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The Goal and Scope

The purpose of this review is to assess the Environmental and Health Safety (EHS)
aspects of CdTe photovoltaic (PV) systems over their entire life cycle, including module
manufacturing, module use, and end-of-life disposal. The review was undertaken at the
request of First Solar, and was hosted by Associate Professor, Dr. Yasunari Matsuno,
The University of Tokyo, accompanied by co-investigator, Prof. Dr. Hiroki Hondo,
Yokohama National University.

The review consisted of the following two processes:

1) The reviewers investigated the written and presented materials related to the
potential environmental, health, and safety risks and benefits associated with CdTe PV
systems during their life cycle.

2) The lead reviewer visited the First Solar’s Perrysburg, Ohio facility in the United
States on May 2nd, 2012 to receive:
- A tour of the manufacturing and recycling facilities;
- Presentations on the EHS aspects of CdTe PV modules; and
- Presentations on the EHS practices in place at First Solar’s manufacturing and
recycling facilities.

At the end of the presentations, there was a roundtable discussion among the
reviewer and presenters, and additional personnel. The roundtable discussion was to
focus on two key questions defined below, as well as to give the reviewer the opportunity
to discuss preliminary findings and ask additional questions. First Solar replied to the
reviewer’s questions and gave additional materials when necessary.

Two key questions addressed during the roundtable discussion:

1) Do CdTe PV systems represent an environmental, health, or safety risk under
normal operating conditions and foreseeable accidents, up to the end of the life of the
product (including recycling)?

2) What are the overall life cycle impacts of the large-scale deployment of CdTe PV
systems on the environment, public health, and public safety, taking into account
other energy alternatives?
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Conclusions
The main conclusions obtained in this review are the followings:

1) Environmental and Health Safety (EHS) aspects of First Solar’s CdTe photovoltaic
(PV) systems

-Concerning manufacturing operations, First Solar has continuously implemented
outstanding policies, practices, procedures and management systems in order to protect
worker’s health and safety as well as the environment. Actual air and water emissions
of cadmium are well below the local regulatory limits in all factories. First Solar is very
proactive in developing and improving safety programs to further reduce risk and
encourage the active participation of all employees. First Solar manufacturing plants
are certified to ISO 9001(quality), ISO 14001 (environmental), and OHSAS 18001
(occupational, health and safety) standards.

Under normal operating conditions, there will be no emission from CdTe PV
modules, which leads to no impact to environment, except for impacts from land use.
However, it should be noted that the PV systems cause the least impacts by land use
among renewable-energy options [16].

- In the foreseeable accidents (e.g. fire, breakage of CdTe PV modules), the emissions
of cadmium or cadmium compounds have been proven to be negligibly small. In a fire,
almost all (99.96%) of the cadmium content of CdTe PV modules will be encapsulated in
the molten glass matrix [2]. Module breakage rate is below 1% over 25 years (0.04%/yr),
over one-third of which occurs during shipping and installation. In addition, routine
inspections and power output monitoring diagnose broken modules for takeback and
recycling [10].

+ A recent study related to acute oral and inhalation toxicities in rats clearly shows
that CdTe is less toxic than Cd [9]. The solubility and bioavailability of CdTe has also
been shown to be much lower than other Cd compounds [5, 28]. One study has so far
been conducted for ecotoxicity of CdTe, which investigated the acute aquatic toxicity of
CdTe on zebrafish (Brachydanio rerio). The results show no toxic (lethal or sub-lethal)
effect on fish at aquatic saturation [5, 29].

First Solar has introduced an excellent global Module Collection and Recycling
Program that makes sure to collect and recycle the CdTe PV modules from the owners at

no cost, whenever and wherever it is requested. This will further reduce the risks at the
end-of-life stage [24-26].

- The frequency of huge disasters (e.g. large earthquake, fire, tsunami) in Japan is
relatively large compared with those in other countries. However, no study for
examining the risk of CdTe PV modules under such huge disasters has so far been
published, though such issues have been partly considered in project permitting
environmental impact reports [27].

2) Life cycle environmental impact of First Solar’s CdTe photovoltaic (PV) systems
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- The life cycle GHG emissions and energy payback time of First Solar’s CdTe PV
technology, which are based on unit kWh electricity generation under normal operating
conditions, are 19-30 g-CO2/kWh and 0.7-1.1 years, respectively, depending on location
of installation [18]. These values are the lowest among all current PV technologies [15].
Compared with fossil fired power generation, e.g. coal-fired and oil-fired power plants,
GHG emissions of First Solar’s CdTe PV technology per kWh of electricity generation
are quite small [12].
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Fig. 1. From de Wild-Scholten (2010) [12]

- All types of PV modules including Si PV have cadmium emissions in the production
stage. For example, the electricity consumption in PV module production must lead to
cadmium emissions from fossil fuel fired power stations. Like Si PV technology, First
Solar’s CdTe PV technology has lower cadmium emissions compared with coal and oil
fired power generation during its life cycle[15].
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Fig. 2. From Fthenakis et al. (2008) [15]

» Cadmium emissions to air by CdTe PV module production contribute to 0.04% of the
total damage to human health based on the life cycle impact assessment method
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IMPACT2002+ [12].
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Cadmium is an unavoidable by-product of zinc smelters, and therefore the
production of cadmium and cadmium emissions are inevitably affected by zinc demand.
The studies related to dynamic modeling of cadmium substance flow with zinc demand
revealed the potential for a cadmium oversupply problem in the near future, and the
consequent need to develop alternative treatment methods for the cadmium surplus,
including finding a sustainable use of cadmium [22]. CdTe PV systems that use
cadmium as a raw material can be considered as one of the solutions in this regard [19].

Summary of conclusions

Compared with coal and oil-fired power generations, both GHG and cadmium
emissions of First Solar’s CdTe PV technology per kWh of electricity generation during
its life cycles are quite small under normal operating conditions.

The study of dynamic cadmium substance flow analysis has pointed out the
potential for a cadmium oversupply problem in the near future. CdTe PV systems that
use cadmium as a raw material should be considered as one of the solutions for a
sustainable use of cadmium.

- In foreseeable accidents, e.g. fire, breakage of CdTe PV modules, the emissions of
cadmium or cadmium compounds have been proven to be negligibly small. In addition,
First Solar has introduced an excellent global Module Collection and Recycling Program
which further reduces the risks at the end-of-life stage.

- However, we believe that CdTe PV systems should be used only for large scale
operations, and not be used for dissipative products (e.g. toys, household electronic

Document Number: SD - 31 Page 4 of 11



Collection: Sustainability

products) In addition, the frequency of huge disaster (e.g. great earthquake, fire,
tsunami) in Japan is relatively large compared with those in other countries. Therefore,
CdTe PV systems should not be located close to sea level and hazardous facilities to
avoid the risks under the huge disasters. It should be noted that, in general, all power
plants, including fossil fired power plants, nuclear power plants, etc. have some
potential risks in huge disasters.

Future researches to be recommended

- Ecotoxicity of CdTe and CdS should be evaluated more in detail on the test organisms
such as pseudokirchneriella subcapitata and daphnia magna.

The risks of CdTe PV systems under the huge disasters should be further evaluated.

It 1s expected that the study about life cycle impacts of CdTe PV systems will be
updated to include and reflect the First Solar’s state-of-the art recycling processes
(e.g. recycling of the filter cake) [11].
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Appendix 1 Questions by reviewers and replies by First Solar
Environmental and Health Safety (EHS) Risks
1) Toxicity of CdS

Zayed & Philippe (2009) and Kaczmar et al. (2011) evaluated the toxicity of CdTe. On
the other hand, there is no toxicological information about CdS which is also used for
CdT PV modules (de Wild-Scholten and Schottler, 2006). Do you have any information
and data related to CdS toxicity?

Answers:

- CdS accounts for less than 3% of the total Cd in the module

- Less soluble than CdTe (< 1% solubility)
Long term transformation & dissolution testing with a 1 mg/L loading of
cadmium sulfide showed a concentration of 5.75 ug of Cd per liter of water
after 28 days

- Low acute oral and dermal toxicity
Classified as non-toxic for acute exposure

- Low respirable fraction (less than 10 pm) limits inhalation toxicity

Average particle size is 200 pm

2) Ecotoxicity of CdTe and CdS

Although Agh (2011) has conducted the acute toxicity tests of CdTe to zebrafish, there
are little information and data about the ecotoxicity of CdTe and CdS. Besides Agh
(2011), do you have any information and data concerning the ecotoxicity of these
compounds? We also appreciate it if you could give us the papers by Agh (2011)
because we cannot obtain these papers from our universities. Ecotoxicity for fishes is a
great concern for Japanese because Japanese daily intakes of fishes are relatively large
compared with those in other Western countries. Are zebrafishes appropriate species
for testing acute toxicity?

Answers:
For both CdTe and CdS, ecotoxicity (and bioavailability in general) is related to
solubility (release of Cd2+ ion).
The extremely low solubility of both CdTe and CdS results in reduced ecotoxicity

There were no effects (lethal or sublethal) from CdTe at aquatic saturation

Document Number: SD - 31 Page 8 of 11



Collection: Sustainability

for zebrafish over 96 hrs; CdS has even lower solubility than CdTe.

- Ecotoxicity testing in Agh (2011) was performed according to OECD and USEPA test
guidelines with zebrafish as the recommended test species

3) Accidents in PV manufacturing factories

We understand from First Solar’s Document (2011) that First Solar has introduced an
excellent FHS management system in its plants. However, although there is a very
small probability, some accidents (e.g. fires, explosions) may happen during the
operation of the plants. Have you ever investigated the potential risks and/or exposures
of Cd or Cd compounds to your workers in your plants and/or residents near your plants
when the accidents happen? We believe that plants who deal with toxic substances, e.g.
Cd or Cd compounds should be equipped with measures for these accidents.

Answers:

Bureau Veritas performed dispersion modeling of manufacturing plant fire
emissions as part of EHS permitting for proposed First Solar manufacturing plant in
Blanquefort, France, and the risk was found to be negligible.

First Solar manufacturing plants are certified to:

- ISO 9001:2008 (quality), ISO 14001:2004 (environmental) and OHSAS
18001:2007 (occupational, health and safety) standards

4) Huge disasters

The studies by Fthenakis et al. (2005), Sinha (2011) and Steinberger (1998) show that
cadmium emissions remain negligible in the exceptional cases, e.g. accidental fires or
breakage of panels. On the other hand, the frequency of huge disaster (e.g. great
earthquake, fire, tsunami) in Japan is relatively large compared with those in other
countries. We believe that these huge disasters should be taken into account in
environmental and health safety (EHS) aspects. Have you have ever investigated the
eftect of huge disasters on the FHS aspects of CdTe PV systems? We believe that CdTe
PV systems should not be used for dissipative products nor located close to sea level and
hazardous facilities, e.g. petroleum and petrochemical plants.

Maximum wildfire temperatures (approximately 800-1000°C) are below the melting
point of CdTe (1041°C), limiting release.

Broken modules from earthquake are addressed by a PV Module Performance
Detection and Handling Plan for identifying and handling broken PV modules and it is
unlikely that broken modules associated with an earthquake would be left in the field
for any significant amount of time. Additionally, the low solubility of CdTe minimizes
risk, and modules do not shatter when broken, but rather the vast majority of breakage
1s manifested as hairline-cracks which leaves the module virtually intact.
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Routine inspections and power output monitoring diagnose broken modules for
takeback and recycling.

- Risks for modules impacted by a tsunami would be related to the scattering of the
modules over the impacted geographic area. The low solubility of CdTe and the design
of the modules (laminated glass on glass) minimize the direct impact to the
environment. Additionally, in comparison to traditional forms of electrical generation,
the environmental impacts of a tsunami on a PV plant are low. Fukushima provides
evidence of the impacts of nuclear power disaster, and a fuel oil spill and potential fires
associated with fuel oil and natural gas power plants create a higher level of
environmental risk.

Life Cycle Impacts
5) Detailed life cycle inventory data of PV systems

There have been many LCA case comparative studies for PV systems, e.g. Fthenakis
et al. (2008), Held & Ilg (2011), de Wild-Scholten (2010), etc. The work by Held & Ilg
(2011) was one of the studies base on the latest data, which pointed out the recent
drastic changes in PV production system, including recycling processes.

In order to review their works, we request the detailed life cycle inventory (LCI) data
for production of PV module, frame and BOS, e.g. the amount of electricity, fuels, and
materials required and emissions of Cd, CdTe, CdS etc. to produce one unit of PV
modules in First Solar plants. The changes of LCI in recent years should be clarified. In
addition, Fthenakis et al. (2008) used the data from the “CrystalClear project” to
conduct LCA for crystalline silicon modules. We appreciate it if you could offer the data
because we cannot obtain them.

As Wild-Scholten (2011) mentions, the electricity grid mix has a significant effect on
Iife cycle environmental impacts of PV, As far as we understand, First Solar has plants
to produce PV modules in USA and Malaysia. The differences in environmental impact
of electricity grid mix in these sites should be reflected in conducting LCA for First
Solar’s PV systems.

LCI data for module, BOS, and recycling will be provided (note there is no frame).

CrystalClear data can be found at:
http://www.ecn.nl/docs/library/report/2007/e07026-LCIdata-cSiPV-pubv2_0.xls

Impact of grid electricity mix has been reflected in de Wild-Scholten (2011)

CdTe is less sensitive than Si PV due to lower electricity use in manufacturing

6) Recycling of PV modules
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6-1 First Solars Module Collection and Recycling Program seems excellent. We are
wondering whether there are any other companies who produce Si-based PV systems
that have similar programs. We appreciate it if you could clarify this point.

6-2 According to Held & Ilg (2011) and de Wild-Scholten (2010), there is no data about
filter cake treatment, 1.e. recovery of CdTe. So, details of substance flows of Cd and Te in
the plants in Perrysburg and Kulim should be clarified.

6-3 “First Solar Module Collection and Recycling Program — Frequent Asked
Questions” states that 90% overall recycling rate was estimated. It should be clarified
how the recycling rate was defined, and also what the other 10% consists of. In recycling
of glass cullet, the contamination of impurities such as metals should be strictly
minimized. So, it should be clarified how the recycling of glass cullet 1s achieved, 1.e. for
what glass cullet is used. In addition, Held & Ilg (2011) considered only heat recovery
for plastic recycling. State-of-the art of plastic recycling should be reflected in LCA for
PV systems.

Answers:

SolarWorld (Si PV) and Abound Solar (CdTe PV) now have similar collection
programs but First Solar was the first to introduce the program and is the only
manufacturer with active recycling operations.

Data on filter cake treatment is presented in Sinha et al. (2012).
There is 97% conversion of filter cake to semiconductor grade CdTe.
End-of-life takeback and recycling, including USM processing, accounts for
~10% of the life cycle carbon footprint and energy payback time of CdTe PV

system.

Recycling rate is recovery by mass (90% recovery of glass, 95% recovery of
semiconductor)

Other 10% for glass recycling consists of cyclon dust (mixture of glass fines and
metals) that cannot be recycled.

Recycled glass is currently used for fiberglass manufacturing

Recycling methods are being improved to lower impurity levels to achieve float glass
(solar glass) quality for closed loop glass recycling

Semiconductor is already closed loop recycling (refined to semiconductor grade)
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