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1 - FAQ with regard to CdTe Photovoltaic Modules

Overview of Questions

No. Question

1 What is Cadmium-Telluride (CdTe)?

2 How is Cadmium-Telluride produced?

3 Does CdTe bear a toxic potential / toxicity?

4 Does the encapsulated CdTe bear any environmental or health hazards?

5 Do the modules contain pure metallic cadmium?

6 How much cadmium is being used to produce one Calyxo module?

yi What would happen to the metallic cadmium if not being put to use in photovoltaics in form of
CdTe?

8 Why are we talking about CdTe/CdS photovoltaic modules?

9 Is Cadmium-Sulphide toxic?

10 What other materials are in a Calyxo module and how is it structured?

1 Are any of these other materials toxic or harmful to the environment?

12 What is the polymer foil?

13 What is the polymer tape?

14 What happens during lamination and why can you consider the layers to be encapsulated after that
process?

15 Is there a special glass used for the front and back substrate?

16 How much CO, is emitted during the life cycle of a CdTe photovoltaic module - including the metal
winning processes, module production and recycling and the Balance of System (BOS) (CO, Equiva-
lents - GWP ... Global Warming Potential)?

17 What is the abiotic material consumption forCdTe PV modules?

18 What is the water consumption for production of CdTe modules?

19 Are any hazardous substances released during lifetime of a Calyxo CdTe PV module - ‘from cradle to

recycling’?

20 What is the energy pay back time of the modules - e.g. when have they yielded the energy which has
been used to produce them?

21 How does the ecological footprint look like in total?
22 How does a conventional resource like natural gas compare to CdTe in terms of electrical yield?
23 How do PV Systems compare to conventional resources and technologies for electricity generation

in terms of land use?

24 When will PV Systems reach grid-parity, or when will electricity generated from PV installations
without subsidies be competitive to electricity from conventional sources?

25 How much Cadmium is released during the lifecycle of a Calyxo Module and how much Energy is
generated during that time - in comparison with a modern coal fired power plant?

26 What is the Cadmium emission- reduction potential of this technology?

27 What is the total pollution prevention potential of CdTe PV technology

28 Are there long term environmental impacts relating to the use of CdTe PV modules with regard to
groundwater, soil or ambient surrounding?
29 Do we bequeath an ecological burden to our grandchildren by utilizing CdTe Photovoltaic Modules?
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30 Will there be electromagnetic pollution stemming from PV Power plants?

kil Assuming, a module is broken during an accident or is destroyed on purpose - will there be a release
of hazardous materials which bear environmental or health risks?

32 Would the modules be destroyed by hail?

33 Are the modules combustible?

34 In case of a catastrophe - e.g. a fire — is there a risk of release of Cadmium to the atmosphere?

35 Does acid rain harm the modules or can Cadmium be leached by rain in general?

36 What is Calyxo Life Cycle Management?

37 How is the responsibility for the life cycle secured within Calyxo?

38 What is the toxicological classification of Calyxo Modules?

39 How does the take-back of EolL modules work?

40 Who bears the costs for the take-back process?

a1 How does the recycling process look like?

42 Why do the modules need to be registered?

Table 1 - Overview of Questions
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1.1 - Q&A
1.1.1 — Materials properties — Cadmium, Cadmium-Telluride, Cadmium-Sulphide
(1) What is Cadmium-Telluride (CdTe)?

(1.1) Cadmium-Telluride is a chemical compound made out of cadmium and tellurium merged into
a crystalline structure. The two metallic compounds are chemically bonded and in molar equilibri-
um (1:1).

Figure 1 - Cadmium-Telluride

Macroscopically, CdTe is a brownish cubic crystal. On an atomic level, CdTe has a cubic crystalline
structure which is similar to native zinc sulphide. It has a molecular weight of 240 8/, and a densi-
ty of 6200 *¢/,.. The melting point is at 1041 deg. C. It is insoluble in water and can only be decom-
posed by nitric acid. CdTe offers a great potential for application in photovoltaic technology, as its
band gap is very close to the daylight spectrum.

i,ii, fii

More detailed presentation of compound properties can be found elsewhere

(2) How is Cadmium-Telluride produced?

Author:

Essentially, Cadmium is a waste product from zinc, copper and lead mining and purification. In its
metallic form, the compound has certain toxic properties, which limits its further use - eg. for
electronic appliances. However, by upgrading it with the Tellurium - which is another by-product
of Copper and Lead product that can be leached from the tailings for further purification - a useful
product can be generated, CdTe. The upgrading process is a chemical process, where Cadmium
and Tellurium are bound to each other.
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Figure 2 — CdTe production process

(3) Does CdTe bear a toxic potential / toxicity?

With reference to the chemical stability and the insolubility of CdTe, it is far less toxic than metal-
lic cadmium, as it can’t be absorbed in the human metabolism. Scientific evidence has shown that
the toxicity indicators are several orders of magnitudes below Cadmium and other Cadmium com-
pounds”. As the CdTe is sealed in the module, an exposure which could lead to resorption is virtu-
ally impossible. A direct contact to CdTe during production is also avoided and exposure is kept as
low as reasonably possible. For detailed information on possible hazards resulting from cata-
strophic failures (e.g. fires, breakage etc.), kindly refer to chapter 2.2.

(4) Does the encapsulated CdTe bear any environmental or health hazards?

Harmfulness of CdTe is bond to a very high dose entering the human metabolism. This could only
be the case, if flakes or particles of a grinded module are inhaled or swallowed. As these flakes or
particles can only be generated by grinding the module to pieces, an exposition to CdTe during
normal operation is impossible. Furthermore gaseous emissions can be ruled out, as the vapour
pressure of CdTe at ambient temperatures is close to zero. Kindly refer to the results of long term
testing discussed in chapter 2.1.

(5) Do the modules contain pure metallic Cadmium?

No.

(6) How much cadmium is being used to produce one Calyxo module?

Author:

Stochiometrically, CdTe is Cd,Te,; to form it 1 mole Cd and 1 mole Te react with each other to form
the stable compound CdTe. The molecular weight of Cd is 112 &/, whereas for Tellurium it is 128
¢/ ..o TO generate one kilogramme of pure CdTe, one needs to put in 467 g of metallic cadmium.
With reference to the amount of CdTe used in one of our modules, this would result in approxi-
mately 7 to 12 g of Cadmium use for providing the 15 to 25 g of CdTe encapsulated in the module to
harvest the energy from the sunlight.
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(7) What would happen to the metallic cadmium if not being put to use in photovoltaic modules in
form of CdTe?

Cadmium is a by-product of zinc smelting - therefore, its production volume is proportional to the
global zinc production. If it is not put into a use or stockpiled for future use, it’ll most likely end up
being cemented, buried or disposed of in landfills.

As a study of the European Commission Joint Research Centre* has concluded, the use of Cadmi-
um in form of environmental stable Cadmium-Telluride in photovoltaic modules is its most envi-
ronmentally friendly use.

(8) Why are we talking about CdTe/CdS photovoltaic modules?

As the function of the photovoltaic cell requires a second layer of semiconducting material, there
is another layer of Cadmium-Sulphide contained in each module. Its thickness is between 0.1to0 0.3
microns, which is minor, compared to the 3 to 8 micron layer of CdTe. This Cadmium-Sulphide lay-
er is used within other thin film technologies (like CIGS) as well.

(9) Is Cadmium-Sulphide toxic?

Cadmium-Sulphide (CdS) is toxic and harmful to the environment. However, by deposition of the
ultra thin film on the glass, encapsulation and ,sandwiching’ it between two layers of glass it never
comes into contact with humans or the environment during normal life cycle. Working exposure
during the manufacturing process is limited to the lowest achievable level.

Figure 3 - Cadmium-Sulphide

(10) What other materials are in a Calyxo module and how is it structured?

1- Front glass sheet

2 - TCO front contact (Sn0O,)

3 - CdS / CdTe semiconductor coatings

4 - Metallic back contact

5 - Encapsulation polymer

N oW B o @~

6 — Polymer sealing tape

1 7 — Back glass sheet

8 - Junction box on backside

Next to the CdTe and CdS layers contained between the two glass sheets, there are two more lay-
ers, one metallic back contact and a polymer foil. The module is connected to the installation grid
via a junction box on the backside.

(11) Are any of these other materials toxic or harmful to the environment?

Author:

No. Furthermore, all contained materials are encapsulated in the glass by means of lamination
with a specific polymer, an exposure to the environment or to humans can not take place. The in-
tact module forms a composite.
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(12) What is the polymer foil?

A special foil is used to laminate the front and back glass to form the composite module and to fi-
nalize it. It is a fast connecting polymer, like EVA (Ethylene-vinyl-acetate).

(1) EVA (Ethylenvinylacetat):

f f
— | CH;.-CHﬁCH-CH;. ) _
\ % | y

Figure 4 - EVA Monomer

(13) What is the polymer tape?
The polymer tape is used to add stability to the composite and to insulate the conducting layers at
the edges of the module.

(14) What happens during lamination and why can you consider the layers to be encapsulated after
that process?
During lamination, the polymer foil (which is sandwiched between coated front glass and back

glass) is heated under vacuum conditions. Long chained polymer molecules start restructuring
during that process and establish a connection between the two substrates. Furthermore, the foil

becomes transparent during that process.

After that, the layers can be considered encapsulated and the module is a composite, as a mechan-
ical separation of front and back glass is no longer possible after lamination.

(15) Is there a special glass used for the front and back substrate?

No, it is normal float glass - however, the front substrate is coated with a conductive anti-
reflection layer, which is also commonly used for other applications.
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1.1.2 - Environmental Impact

(16) How much CO, is emitted during the life cycle of a CdTe photovoltaic module - including the

metal winning processes, module production and recycling and the Balance of System (BOS) (CO,
Equivalents — GWP ... Global Warming Potential)?

To achieve a better comparability to other means of electric energy production, it is helpful to use
a common unit applicable to all technologies. Such a unit has been established by converting all
greenhouse gas emissions during lifetime to CO, equivalents per electrical yield:

g CO,-Eq. emitted / kWh electric yield

CdTe PV systems reach a value between 15 to 25 g CO,-Eq. / kWh - assuming a module lifetime of
30 years, an insulation of 1800 kWh/m?/year and a performance ratio of 0.8.
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Figure 5 - Life Cycle GHG emissions of PV Systems compared to other Energy production systems"
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Figure 6 - GHG emissions of different PV Technologies: (a) European Production & Installation; average solar radiation (1700
kWh/m2/year), rooftop mounted; (b) Si European production, US module production and installation; average solar radiation
(1800 kWh/m?/year), rooftop mounted; (c) Si European production, US module production and installation, SW solar radia-
tion on latitude tilt surface (2280 kWh/m?/year), rooftop mounted; (d) Si European production, US module production and
installation, solar radiation of Springerville, AZ (2060 kWh/m?/year), ground mounted"!

Figure 7 gives a similar picture for Southern European solar radiation conditions.
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Figure 7 - Carbon footprint of Photovoltaic Systems"

By converting this factor, one can say, that during the whole lifecycle of our CdTe Module, starting
from the metallic ore, ending at the recycling about 1 tonne of CO, is emitted to the atmosphere,
whilst a coal fired power plant would have emitted over 50 tonnes to generate the same electrici-

ty.

Doing another conversion, one could say, that each installed Megawatt of Calyxo CdTe PV capaci-
ty saves over 1tonne of CO, emissions per hour of yield - compared to the energy generation with

coal fired power plants.
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When looking at the future electricity generation systems based on fossil fuels based on pulver-
ized coal (PC), gasification (IGCC) and carbon capture and storage (CCS), CdTe PV Systems still
have a significantly lower carbon footprint.

300
262 PC = Pulverized Coal
245 IGCC = Integrated Gasification Combined Cycle
250 - CCS = CO, Capture and Storage —_—
E = Data Sources:
= 200 - _Viebahn 2008 (hard coal)
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(=]
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Figure 8 — Carbon Footprint of future electricity™

(17) What is the abiotic material consumption for CdTe PV modules?

The abiotic material consumption or use is one of the standardized indicators used for life cycle
assessments in the international standard 1SO14042. It is a summary indicator specifying the
use/consumption of minerals, fossil fuel and other abiotic resources during the production pro-
cess. For the production of CdTe modules, this indicator not only contains values for the produc-
tion of the metallic compounds CdTe, CdS and the back-contact metals but also for the glass, the
support structure (BOS) and the EVA foil. The outcome of a screening with regard to this indicator
is displayed in the diagram below.

1,6
1,4

1,2

kg pro kWh bereitgestellter Kapazitat
o
©

Abiotischer Materialverbrauch (incl.
BOS)

poly-Si (1)
poly-Si (2)
CIS

Konventioneller Energiemix
(2005)

Figure 9 — Abiotic material consumption*

Poly-Si ... polycristalline Silicon Modules
CIS ... Copper-Indium-Selenide / Copper-Indium-Gallium-Diselenide PV Modules
CdTe ... Cadmium-Telluride PV Modules
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One can convert this value as follows. To produce a module with a performance of 6o Wp (which
could generate around 8oo kWh of electrical energy in Germany) and a lifetime of 20 years, one
needs 2560 kg of abiotic materials. Compared to the abiotic consumption footprint of the average
European Energy mix of 2005 ( 31.2 % nuclear; 53.4 % coal, oil, gas; 11.5 % hydro; 2% wind;1.9% other
Renewables), this is a 9o0% reduction.

(18) What is the water consumption for production of CdTe PV modules?

Adjacent to the abiotic material consumption, the international standard used for life cycle as-
sessments, defines a water consumption indicator, which summarizes the amount of water pollut-
ed during lifetime of a product - again, starting from the very first resource modified during the
production process and ending at recycling. The figure below gives the results of the screening
carried out in this regard.

kg pro kWh bereitgestellter Kapazitat
w

Wasserverbrauch (incl. BOS)

Konventioneller Energiemix
(2005)
poly-Si (1)
poly-Si (2)
CIS
CdTe

Figure 10 - water consumption®

One could convert this indicator, by saying, that the production of a Module consumes around 8m?* of wa-
ter. Again, in comparison to the current energy mix, this is a 9o% reduction in water consumption.

(19) Are any hazardous substances released during lifetime of a CdTe PV Module - from cradle to
recycling?

With reference to available scientific studies*, there is no evidence for any release of hazardous substanc-
es during lifetime of our modules. Substance bearing a hazardous potential - e.g. CdS - are kept in a
closed loop, thanks to our recycling concept. Exemptions would only occur, if modules leave the life cycle
or an accident - like a fire — destroys the integrity of the module and its encapsulated layers.

Emissions during production are way below the legal limitary values and production facilities do no re-
quire a permit under emission protection laws. Exposition of co-workers is limited and kept to the lowest
achievable level (ALARA).

(20) What is the energy pay back time of the modules — when have they yielded the energy which
has been used to produce them?

Average energy pay back time (EPBT) for CdTe PV modules installed in Germany is currently around 1.5 to
2 years. However, our development funnel indicates, that we will be able to reduce this to about 1.5 to 1
years in future.
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Photovoltaic Solar Electricity Potential in European Countries
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Figure 11 - Energy Payback Times of CdTe PV Systems in Europe*i

(21) How does the ecological footprint look like in total?

2
13
[=
o
v

Global Warming Potential [g CO2 eq./kWH]
poly-Si
UCPT cis CdTe
4] f—:‘nergy A B C
g mix (2005) | /5805 | incl. BOS | w/oBOS | incl. BOS | w/oBOS | incl. BOS | w/oBOS | incl.BOS | w/oBOS | incl. BOS
'“5) 454 147,0 167,0 52,0 72,0 37,0 57,0 70,0 95,0 17,0 48,0
E Acidification Potential [% of conventional energy mix (2005)]
O
< poly-Si
< UCPT cis CdTe
= energy A B C
- .
< | Mix(2005) |\ ,080s | incl. BOS | w/oBOS | incl.BOS | w/oBOS | incl.BOS | w/oBOS | incl.BOS | w/oBOS | incl. BOS
z
E 100 41,0 44,0 14,0 17,0 12,0 15,0 3,0 6,0
5 Freshwater Ecotoxicity Potential [% of conventional energy mix (2005)]
[~
> poly-Si
z UCPT . cIs CdTe
energy A B C
mix (2005) . . . . .
w/0BOS | incl. BOS | w/oBOS | incl. BOS | w/oBOS | incl.BOS | w/oBOS | incl. BOS | w/o BOS incl. BOS
100 91,0 114,0 30,0 53,0 34,0 63,0 5,0 30,0
Table 2 - Ecological footprint (comparison)®
This table presents the most common environmental impact indicators.
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1.2 — Comparisons
(22) How does a conventional resource like natural gas compare to CdTe in terms of electrical yield?

1 m? of CdTe equals the CdTe content of approximately 330,000 Calyxo modules. This amount of modules
yields 520 GWh of electricity in Germany over its lifetime. To achieve the same yield by means of state-of-
the-art natural gas electrification (60 % electrical yield), one would need to combust 80 ooo m? of gas
(calorific value 40 M)/m?). Furthermore, the natural gas looses its energetic content once burned, whereas
the CdTe will be recycled in put into new photovoltaic modules to yield electricity for another 20 years.

(23) How do PV Systems compare to conventional resources and technologies for electricity genera-
tion in terms of land use?

There are two metrics, which can be used for discussion of land use efficiency and life-cycle land use of
electricity generation. The first indicator is land transformation which is measured in m? and indicates
the area of land altered (‘consumed’ for electricity production) from a reference state. It includes direct
transformation, e.g. for the construction of infrastructure, and indirect transformation, e.g. materials and
energy requirements for mining and operation of a power plant.
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