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Figure42. Solar cell architecture without (left) and with (right) ZnTe back conta¢Gtrevel et al.,
2013).

Accelerated testing was used to examine the loagrm power degradation behavior of the two
module types.Figure 43 (top) shows the power loss over time for thetandard and ZnTebased device
The 300day exposure, which is believed to be equivalent to lgterm operation, included extreme
temperatures, full spectrum illumination beyond 1sun (1000W/#), and highbias. TheZnTe based
device showed a power loss below 10%, compared to a 17% reduction in ttandard device The
observed degradation rate showethe potential to improve the longerm degradation values t@0.5%
per annum for all climates, which has beedocumented in Series 4 and Series 6 modules.

Figure43. ZnTe Back Contact Effects
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Figure43. Left - Power loss after extended light soaking exposure. TEaTebased device Series 3
Black Plug showed less than 10% reductiorafter 300 days of testing.Right- Comparative power
loss vs. accelerated temperature and light soaking stresses. The improvedgterm stability of the
ZnTebased device Geries 3 Black Plug is an indication of inhibited Cu migration due to the preserc
of ZnTe(Strevel et al., 2013) Note thatZnTeis also utilized inSeries 4|6 modules.

ZnTe isalso believed to retard Cu diffusion, thus helping to keep a @uah back contact
(Narayanswamy et aJ 1999). Curtailing Cu diffusion results in improved loAgrm stability.
Temperature variations under accelerated light soalg (Figure43) show improved longerm stability
of the ZnTebased device.
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Whilke Figure 43 (left) showed the total power degmation, Figure 44 (top) shows the
degradation in maximum power voltage. A slower degradation (6% compared to more than 10%) and
faster stabilization(reaching an asymptotepid system designersvho have to take drifts in operating
voltage into accountfor accurate energy prediton. Fnally, Figure 44 (bottom) shows that the very
good predictability(ratio of actual energy produced to energy predicted; PERJ-irst Solar PV modules
continues also for systems that include the latest innovation, which is alaitilized in subsequet
versions of First Solar PV modules (Series 4 and 6).

Figure44. Stabilization and Predictabilityof CdTe PV

1.00 -onw
0.98
0.96 —
b
S 094
(=3
=
g 092 ® 53 Black
—
0.90 53 Black Plus
0.88
0.86 T T T T T 1
0 50 100 150 200 250 300
Interval
Average PER Values by Commissioning Date
130% 2004 - 2008 2009 - 2012 2013-2014 2015-
2016
120% -
110%
L4 °
[ [ ® ° [
100% .——.. ..=. o O g T e ST, L
® [ ]
90% |
80% |
70% -
60%
A QD QA QA & Q Q& QA O 0O QAL D RO R LR R
S S T F T T T TSNS S ST E P E
& & 0@‘@ (')'Z}@ e@‘@ s @“}@ ° 06@ C/>°§\ %é‘&é‘& Géif‘@e S W “&0\2\ it g“‘w <J‘;\{&0 A (,Ko N
DT S A

Figure44. Top- Voltage loss after extended light soak exposure at the maximum power poig8trevel et
al., 2013). As with S3 Black PlusZnTeis also utilized inSeries 4|6 modules. Bottom - Historical
predictability of CdTe Pvhodule architecture(First Solar, 2020a)
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E- Futuréfficiencypevelopment

CdTe PV technology has not yet realized its full device performance or cost poterittaik was
illustrated earlier, in Table1. There are a number of fundamental differences between the materials
used by CdTeand Si PV technology As a consequence, variousand unique strategies exist for
improving the futureperformanceof CdTePV cells andnodules

First, the binary material combination of cadmium and tellurium can be altered in ways that
are impossible for siliconas awaferbased technology One example is the addition of other elements
to the mix, which could potentially be usetb adjust the bandgap of CdTe. Whereas silicon has a fixed
band gap of 1.124 eV at room temperature, the value for CdTe can be adjustegwards and
downwards from1.54 eV to achieve both lower and higher bandaps. This adjustment has several
technological consequences.

II.E1 6 BandzapGading
Figure45. Selenium Concentration in CdTe Film
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Figure45. A) SIMS map of the selrium concentration in a CdTe film. The selenium concentration was
varied here to values between 0 and 11%8) Shows the peak emission energy of the same film
measured by cathodoluminescence (CL). This energy corresponds to the bgag of the absorber
material. C) Showsthe correlation between selenium concentration and band gap for all points extracte
from the previous twdfigures. D) Showsthe band gap as a function of CiFiducia et al., 2019)
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For example, it is possibléo add selenium to cadmium telluride to generate a material with a
lower band gap. By gradually adjusting the selenium concentration, regions with a graded band gap
can be generated. This concept is shown Figure45 (Fiducia etal., 2019). Adding between 0 and
10% of selenium results in a variation of the absorber band gap roughly between 1.46eV and 1.36eV.
Higher concentrations of selenium have the opposite effect: at Selenium concentrations above
approximately 40%, the bandjap increases, and at 100%, it reaches 1.7ef¥Veiss, 2018) Inclusion
of selenium to lower the band gap allows extending the pheagtive range of the solar cells, resulting
in active absorption at igher wavelengths, and consguently, higher currents and higher efficiencies.

First Solar already uses a technique callecabd gap gradingin its modules (Gloeckler, 2017)
Figure46A gives a historic overview of the developménthat have allowed increasg the efficiencies
of First Solarés PV modules. A first innovation w
improve contacts and passivatior{sectionll.D.2), a second innovation was related to improving the
guality of the bulk absorbematerial quality. Adjusting the material composition of the absorber was
commenced in 2014 and has helped push cell efficiencies beyond the 20% mark.

Figure 46B shows the effect of not one, but two variations of composition @dTe that are
active in diferent wavelength ranges. The substitution of CdS at the cell front has improved the blue
response of the cell by eliminating parasitic processes, and band gap grading has allowed further
increasing the c®&31mA/aem. VYaryrhighecartats areoneof theseasorts for the
outstanding efficiencies that First Solar was able to produce.

Figure46. First Solar Efficiency Gains
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Figure46B. External quantum efficiencies of different device generations. Tlsaibstitution of CdS has
improved the blue response of the celhand gap grading has allowed extending theed response,
together resulting in outstanding currents (close to 31 mA/c#) and efficiencies (21.5% in this case)
(Weiss, 2018)

II.E2 - Overcomingw\bltages

CdTe devices with a voltage in excess of 1V were studied hy<B et al. (2016). Figure 47
shows a histogram of past voltages measured at NREL for 2400 devices. Higure47 clearlyshows
the type of improvement that these new architectures allow, as previously only very few ckvi
achieved voltages in excess of 85tnV.

Figure47. CdTe Overcoming 1 Volt Barrier
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Figure47. Burst et al.(2016) show how new concepts can overcome historical barriers of CdTe solar cells
A) Shows a histogram of VOC valuaaeasured at NREL for more than 2400 devices. No devices much
above 850 mV appear in this chart.B) New developments have enabled CdTe to surpass the 1V batrier
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Another implementation of material composition variation is outlined Figure48. In this @se,
magnesium was used to generate CdTe with a higher band gajhao, 2016) An intrinsic MgCdTe
buffer layer was used as the front, holeontact, and an ndoped layer of the material at the rear for
the electron contact to ceate a heterctype structure in CdTe solar cells. Similastructures have
generated the highest possible voltages in silicon solar cells and are demonstrated here to also allow
much higher voltages in CdTe.

Figure48. Magnesium Efects on Band Gap

a b

d 20 i

151 a-SiH
ok i-MgCdTe
05
i M

Electrode —
Contact layer \f
Front side —_
barrier g

Absorber <

Back side L

barrier \

Energy (eV)
[=]
[=]

-CdTe

-05 | n
4 —"L Conduction band r A -1.0 i\
Q

Contact layer <
.

n-MgCdTe w_

-
Buffer — n-InSb L L . "

‘\ (Np=5x107 cm=3)

n-InSb
substrate

IQuasl—Fermi levels

Il
100 200 300 1400 1,650

oc === -
J 1 [ Distance from surface (nm)
Valence band

Figure48. A) Device structure of a CdTe solar cell that incorporates Magnesium for band gap grading
B) and C) Show the band structure qualitatively of this device in the dark and under illuminatioB)
Showsthe calculated absoluteenergy (Zhao,2016).

All devices testedby Zhao (2016)improved the \écin a CdTe solar cell significantly, with the
best devices achieving a value of 1.096V, which is close to the theoretical limit of 1.17V for the
material. Measured characteristics as well aguantum efficiencies for the best fabricated device with
an efficiency of 17% are shown ifrigure49. This device had a dof 1.036V, a dcof 22.3mA/cmz,
and afill factor (FF of 73.6%.

Figure49. Magnesium CdTe CelCharacteristics
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Figure49. A) Measured JV curve and associated device parameters for the solar cell with structure
shown.B) Measured EQE and Zeflectance with a calculated photecurrent of 22.3 mA/cm2. C)
Simulated absorption spectrum for the best Cde solar cell with a calculated photecurrent of 23
mA/cm2, The improved device has a 10nm MgCd.7Te barrier layer(Zhao, 2016).
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Being able to overcome classical voltage barriers is a huge stepvard to generating CdTe
solar cells with 25% efficiency and bringing the technology closer to what crystalline silicon can
achieve. Yet, there are still technological barriers to be overcome to integrate these new device
structures with the high currentarchitectures currently used at First Solar

[1.E3 - Nextzeneratiobevics

Variations in the absorber band gap also open up the possibility to realize a concept with very
high efficiencies: tandem solar cells. A tandem solar cell combines two electigalistina absorbers
with different band gaps to reduce thermalization (a thermodynamic loss present in every solar cell).
A tandem solar cell made up of two absorbers has a theoretical efficiency limit of close to 45%,
compared to a singlgunction limit of approxmately 33%. The limiting efficiency is determined by the
combination of the two different band gaps and the electrical connection. For the latter, typically two
types of connections are considered The first isa twoterminal connection, in whib the celks are
separated by a tunnel junction and share one set of terminals. This architecture requires current
matching and is very sensitive to band gap variations. The second connection is represented by the
four terminal @T) architecture, in which he cells ae contacted independently and are only optically
connected. This architecture does not rely on current matching and allows a broader combination of
different band gaps. Therare a number of variations of these two architectures, but also thesmn
generd | y be separated into some that require currer
efficiencies for either case are shown ifigure50 (Mailoa, 2016).

Figure50. Limiting Efficiercies for Tandem Solar Cells
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Figure50. Thefigure on the left shows calculations for the two terminal (2T) architecture, in which the
two cells are monolithically integrated, and electrically separated by a tunnel juncti@making current
matching neessary. Thefigure on the right shows the four termiral (4T) architecture, in which the two
cells are contacted independently and only optically connectdiiailoa, 2016).

65



Energy and Sustainable Solar Technologies
DOE Engineering Research Center

A study by Sofia et a2018) explored the techneeconomic validity of tandem solar cells that
include a CdTe sub cell. Particularly, the combination with another tHilm technology, CIGS, was
explored due to similarities in the fabrication process, which constitute an advantage for tandem solar
cell ecanomics (Peters et al., 2015) The study concentrated on the levelized cost of electricity in the
United States and compared singhinction solar cells to both awo terminal @T) and afour terminal
(4T) tandem made out of these materials. The cell structures are depicted iRigure 51.

Figure51. TandemcCell Structures
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Figure51. Cell structures explored in a comparison of single junction and tandem solar cellsie U.S.
market (Sofia et al., 2018)

Calculated efficiencies for the singlgunction solar cells and the tandems are shown ihable
4. It should be noted that efficiencies shown there correspond to recdel/el devices, but that certain
properties had to beadopted for tandem integration. One@xample is the bandgap of the top cell for
the 2T tandem. Here, a band gap of 1.68V was assumed with an efficiency of close to 20%. Such a
cell is currently not in existence and is one of the challenges that would leato be resolved for the
realization of a monolithically integrated tandem. 4T integration is much less reliant on the bagap
pairing, and efficient tandems can be generated with available cells. A requirement for the 4T tandem
is that efficient CdTe sd@r cells can be produced with a tmasparent rear contact. Theoretical
calculations show that a boost of 6.5% compared to singjienction efficiencies can be expected for a
4T tandem. Such a tandem would provide efficiencies on par with what the highesti@ént silicon
solar cells or evenGaAs solar cell carachieve andcould open up CdTe PV technology for additional
market segments.
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Table4. CdTe and CIGS Efficiencies

Architecture Efficiency (%)

CdTe Single Junction 19.9
CIGSSingle Junction 19.8
2T Tandem 25.0
4T Tandem 26.5

Table4. Single junction and tandem efficiencie¢Sofia et al., 2018)

The results presented ifmable4 suggest that tandem solar cells should be competitive ln.S.
residential markets but should not be able to compete with conventional single junction solar cells in
utility-scale markets(Sofia et al., 2018) This result is kely transferable to other tandem solar cell
structures, for example using a silicon bottom cell. The detailed LCOE calculatisnshown inFigure
52. The main difference between residential and utility installations affecting the competitiveness of
different solar cell concepts are the balance of system (BOS) and otheftosts. Overall system costs
are larger for a smaller system, resulting in a larger premium for efficiency. The efficiency benefit of a
tandem is, hence, worth the additional fabricatio cost for a small, residential type installation, but
may become ureconomic for large utility scale installations.

Figure52. Module Cost Breakdown
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Figure52. Modeled module cost ) and LCOER) for the considered singlgunction and tandem solar cells.
Despite the fact that the module cost of tandems is higher in terms of $/WA), the higherefficiency
generates additional value in a system. This value is hi@nough to make tandems, and particuldy the

most efficient, 4T, option the most economic choice in residential installations. On a utility scale, however,
the lowest cost single junctin solar cellmay bethe preferable option(Sofia et al., 2018)
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F- Improving First Solar Competitiveness

Increasing the efficiency of modules is not the only way First Solar can improve the
competitiveness of their products. In a theoretical study, Horowitz et @017) showed that inceasing
the module area is beneficiato reducing the total installed systm cost, and hence the levelized cost
of electricity. The simulated effect of module area in installation cost is shownRigure53.

Figure53. SystemInstallation Cost
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Figure53. Effect of module area on total installed system cost for various PV technologies. Numbers
representU.S.weighted average costHorowitz et al., 2017)
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In addition to being beneficial for instdtions, larger modules ca also be fabricated at a lower

cost. Realizing these benefits has likely triggered the decision of First Solar to produce their Generation

6 modules with an area of 247 m2, rather than with the traditional size of 0.72 rh A cod estimate by

NREL sugge& that the minimum sustainable price, i.e. the lowest price at which the module should
from

be sold to remain proitable would be reduced by almost 1/3; in the particular simulation shown

$0.50/W to $0.33/W. It should be noted tha these numbers representstate of the art from 2016,

and do not necessarily represent conditions in 2019{gure54).

Figure54. CdTeModule ManufacturingCost
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Figure54. Effect of module size on CdTe module manufacturing cocmtd MSP, based on Capex Data
(Horowitz et al., 2017; Jong, 2016)
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lII-ENVIRONMBNHEALTH, AND SAFETY

' >4

CONSIDERATION&X
PHOTOVOLTAICS

All technologies need to be carefully reviewetbr possible environment, health, and safety
(EHS)risks and held to high standards of EHS protection across the product lifecycl@is includes
consideration of potential EHS risks associated with four aspectsro phases of t he
creation, use, and disposal: the mrials used and their supply chains, the manufacturing process,
the use of the technology, and its recycling, disposal, or other eofllife management. Increasingly,
many people suggest thathis should be approached from the perspective of a circular @aomy, in
which all materials are used and reised in a continuous cycle, with no waste streams.

HOR

For CdTe PV, all of these considerations are important, and, as a manufacturer, First Solar has
taken a number of steps to minimize EHS risks across the lifecke of CdTe solamodules, using a
precautionary approach Early in the development of CdTe, for example, prior to significant
manufacturing or deployment, research identified a number of reaomendationsrelated to industrial
hygiene, biomonitoring, worketraining, and recyclingo ensure robust EHS performance (Fthenakis
and Moskowitz, 2000), and these have been implemented throughout the product lifecycle. In
addition, First Solar has proadtely established standards for quality control in both its suppchain
and manufacturing processes and has developed technologies, facilities, and programs to recycle
modulesand recover materials for future use.

CdTe PV is a mature PV technology witheox25 GWof solar modules deployed globally over
the past 20 yeas, including 200+ million PV modules in over 18,000 projects in the Americas, Europe,
Middle East, Africa, Asia, and Australifhis twodecade history of manufacturing and deployment
allows for a trackrecord based approach to evaluating EHS riskslagendorf et al., 2017; VCCER,
2019; Fthenakis et al., 2020)to complement theprecautionary approach takerduring the original
development and deployrant of CdTe PV
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A- Materials and Supply Chain

A complete First Solar Series 6 module requires both raw materials and manufactured
components(Table5). Theseare sourced from qualified supplierskirst Solar spendsover $1.9 billion
globally, each year,on raw materials and manufactured componentsirst Solarhas various quality
control measures in place to curtail variation in suppliers and their produd{®018). These measures
reduce performance variations in the final First Sold&?V module. Any new suppliers are required to
undergo a rigorous Supplier Qualifc at i on process, which is |linked to
System. The Supplier Quality grougentifies and monitors cases ofnon-conformancewith First Solar
requirements and requires suppliers to take permanent corrective actions to address igs. A cross
functional team reviews suppliers for quality, cost, flexibility, service, technolpggd sustainability, in
order to provide feedback to continue meeting First foar 6 s needs. Al | supplier
Solar with confirmation that theyfollow fair labor standard laws aligned with Responsible Business
Alliance (RBA) code of conduct and referencing international labor and human rights. First Solar also
audits new and highrisk suppliers on environmental and social criteria with audit ggdons developed
based on the RBA code of conducEirst Solar 2018).

Table5. First Solar Series 6 Module Composition

ltem Description % Weight of Module

Semiconductor material Thinfilm Cadmium Telluride 0.12%
(CdTe)
Laminate material Polyolefin 2.02%
Bussing material Copper Leaf Foil and Bus Bars| 0.025%
Glass Front (Substrate) Glass and 84.5%
Back (Cover) Glass
Junction Box and Cable Polyphenylene Housing and | 0.56%
Assembly HalogenFree Electrical
Cables
Frame and bars Aluminum 12.5%
Frame adhesive Siliconbased adhesive 0.83%

Table 5. Module composition of First Solar Series 6 modulésirst Solar, 2019)

Of the raw materials, the semiconductor material used to convert sunlight to electricity is
cadmium telluride, which comprises about 0.12% of the total module weighthe glass modules
sealing the semiconductorcomprise 84.5% of the module weight{30 kg). The aluminum frame and
bars that frame themodule comprise most of the resof the weight (45 kg).
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Table6. Chemical and physical properties of CdTend Cd
‘ CdTe Cd

Mel ting Point |1041 321
Boiling Point |1050 765
Vapor Pressure (Mm Hg) 2.5 at 800°C 0.0075 at 257°C
Solubility Product 9.5x10-35 2.3

Table 6. Poperties of Cadmium Telluride and CadmiuifBonnet & Meyers, 1998)

Considerable EHS research and analysis has focused on the CdTe semiconductor material
That work hasdemonstrated that CdTe properties diffecconsiderablyfrom the individualCd and Te
elements from which it is made(Table6). The bonding properties of Cadmium TelluridEigure 55)
allow for higher chemical and thermal stabilitywhich are important for longerm device reliability
(Bonnet & Meyers, 1998) andor limiting toxidty, mobilty and bioavailability(Figure56). For instance,
the melting point for Cadmium is 321 °C and Tellurium is 449 °QFriberg, 1977) compared with
1041 °C for CdTe Table6).

Figure55. CdTe Molecular Sticture

Figure55. Molecular structure of G@dmium Telluridewith strong chemical bonding (>5 eV) (Bonnet &
Meyers, 1998)
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Figure56. CdTeToximlogy
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Figure56. Toxicological properties of CdTe and other Cd compounds (Kaezn2011; Zayed &
Philippe, 2009).

As shown inFigure56, CdTe exhibitstoxicologicalproperties that are approximately twdo
three orders of magnitude lower tharthat of Cd and soluble Cdompounds. SimilarlyFigure57 shows
ecotoxicological propdies of CdTe are approximately three orders of magnitude lower than Cd, based
on ecotoxicity characterization factors which relate chemical emissions to their life cycle
environmental impact.
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Figure 57. Ecotoxicity of Metals
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Figure57. Ecotoxicity characterization factors (CF) for emissions to air, water, and soil for CdTe, Ci

and metal ions(Sinha et al., 2018b)

First Solarsources its CdTe fromgpply chains that originate in zinand coppermining. Zinc
mining has created an abundance of Cd as a byproduetith a surplus projected due toeduceduses
in other applications(Matsuno et al., 2012) Tellurium is sourcedas a byproduct ofcopper miningand

refining (Hgure58).Fi r st Sol ar 8ds s uppl memingbyproduktseandGhd TaETeis r o m
arCdse ismhenuf act u

then supplied as a ¢able compound t o First

Sol
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encapsulated in PV modules At theirend-of-life, modulesare recycled, reapturing the CdTe for reise
(Raugei & Fthenakis, 2010)CdTe PV modules provide a sustainable energy source as a znission
technology during itgegular use Figure58).

Figure58. Circular Econmy of CdTe
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Figure58. Material flows for CdTe based on Fthenakis (2004)

B- Manufacturing

PVconsumers are essentially purchasing their electricity in advandgy purchasingmodules
intended to generate electricityfrom sunlight at no or very low adtlonal operational costfor a very
long time. As a result,PVmanufacturers are responsible for creating PV modules that can withstand a
range of outdoor environmental conditions over decades (230 years) and continue to perform
reliably, as originally dsigned Safety and reliability are interelated in that whena PV module is
performing according to its specifications, it is demonstrating both safety and reliability.
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Figure59. Series 6 Manufacturing Process

/

Figure59. Hyperlink to First Sdar manufacturing process video

Manufacturing operations and their relevance to product safety and reliability are considered
in this section withindept h detail s on GCdlerR/tman8facturing praces@der i e s
overview ofmanufacturingprocess is found ina First Solar vide Figure59.

[11.B.1 - Manufacturing Facility

First Solarhas now completed theupgrade of its Perrysburg, Ohio U.S. manufacturing platat
produce Series 6PV modulesat a cost of $175 Million USD(First Solar,2018). Thisfacility now has
the capacity b annually produce 0.6GWof Series 6 solamodules. First Solar has also added second
high-volume manufacturing facility (1.2GWannual capacity; $100 million USD investment) in Ohio,
making First Solar the largest U.S. PV manufacturer. This facility upgrade added 500 employe#eto
Perrysburg area, increasing the totdtirst Solar workforceto 6,433 in 2018 (First Solar,2019). The
upgraded facility utiizes an automated manufacturing process for the Series 6 PV moduldsidure
60). First Solar personnel on the manufacturing floor generally provide quality control functions and
troubleshoot the production line. In addition to manufacturing, the First &IOhHo campuses havea
reliability lab,on-site wastewater treatmentand a PV module recycling facility thad reducing the total
amount of waste from the manufacturing plants.

Figure60. Automated manufacturing process for First Solar Series 6 manufacturing
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[11.B.2- Manufacturing Process

Once materials arriveat the Perrysburgfacility, the Series 6 modules are manufactured in a
single factory along a continuous, automated assemblyne,0 un d e r  (CQokiller2013)fTldere
are three major steps in the PV module production process: semiconductor deposition, cell definition,
and finishing (including testing the finished PModules). Each step in the psduction line has a quality
control checkpoint. The employees perform rigorous quality tests to ensure each step of the production
process ha a uniform result. The P\nodules go through additional random batch quality sampling
procedures. The production ycle takes approximately 3.5 hours to completeach PV module(First
Solar, 2018). Figure61 shows the module structure including the thin film semiconductor thickness
(~33 times thinner than a human hair) encapsulated in a gis-laminate-glass monolithic solidstate
device, with additional details below.

Figure61. First Solar CdTe Modul&tructure
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Figure61. In the PV module structurethe CdTe semiconductor is a-ficrometer thin film sealed betwea
two glass layergFirst Solar, 2018)

Each glassmodule (front substrate glass and back cover glass) in the PV module is supplied
based on First Solar Series 6 module specifications, with tin oxide used as a transparent and
conductive contact on the font glass. These glassnodulesare cleaned, inspected, and mechanically
transported to a storage area.

A machine places the front glassnodule onto the semiconductor application (coater) line. A
thin film of CdTe is deposited onto the tin oxide layeBecaus of the high chemical and thermal
stability of CdTe multiple deposition methods can be used in the semiconductor application line, such
as electrodeposition and vapor transportFirst Solar usesa vapor transport deposition technique,
which can yieldhigher deposition ratesthan other techniques such as closedpace sublimation
(Bonnet & Meyers, 1998) The back catact ZnTe layer is deposited onto the PWodule using a
sputtering technique.
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Workers perform a quality control aalysis ensuring the semiconductor layer meetthe
specificationsto ensure properPV module performance. Once the quality control step canis the
semiconductor was correctly deposited, the modules are ready to be etched to defihe cells.

A laser etcling processscribesthe individual PV cells, creating a path for theharge carriers
to travel through the PV module. The quality controlegt checks the laser etching details before the
module isencapsulaied with polyolefin laminate and back glassThe nterconnection bussing is added
to electrically connect PV celland deliver current to the junction boxbefore the module is
encapsulated.

Thelaminate and back cover glassare placed on top of thefront glass sealing themodules,
and an edge seal is ao applied. An additional antieflective coating is applied to the front glass. The
CdTe semiconductor is encased within the Piodule with an encapsulant bond strength on the order
of 5 megapascals (~50 kg/cn or ~725 pounds/inch?).

The junction box ancelectrical cables are then affixed onto the module. Each PV module is
flash tested with a sun simulator (1000 W/n®) to ensure it performs & a certain powerrating. This is
the final step in the manufacturingprocess after whichthe PV modulesundergofinal quality control.

A random selection of newly produced modules are subject to rigorapslity testing, including testing
for extended reliability durability), in order to help ensure thathe batch will withstand harsh outdoor
environments.

lI.B3 - Personnaind Worker Safety

First Solards manufacturing operation runs

To ensure worker safety and optimal production rates, four crewsrk 12-hour shifts throughout the
week. Production roles production lines, and safety practicesare standardizedthroughout all First

Solar facilities worldwideThe majority of First Solar employees (71%) work in manufacturing facilities.

In the U.S., thereare over 1400 employees in the manufacturing department.

First Sdar prioritizesworker safety andhas taken proactive approachego improveemployee
wellbeing andstrives to become an injuryfree workplace The most commorinjury typesin First Solar
manufacturing facilities are bruise/contusion, strain/sprain, and cus/lacerations. The primary
mechanisns of injury are hit/struck into, hit/struck by and overexertion/awkward posture
(ergonomics) Since 2008, when the injury rate was 2.6injuries per 200,000 hours of exposure First
Solar has made significant improvement®wards worker safety. In 2018, there were 0.43 injuries per
200,000 hours of exposure at First Solar. Even though this number increased from 0.29 in 2017, it is
well below the glass manufacturing industry average of 4.@irst Slar, 2019d). In 2017, First Solar
began transitioning manufacturing linesfrom Series 4 to Series6, with fewer associates and
production hours workeddue to retooling. The 2018 injury rate is similar to the 2016 injury rate (0.44
per 200,000 hours of exposure.

Employees are made aware of the mechanical, electrical, and chemical risks of being on the
manufacturing floor. Since these risks can cause bodily harm, floorrpennel are required to go
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through a full day of orientation and then handen training at their workstations.When they join the
company, vorkers are given orientation training and handsn learning from other floor workers until
they are able to competetly perform their role.During this training period, aseteran employee or line
manager takes responsibility for the employeand watchesover them on the floor.

Manufacturing floor personnel and their surroundings are carefully monitored throughout the
facility. Employees and visitorsare required to have personal protective equipmentRPE) when
entering the floor. Even though much of the production line is automated, PPE is reggito protect
sight, hearing, hands, and feetlncidents are recorded andreported toF i r st Sol aafeys mul t
committees whomeet biweeklyand report tothe Environmental, Health, and Safety committee every
guarter. Each recorded incident is reviewed, arghfety committees takecorrective actionsto prevent
further injuries andensure worker safety.

Hoor personnel are tested for exposure tdifferent chemicals and compounds including Cd
compounds. The safety tearmmoutinely monitors facility air quality. Manufacturing equipment is self
enclosed with HEPA filtration used to capture particulate emissiofism, 2012). As shown inFigure
62, particulate Cd concentrations in indoor air are comparable across First Solar manufacturing
facilities and are over an order of magnitude below permissible exposure limits.

Figure62. First Solar Facility2019 Air Sampes
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Figure62. First Solamanufacturing indoor air sampling in 2019 show all three facilities arewell below the
OSHA Exposure Limits and First Sollmits are stricter than OSHA limits. These figures are confirmed by
independent auditors(First Solar, 2019b)
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Research has confirmed the effectiveness of First Solar industrial hygiene progranmsa
longitudinal biomonitaing study, First Solar studied thousands of workers in their Kulim, Malaysia
facility over a periodof five years. Worker blood and urine Cd samples were well below occupational
safety limits and did not increase as a function of years worké8&inha et al., 2016) External health
and safety auditors annually reconfirnsafety and health outcomes for workerss part of ISO 45001
certification. As shown inFigure63, biomonitoring concentrations are comparable across First Solar
manufacturing facilities and are about an order of magnitude below permissible exposure limits.

Figure 63. Biomonitoring of First Solar Workers
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Figure63.Fi r st Sol ar man uf biaronitoringmegultsin 261® showwno sidniéicand
amount of cadmium when measured to OSHlknits for exposure(First Solar, 2019b)

l1.B.4- Production Quality and Safety

Throughout he production process each PV module is subject to strict quality control
measures. These measurekelp create a uniform product thaperformsreliably andsafely throughout
its 25-30 year life cycle. Quality control measures includedine process moritoring and inspection,
production reliability monitoring, quality and reliability lab testing, and outdoor proving grounds
(Buehler, 2015).

From each batch of PV modules marfactured, modules are randomlyselected and subjected
to extended reliability tess in addition to those implemented on the manufacturing lineThese
modules undergo accelerated aging in environmental chambers that use multiple cycles of
temperature, humidty, and light exposure extremegFigure 64). After testing,these modules are
recycled inFi r st re&®ywlingfaciitiss. These testshelp ensure that the modulesare able to
withstand various environmental conditiongn the field over long periods ofime.
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111 B.5- Independent Quality Tests Certification

Outside auditors validate First Solar manufacturing practices. First Solar is required to
maintain the procedures that are annually reconfirmed. CFV Solar Test Laboratory tested the Series 6
modules for quality assurance using the standards set in CSA/ANSI C4%Birst Solar, 2018) The
modules were subjected to extended environmental tests including temperature cycling, damp heat
exposure, mechanical load testing, UV expa®, and potertial induced degradation tests.

Furthermore, First Solar received the first International Electrotechnical Commission (IEC) TS
62941 certificate in the PV industry. The IEC awarded First Solar the TS certificate for setting the
standard for best practices in product design, manufacturing, process control, testing, and raw
material control and procuremen{2018). Confirmation of First Solar best practices from independent
auditors sets a standard for other competitors to gauge their standing the PV indugry.

Each First Solar facility is independently certified. The Perrysburg facility was awarded ISO
9001 for its Quality Management System, ISO 14001 for their Environmental Management System,
and 1SO 45001 for their Occupational Health anda®ety Managemet System. DQS Inc. was the
independent auditor verifying First Solar operations, with the certifications lasting until 2021. Each
year First Solar facilities are audited to ensure good standing with the certification requirements.
AnnuallSO auditscan range from 3 (surveillance) to 5 days (recertification every 3 years) with a team
of 3 auditors. The audits are focused on thenanagement requirements of theSO standards and
include a combination of document/records review, floor time watkrounds for dservation and
interviews with associates and contractors

Figure64. First SolarReliability Testing

Figure64. Hyperlinkto First Solar reliability \deo.
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[11.B.6- Value d®roductiobnder One Roof

Having the ability to produce CdTe PV modules in a single manufacturing facity nder one
r o o Figire 65) increases the reliability of the production system andhelps control variation in
product output. First Solar cell efficiency gains achieved in the laboratory have been tested and
implemented through the module production process. The core technojoggins are discussed further
in the performance sectionll.A The certifications from ISO and [Eare a result of First Solar quality
and reliability systems, which includes setting the requirements for supply chain partners,
implementing an automated prduction system, maintaining rigorous quality control measures, and
keeping employees safe.

Figue 65. First Solar Manufacturing Facility

Figure65. First Solar PV module production with all manufacturing stages in ofaility (Colville, 2017)

Endto-end production within one facility is unique to thin film PV manufactng and facilitates
quality control through vertical integration of manufacturing processes and use of a single bill of
materials. In contrast, crystalline silicon PV manufacing involves multiple facilities, manufacturing
processes, and bills of matdals for silicon, ingot, wafer, cell, and module productidi€olville, 2017)
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Environment, health, and safety considerationare also important once technologies are
deployed in the field. Evaluationsf field performance are made via testingnd modeling,as well as
via obsenations of field experience. @er 80,000 First Solar modules undergo extensivguality and
reliability testing annually (First Solar, 2018) In additon, data have been collected for extreme
weather events such as hurricanes and tornados, and modules have been tested for moutine

events such as fire and field breakage as disssed below.

Table?. First Solar PV Plants in th&nited States

PROJECT

OWNER

LOCATION

PPA SIZ

€

STATE | STATUS | O&M ‘

(MW A

? OFFTAKER

Sun Streams First Solar Maricopa County AZ | Development 150 SCE
Agua Caliente NRGEnergy& BHE Yuma County AZ | Operation \% 290 PG&E
Renewables
American Kings First Solar Kings County CA | Development 123 SCE
Little Bear Solar First Solar Fresno County CA | Development] 40 Marin Clean Energy
Windhub First Solar Kern County CA | Development] 20 SCE
California Flats Capital Dynamics Monterey County CA | Construction| V 280 PG&E & Apple
Rosamond First Solar Kern County CA | Construction 150 SCE
Willow Springs First Solar Kern County CA | Construction 100 SCE
AVSR1 Exelon Los Angeles County CA | Operation \" 230 PG&E
Blythe NRG Energy Riverside County CA | Operation \" 21 SCE
Campo Verde Southern Power Imperial County CA | Operation \" 139 SDG&E
Cuyama D.EShawRenewabldnvestmenty Santa Barbara Coun{ CA | Operation \" 40 PG&E
NextEra Energy
Desert Sunlight ResourcesNRG Energy & | Riverside County CA | Operation \" 550 PG&E and SCE
SumitomoCorp of
America
Kingbird 8point3 Energy Partners | Kern County CA | Operation \" 40 gil\tlgzig;’lagjg?]e:n%
Azusa
Lost Hills Blackwell | Southern Power & 8point3| Kern County CA | Operation \" 32 PG&E, City of Rosevil
North Star Southern Power & 8point3| Fresno County CA | Operation \" 60 PG&E
Portal Ridge D.E. ShawRenewabldnvestmenty Los Angeles County CA | Operation 32 PG&E and SCE
Rancho Seco D.EShawRenewabldnvestmenty Sacramento County CA | Operation \" 11 SMUD
Solar Gen 2 Southern Power & 8point3| Imperial County CA | Operation \" 150 SDG&E
Stateline Southern Power & 8point3| San Bernardino Coun{ CA | Operation \" 300 SCE
Topaz Solar Farms| BHE Renewables SarLuisObispoCount CA | Operation \" 550 PG&E
Cimarron E%Z%Hezgﬁbﬁgd Colfax County NM | Operation \" 30 Egﬁ;ﬁi&ggeraﬂon and
Energy Association
Macho Springs Southern Power Luna County NM | Operation Vv 50 El Paso Electric
Sunshine Valley First Solar Nye County NV | Development 100 SCE
Switch Station 1 & 4 EDFRenewabEnergy&JPMorgar] Clark County NV | Operation \" 180 NV Energy
MoapaSouthern Capital Dynamics Clark County NV [ Operation \" 250 LADWP
Paiute
Silver State South | NextEra Energy Resources | Clark County NV | Operation 250 SCE
Silver State North | Enbridge Clark County NV | Operation \" 50 NV Energy
Barilla First Solar Pecos County TX | Operation \% 30 -
East Pecos Southern Power Pecos County TX | Operation V 119 Austin Energy

Table7A. Example southwesl.S. utilityscale solar projects utilizing CdTe PV technology
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Over 10 GW of CdTe PV has been deployed in the U.S., including both projectsieedfioped
by First Solar and by thirgharty developers. Exampl projects are shown iriTable7 and range from
10 to 550 MW AC First Solar PV systems are designed for grounmbunt utility scale projects. This
market approach has shaped how the PV modules are installed and maintained. Engineering,
Procurement, and Costruction (EPC) contractors arasedto install the PV systems. First Solar offers
to operate and maintain thepower system and provide end of life recycling options which are
discussed in sectionll.D.

PROJECT COUNTY STATE OWNER OFFTAKER FIRST SOLAR SERVICES [Hsb‘lu'zflc}
Perry Perry AL First Solar - Modules, Development B0
Russell Russell AL First Solar - Modules, Development 80
Big Bend Hillsborough FL TECO TECO Modules, 0&M 20
Columbia Columbia FL First Solar - Modules, Development 75
Payne Creek Polk FL TECO TECO Modules, Construction T0
Balm Hillsborough FL TECO TECO Modules, Construction 74
Grange Hall Hillsborough FL TECO TECO Modules, Construction 61
Peace Creek Polk FL TECO TECO Modules, Construction 56
Mountain View Pasco FL TECO TECO Modules, Construction 62
Decatur Decatur GA Southern Power Georgia Power Modules, Construction, 0&M 83
Butler Taylor GA Southern Power Georgdia Power Modules, Construction, O&M 103
Taylor Taylor GA Southern Power Georgia Power Modules, Construction, O&M 147
Twiggs Twiggs GA First Solar Georgia Power Modules, Development 200
Elm City Wilson NC Duke Energy Duke Energy Modules, Construction 40
Oceana - VA Dominion Energy | Commonwealth of Virginia Modules, O&M 18
Remington Fauquier VA Dominion Energy | Commonwealth of Virginia Modules, O&M 18
Waverly Sussex VA First Solar - Modules, Development 118

Table7B. ExamplesoutheastU.S. utilityscale solar projects utilizing CdTe PV technolog'

[11.C1- Field Breakage

Broken modules refer to PV modules with cracked glass which may result from extreme
weather (e.g. impact fracture from hail)or human factors (e.g., stress fracture from installation
damage).Based on warranty return statistics, module breakage iiare, occurring in approximately 1%
of modules over the 25year warranty operating lifg0.04%/yr). Over onethird of breakages occur
during shipping and installation, resulting in removal faake-back and recycling. For the remainder,
routine module ingections and power output monitoring are used to identify modules that are non
functioning potentially due to breakag€Sinha & Wade, 2015) Utility-scale PV sgtems are sizeable
investmentsthat are continuously monitoredgee sectionlll.C.4.
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Figure66. CdTePVField BreakageFate and Transport Evaluation
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Figure66. Comparison of Cd exposure point concentrations in s¢ibp), groundwater (middle)and air
(bottom) to USEPA health screening levels for CdTe PV field breakage in residential rooftops, commercia
rooftops and groundmounted utility-scale scenarioExposure point concentrations are shown in blue and
health screening leels are shown with dashed lineglEA, 2019a)
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Experimental and modeling analysis indicates that CdTe PV module field breakage does not
pose significantenvironmental orhealth risks. This conclusion idased onmultiple methodologies
that have tested and modetd module breakage for the potential release of semiconductor materials

1 Worstcase (total release) modelingSinha et al., 2012a)

0 Assuming total semiconductor release in rainwater, potenti@ld concentrations are
below soil, ar, and groundwater health screening levels and background levels using
USEPA fate and transport methodology.

1 Fate and transport modeling with USEPA Method 1312 Synthetic Precipitation Leaching
Procedure (SPLP) test datdEA, 2019a)

0 Assuming experimental semiconductor release in simulated rainwater (pH 4.2 and 1
cm module pieces), potential soil, air, and groundwater Cd concentrations are below
health screening levels using USEPA fate and tranest methodology.

1 Longterm leaching test with simulated rainwate(CRIEPI, 1999)

0 Assuming experimental semiconductor release in simulated rainwater (40 days of pH
5 rainfall on cracked modules), potential Cd leachai®oncentrations are below
drainage criteria.

1 Longterm leaching test with actual rainwate(Steinberger, 1998)

0 Assuming experimental semiconductor release in actual rainwater (@ay of rainfall
and 1 cm module pieces), potentiaCd leadate concentrations are below health
criteria for soil and water.

Some previous norstandard leaching tests have utilized finely ground samplesxtended
extraction cyclesand/or non-encapsulated moduleswhich can provide data on the total quaiity of
metals in a sample, but not their availability under realistic field breakage conditio(Sinha & Wade,
2015; Fthenakis et al., 2020) Potential impacts to soil, air, and groundwater quality from CdTe PV
module field breakagefrom IEA (2019)are summarized graphically ifFigure66 and are well below
health screening levels.

[11.C.2 Extreme Weather Events

A study by The University of Tokyo evaluated the potential environmental, health and safety
risks of CdTePV systens in the event of a natural disaster such as an earthquake, tsunami, or large
fire (Matsuno, 2013). The study concluded that even in worst case scenarios, the environmental risks
from CdTe PV systems impacted by aarthquake, tsunami, or fire would be minimal due to CdTe
insolubility in water, limited emissions in case of fire, the robust design of a First Solar module, as well
as its low CdTe content.

CdTe PV systems hawadso demonstratedhigh resilience to extrene weatherin the field. More
than 20 facilities using CdTe PV technology in North Carolina withstood Category 4 Hurricane Florence
in 2018 without any damage. Another facility using CdTe PV technology in Florida sustained a direct
hit from Category 4 Huicane Michael in 2018 without any damage. A facility using First Solar
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technology in Puerto Rico withstood Category 5 Hurricane Maria in 2017 with minor damage affecting
0.5% of the PV module$VCCER, 2019)

The 550-megawatt Desert Sunlight solar facility was struck by a tornado in 2015VCCER,
2019). This facility replaced 1.8% or 154,843 of the 8.8 million PV modules, with 135,000 recycled
and the remainder disposed of.There were no indications of sil contamnation reported to U.S.
Bureau of Land Managementrom this event

[11.C3-Fire Tests

Experimental analyss indicate that CdTe PV modules do not pose significaerivironmental
or health risks during fires based on:

1 Experimental fire testingFthenakis et al., 2005)
1 Worstcase (total release) modelingBeckmann, J; Mennenga, A;, 2011)
i Fate and transport modeling with experimental fire test da@geA, 2018)

Underthehgh t emperatures of a building fire (800 t
with Cd diffusing into glass, limiting releaswith 99.96% retention of CdFthenakis et al, 2005). For
ground mount systemspotential Cd emissions are limited bynaximumgrass fire temperatures g00-
1000°C) which are below the melting point of CdTe (1041°Cyand short flame residence times (15
seconds) for grass firegUniversity of Toronto, 2018)Potential impacts to air quality frommooftop and
ground mountCdTe PV fires have been found to be below human health screening leveigure67).
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Figure67. CdTePV Fire Fate and Transport Evaluation
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Figure67A. Maximum groundevel ambient air Cdconcentration and acute expoare screening guideline
levels (AEGL) for building fires with rooftop CdTe.Pkaxis shows groundevel Cd emissions concentration
(mg/m3) and xaxis shows downwind distance from fire (m). Acute exposure guideline (AEGL) sssent
values for Cd are show above the emissions concentrationgBeckmann and Mennenga, 201).
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Figure67B. Maximum groundevel ambient air Cd concentration and acute exposure screening guideline
levels (AEGL) for building fires wittooftop CdTe PVIEA, 2018).

[11.C4 - Qperations and Maintenance (O&M)

The field performanceand safety of PV systems is improved through proper operation and
maintenance (O&M) processedJtility-scale PV systems are sizeable investments where the reliéip
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and durability of the PV modules ahsystems over the 2530 year lifespan are critical factors that are
continuously monitored Figure 70). PV plant operation and maintenance (O&M) processes directly
impact the return on investment. O&M practices cdrad to optimal energy yieldas well asfield safety
throughcontinuous monitoring of the condition of the fieldyhereas lack of O&M can lead to cascading
power failures with fiscal losses. In the solar industry, O&M sector growth is tied to recent iscpbf
large-scale PV deployment. O&M copanies use the energy availability metric to quantify the value of
their services.

O&M best practices can help PV installations produce higher yields. The energy yield of a PV
solar plant is affected by a large set of factors. Weather patterns, the timé day, and seasonal
variability, are a few factors affecting the energy availabilttyetric (Hunt et al., 2015) PV solar plants
have different options in maximizing the value of solar energy, with storage of solar eneliggussed
later in section VB.

The plant operator managing the O&M of a PV plant controls the power generation output. This
output is predicted in advance and measured in redilme to ensure the PV plant is performing at
optimal capacity. Software is integilain monitoring the status of he PV system and components in
realtime. Plant operators use different software such as PVGuard, PVSyst, and PlantPredict to
estimate plant performance and effective availability. The accuracy of the software depends on the
input factors; some do not conbl for system interruptions such as inverter failure, forced outages,
and outages outside of management control. Plant operators must account for the nuances unigue to
solar plants, such as partial plant downtimes where oriaverter may be offline whilehe rest operate
normally (Hunt et al., 2015).

As an O&M provider, First Solar has a central PV plant management for operations anditen
technicians for maintenance. In 2015, 5 Gigawatts of PV plants were managed by Faslar making
them the largest &M management company in the worl@Figure 69)(GTM Research , 2015)In
2019, First Solar O&M increased to 10 Gigawatts under managememtith high average availability
(>99%)(2019). 10 Gigawats of modules requires First Sar to manage over 70 square miles of
area (Figure 68.
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Figure68. 1 MW Block of CdT@V

Figure68. Componentsneeded for 1 Megawatt blockof First Solar PV

A part of Fi r s tRel@hility Missiosincl@asaPV iplany moaitorchg through
measuring PV plant performance against predictienFirst Solar captures PV system performance data
through the plants it manages and through PV plant surveys. This ongoing validation of First $tlar
module performane is in addition to data from the 40+ First Solar field test sites. First Solar energy
predictions were within 5% of actual plant energy yie{@hiotto et al., 2016)

Onsite technicians address issues athe plant, includingall types of outagesand perform
proactive services to reduce potential downtime and component failuriechniciansinspectmodules
and manage the grounds around the modules. In response to plant equipment failures, critical system
components are procuré to provide the most coseffective options to reduce PV plant downtime.
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