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Summary:

Photovoltaic cells are a contributor to the global energy mix of growing
importance. Among the different photovoltaic technologies, thin-film
technologies such as copper-indium-gallium-(di)selenide (CIGS) or cadmium-
telluride (CdTe) have shown a significant growth in market share caused
among other things by their reduced manufacturing costs and increased
versatility. These cells require materials like indium, gallium, cadmium and
tellurium that have been identified to be critical in terms of their economic
importance and supply risks in various studies. Also, significant stocks of
these materials will develop in the anthroposphere and secondary flows in a
significant scale will arise at some point in the future. In this article material
stocks and flows — including secondary flows and material demands- of
indium, gallium, cadmium, and tellurium resulting from global deployment of
photovoltaic cells up to 2050 have been analyzed considering three different
scenarios regarding the future development. Based on this, potential future

material shortages are discussed.

Keywords: Industrial Ecology; material flow analysis; thin-film photovoltaic;

critical materials; secondary materials.
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Introduction

Photovoltaic cells are a contributor to the global energy mix of constantly
growing importance, a trend which is very likely to continue for the coming
decades. The installed capacity has increased significantly within the past
years. In 2010, approximately 15,000 MW have been installed on a global
basis. Further growth is expected for the future, in some scenarios even up to
about 4,669 GW in 2050 (EPIA 2011). On the technological side, so far there
are basically two types to distinguish: silicon based cells and thin film cells.
Other types of PV cells like compound semiconductors and nanotechnology
cells are so far not relevant for commercial energy production (El Chaar,

lamont, and El Zein 2011).

In thin film photovoltaic cells the active layer has a thickness of between 1
and 10 uym which results in reduced manufacturing and material costs as well
as an increased versatility. Efficiencies of thin film cells are still lower than of
crystalline cells but costs, temperature robustness and versatility lead to a
significant gain in market share over the past years (El Chaar, lamont, and El
Zein 2011). A further growth is to be expected (e.g., Moss et al. 2011; U.S.
Department of Energy 2011; European Commission 2010) resulting in
increases in demand for certain metals such as indium, gallium, cadmium and
tellurium. These materials have been identified to be “critical” or “strategic” in
various studies (e.g. indium and gallium in European Commission 2010;
Buchert, Schiler, and Bleher 2009, tellurium in Moss et al. 2011; Thomason et
al. 2010, and cadmium in Achzet et al. 2011). Some studies highlighted
particularly their importance for energy technologies and low carbon
technologies or — the other way around - identified these materials to be a
potential bottle neck for the expansion of renewable energies (e.g., Achzet et
al. 2011; APS and MRS 2011; Buchert, Schiiler, and Bleher 2009). With the
continuous growth of installed photovoltaic capacity and at the same time a

growing share of thin film photovoltaic cells within the technology mix, a



further increase in demand for these critical metals can be expected. At the
same time anthropogenic stocks will develop and secondary material flows in
a significant scale will arise at some point in the future. Knowledge about
these stocks and flows is required for building up the required recycling
infrastructure to avoid the materials’ dissipation as well as for urban mining

activities.

Against this background, a dynamic material flow analysis (MFA) of
selected critical metals with consideration of flows into use as well as
secondary materials flows is presented in this article. First, the
methodological approach and data for the product-centric analysis of historic
and future flows of critical metals embodied in thin-film photovoltaic cells —
CIGS, CdTe and a-Si — are described. Then results calculated for different
scenarios from the European Photovoltaic Industry Association (EPIA) for
future installations which range from rather modest to very optimistic
estimations regarding the future deployment of photovoltaic cells are
presented. Finally, the results are compared to other studies and possible
conclusions especially regarding the materials’ availability and criticality are

discussed.

Methodology and data

The analysis focuses on material flows connected with the installation, use
and (future) disposal of photovoltaic cells. The material production stage
which is widely independent from the further use of the refined material is
not considered in the analysis. Studies focusing particularly on the metals
production for photovoltaic cells have for example been published by

Fthenakis, Wang, and Kim (2009).

The input into the use phase depends on the material embodied in the
installed photovoltaic cells and is calculated as the product of installations in

MW and the amount of critical material per installed MW (i.e. the material



intensity). Within the use phase the life span is a crucial parameter and the
time the cells spend in the use phase is modeled assuming a Weibull
distribution. Based on this, an estimation of the material demand is derived
by taking the calculated material flows into use and applying material
efficiency rates for the production of the different thin-film technologies,
hereby the fabrication and manufacturing stage are include in the analysis.

The system boundaries of the analysis are shown in Figure 1.

Production

Fabrication/ Waste
Manufacturing Management
& Recycling
|

Ore stock e el -
System boundary

Figure 1: System boundary of the study. I: material flow into use; P: installations in MW; c: Metal
concentration per MW; T: lifespan; W: potential waste flow/ secondary material flows; E: material
efficiency in fabrication/ manufacturing; D: material demand

As said initially, the study focuses on metals that have been identified to
be critical in various studies in terms of their economic importance or the
vulnerability of the respective system to a supply restriction, respectively, and
the risk of a supply shortage. Additionally but also contributing to this
combined importance and risk of supply, very low recycling rates (Graedel et
al. 2011) and high dissipative losses along the life cycle (Zimmermann and
GoBling-Reisemann 2013) can be observed. Against this background,
knowledge about future demand, stocks and secondary flows is of great

importance for an efficient and sustainable management of these metals.

Flows into use
The main parameters defining the use phase are the amount of products

entering it, the material intensity per MW and the time spent in the use



phase. The former parameter — products entering the use phase — is not
assessed based on the number of installed modules but on the installed
capacity in megawatt. Here, scenarios from a study published by the EPIA
(2011) have been used. Three different scenarios are distinguished in this
study: a rather moderate scenario (labeled “reference scenario”, assuming
388,623 MW in 2050), an accelerated scenario (2,988,095 MW in 2050) and a
“paradigm-shift” scenario (4,669,100 MW in 2050). The installations for

selected years and additional information are given in the annex.

For the material intensity per MW a broad literature screening has been
carried out and additional data from experts and manufacturers have been

included. Further details on this are given in a separate section.

The third parameter — the product lifespan - is of great importance within
the model (see section “lifespan distributions”). The system under study and
the industrial metabolism in general are dynamic and changes to the lifespan
result in changes to the system. As highlighted by Murakami et al. (2010),
various differing definitions of lifespan are used in science and literature. In
this study, lifespan is understood as the time span from entering the use
phase to leaving the use phase. This complies with the “domestic service
lifespan” described by Murakami et al. (2010). Instead of using average

values, life span distributions are used in the model.

Lifespan distributions and Weibull parameters

Lifespan distributions of products are commonly approximated using
probability distribution functions. The good suitability of the Weibull
distribution for modeling lifespans of various products has been shown and
described in multiple studies (e.g., Oguchi et al. 2008; Tasaki et al. 2004;
Kagawa, Tasaki, and Moriguchi 2006; Cullen and Frey 1999) and can be
considered the most widely applied distribution. Examples for the application

of the Weibull distribution to model other products’ lifespans can be found,



for example, in Zimmermann, Rehberger, G6Bling-Reisemann (2013) for wind

energy converters or Kagawa, Tasaki and Moriguchi (2006) for automobiles.

Kumar and Sarkan (2013) analyze the reliability of photovoltaic modules
using Weibull distributions and highlight that the behavior of PV modules is
comparable to other products. Also Kuitche (2010) identifies the Weibull
distribution among different statistical failure distribution models
(exponential distribution, Weibull distribution, lognormal distribution) to
match real-life data gathered for PV modules best. Following this, a Weibull
distribution of the product lifespans is assumed in this study, too. The Weibull

distribution can be defined as:
£t A k) = Ak(At)k—1e=AD"

t is the time in years, k and A are the shape and scale parameters. Further
details on the application of the Weibull function and related functions are
given elsewhere (e.g. Qiu and Vuorinen 2005; Cullen and Frey 1999; Wilker
2010; Abramowitz and Stegun 1972) and will not be explained here.

The Weibull shape parameter has been analyzed for different products in
various publications (e.g., NIES 2010; Oguchi et al. 2008). For most products
the shape parameters vary between 1 and 3, some products show higher
values of between 3 and 5.6. There are few studies analyzing the respective
parameters specifically for photovoltaic cells. Kuitche (2010) analyzes c-Si
photovoltaic cells based on accelerated testing and field data from different
climates (hot-dry, cold, dry, hot-humid) and states a shape parameter of
5.3759 which lies at the upper end of the range found for other products. The
lower and upper bound identified in Kuitche's analysis are 3.3 and 8.7484,
respectively. Significantly higher values are given by Kumar and Sarkan
(2013). Here, 9.982 and 14.41 have been calculated for two different sets of
photovoltaic cells; a specification of the respective PV technology is not

given, here. In their model for PV lifetime prediction, Laronde et al. (2010)



calculate values of 2.6, 5.03 and 7.56 for different sets of c-Si photovoltaic

modules using a petri network and literature data but no first-hand field data.

A relatively large spread for shape parameters for photovoltaic cells can
thus be observed. For the further analysis, a shape parameter of k=5.3759 is
assumed based on Kuitche (2010). This data is assumed to be the most
reliable since it is based on field data as well as on accelerated testing. Given
the range of values found in literature, however, the changes resulting from a
value of k=2.6 and k=14.41 will be assessed additionally in a sensitivity

analysis that can be found in the annex.

Technologies under assessment and material intensity

Contrary to crystalline cells, thin film cells are produced by depositing thin
layers of materials on glass or stainless steel substrates (El Chaar, lamont, and
El Zein 2011). The thickness of this layer is in the range of few microns
compared to hundreds of microns for silicon cells. CIGS, CdTe and a-Si cells
are analyzed in this study. For each of the considered technologies the
material intensity (material required per kilowatt or megawatt peak) is

identified. The material demand per MWp is depending on several factors:

- the thickness of the active layer,
- the share of the different materials in the layer,

- the efficiency of the module.

The data for the material intensity has been taken from literature but also
includes primary data from manufacturers and expert judgments. Literature
data is partly referring to different reference units (e.g. g/m?) and needs to be
normalized to g/kW, (or MW, respectively). This calculation has been

performed based on the efficiency of the cells.

CIGS is a mixture of CIS (copper-indium-di-selenide) and CGS (copper-

gallium-di-selenide). Its chemical formula is Culn,Gai-xSe,. The x value can



be between 0 and 1 reflecting different rations of CIS to CGS (Speirs et al.
2011). The thickness of the active layer of CIGS cells ranges from 1 to 3 um.
Most modules show a thickness of around 2 ym. The efficiency of commercial
modules lies between 10 and 12 per cent (e.g., El Chaar, lamont, and El Zein
2011; Fthenakis 2009). Although CIGS cells differ in their gallium content, it
can be said that modules without gallium do not have a significant role while
cells with gallium can be considered as common (Sander et al. 2007).
Additional differences in the material intensity result from different
thicknesses of the active layer and differences in the module’s efficiency.
These variations in the material intensity are reflected in the literature and

primary data.

The structure of a CIGS PV cell consists of several layers between layers of
glass. Molybdenum is deposited on glass as back contact followed by the

active layer and a transparent conductive layer (see Figure 2 a).

ZnO transparent oxide Glass Substrate

CdS buffer layer (or InS) Front contact (ITO/Zn0O)
CIGS (absorber) CdS n-type layer

Mo contact layer CdTe p-type layer

Glass Back contact

Figure 2: (a) Sections of a CIGS cell (b) Sections of a CdTe cell (according to El Chaar, lamont, and
El Zein 2011)

In CdTe cells a layer of CdTe is combined with a layer of CdS. In addition
indium-tin-oxide is used as transparent conductive oxide (TCO). The basic
structure — as shown in Figure 2 (b) — is similar to CIGS. The thickness of the
active layer varies between 2 and 3.3 um (Fthenakis 2009; El Chaar, lamont,

and El Zein 2011; Moss et al. 2011).

Amorphous silicon (a-Si) is one of the oldest thin-film photovoltaic
technologies (El Chaar, lamont, and El Zein 2011). The first publications on a-
Si appeared already in the late 1960s and the first products were available in
the early 1980s (Goetzberger, Hebling, and Schock 2003). Amorphous silicon
is an alloy of silicon with hydrogen (Goetzberger, Hebling, and Schock 2003).



The a-Si:H is deposited on glass coated with a TCO (Shah et al. 1999). As for
CdTe cells, indium tin oxide is commonly used as TCO with SnO, being an
alternative option (Shah et al. 1999; Goetzberger, Hebling, and Schock 2003;
Moss et al. 2011; Chopra, Paulson, and Dutta 2004).

For these three technologies a data collection has been carried out.
Besides literature data, primary data from two manufacturers (a German and
a Japanese manufacturer) could be obtained for CIGS and CdTe cells and
expert judgments (from “Helmholtz-Zentrum Berlin flr Materialien und
Energie GmbH" and “German Solar Industry Association — BSW Solar”) for
complementing and validating the collected data have been included.
Especially for gallium used in CIGS cells the data collection showed a
relatively large spread. This difference could not be explained by the age of
the consulted data, technological development or else, but is supposed to be
caused by differences in the design between different producers such as a
variation in the gallium-indium ratio (see description above). Also for the
other metals embodied in CIGS and CdTe cells ranges have been identified
that are supposedly caused by differences in cell design and production
processes. Since information about the shares of different cell design
representing different material intensities has not been available, the
calculations have been carried out for the lower and upper bound of the data
range as well as for a mean value (as the arithmetic mean of lower and upper
bound). Hereby, the range of the actual material flows that are subject to the
share of different cell designs is made transparent despite this lack of more
accurate data. This approach is considered favorable to choosing one data
set for the material intensity for all calculations as it has been done in similar
studies (e.g. Reiser, Rodrigues, and Rosa 2009; Moss et al. 2011, among

others).

An overview of the material intensity data for the different thin-film

technologies is given in Table 1. As it can be seen, the values for CIGS cells



differ most but also for CdTe cells the collected data differs, especially for

tellurium. For a-Si cells only one reference stating values for the indium

content could be found.

Table 1: Material intensity of different thin-film technologies. Data from experts, manufacturers

and literature (U.S. Department of Energy 2011; Moss et al. 2011; Andersson 2000)

Material intensity [kg/MW]
Lower bound Mean value Upper bound
CIGS Indium 9.8 16.5 231
Gallium 2.3 11.0 19.7
CdTe Indium 154 16.9 18.3
Cadmiu 140.1 1534 166.6
m
Tellurium 93.3 137.7 182.0
a-Si Indium 5.3 5.3 5.3
Lifespan

Since thin-film photovoltaic cells are a relatively young technology (at least
regarding large scale deployment) empiric data on the modules’ lifespan is
quite rare. In most LCA and other studies a lifespan of between 20 and 30
years is stated (e.g., Sherwani, Usmani, and Varun 2010; Garcia-Valverde et al.
2009; Stoppato 2008; Berger et al. 2010; Briem et al. 2004; Azzopardi and
Mutale 2010; Held and Ilg 2011; Raugei and Fthenakis 2010). Considering
only studies dealing explicitly and exclusively with the technologies analyzed
here, generally the same picture can be observed. However, it is indicated in
some studies that the lifespan of thin film modules is more than 25 years
(Berger et al. 2010; EPIA 2011). In one of the few studies dealing with life span
observations of PV-modules a lifespan of 29.6 years is reported (Kuitche
2010). A characteristic lifespan of between 27.7 and 28 years is reported by
Kumar and Sarkan (2013). Against this background, an average lifespan of 28
years is assumed in this study, differing lifespans are assessed in a sensitivity

analysis (see annex).



Material efficiency in production

CIGS cells are manufactured by vacuum methods (co-evaporation,
selenization) as well as non-vacuum methods (electrodeposition, spray
pyrolysis, paste coating). The highest efficiencies have been achieved by co-
evaporation processes (Kaelin, Rudmann, and Tiwari 2004). Vacuum processes
are currently mostly used in thin film PV manufacturing (Speirs et al. 2011). In
CdTe electrochemical deposition is very common, too (Cunningham, Rubcich,
and Skinner 2002). a-Si cells are mostly manufactured by plasma-enhanced
chemical vapor deposition, hot-wire chemical vapor deposition being an

alternative (Wolden et al. 2011).

Data regarding the material efficiency within the manufacturing process
varies quite a bit. For CIGS cells data ranging from 30 to 50% for current
processes can be found while in experimental processes 75% are already
achievable. These numbers mostly refer to indium, identical values are
assumed for gallium. For CdTe cells data vary even more with efficiencies
between 40 and 95%. However, most studies indicate efficiencies between
75% and 100% (see Speirs et al. 2011). These numbers mostly refer to
tellurium, identical values are assumed for cadmium. Material efficiency data
for a-Si cells could not be found. Due to lack of data, the same values as

found for indium in CIGS cells are used.

Up to 2050 an increase of the material efficiency to the current maximum
laboratory efficiency of 95% is assumed for all materials, following a linear

development from 2012 on.

Efficiency development
Since the study has a prospective character and looks into the future until
2050, probable increases in the cell efficiency need to be considered. Since

the material demand is analyzed based on the installations in MW an increase



in cell efficiency is reflected in an according reduction of the material

requirement per MW.

By Fthenakis (2009) a forecast is made regarding the development of cell
efficiency up to 2020 as well as the future development of layer thickness. In
EPIA (2011) a continuous growth of cell efficiency is foreseen, too, but at a
declining growth rate. In 2030 efficiencies of thin-film technologies between
12 and about 16 percent are predicted (EPIA 2011), still lying below current
record lab efficiencies. Goetzberger, Luther and Willeke (2002) also highlight
that the development of cell efficiency significantly slows down when the
technology gets older and gives an estimation of the development of
maximum laboratory efficiencies up to 2060. Against this background, it is
assumed that the development of the cell efficiency will follow the “"most
likely” scenario up to 2020, then — with a reduced growth rate — will increase
further up to 2050 to a level around the current record lab efficiency (see
Table 2). In terms of material intensity this means that the material intensity
per MW decreases up to 2050 by a factor of 1.8 for CIGS, 1.5 for CdTe and 1.9

for a-Si cells.



Table 2: (a) Material efficiency in thin-film PV production and (b) Future development of cell
efficiency (efficiency in 2020 based on Fthenakis 2009, record lab efficiency from EPIA 2011,

2050 efficiency from Goetzberger, Luther, and Willeke 2002); values used in the model are grey-

shaded.
(a) Material efficiency in production [%]
EE N E 2| % 8|
@ ST T S <N N = ) )
5 19258882 | 85 | m3 | 8% |85 85
N ® 3 o N S o O T 23 = 5 © S ©
o C@ 232 a = o & - o = =
S ® s 80 RIA = = 3 o o o
L g wa = a - = = =
CIGS 40 -/50/75 (In) 50% (In) 50 30-50 40 95
CdTe 40 75 /95 (Te) 75/ 95 50 40 50 95
(Te)
a-Si - - - - - 40 95
(b) Cell efficiency [%]
2008 2011 2020 2050
PV e Z o
type . 2 o) s Max. lab Assumed
Commercial Max. lab A al =3 .. .
. - 3 = 3. efficienc | commercial
efficiency efficiency S =~ @ -
=3 ol = y efficiency
< < g
(0]
CIGS 11.2 20.3 14 159 | 163 26 20
CdTe 10.8 16.5 13 13.2 14 16
a-Si 6.7 13.2 9 9.7 10 17 13

Technology mix

Regarding the share of the different technologies statistics are available in
PHOTON (2012) for the years 1999 to 2011. For the following years up to
2050 a JRC scenario assuming a “thin-film uptake” is used (Moss et al. 2011).
These data are completed with EPIA (2011) data for the years before 1999
from. In addition, a linear development between the years for which data
have been available has been assumed. For the years before 1998 the
installations of CdTe and CIGS can be considered as negligible. From 2020 on,
it is predicted that the shares of CIGS, CdTe and a-Si remain constant with
shares of 8% for CdTe, 18% for CIGS and 15% for a-Si. The shares of each thin

film type up to 2050 are given in the annex.



Results

Based on the approach and parameters described above, the material
flows of indium, gallium, cadmium and tellurium connected with the
deployment of CIGS, CdTe, and a-Si cells have been calculated. The
calculation comprises the material flows embodied in the installed
photovoltaic cells, the secondary material flows occurring at the cells end-of-
life as well as the material required as input for cell production for the
different scenarios. The parameter settings are as follows (for parameter

variation see sensitivity analysis in the annex):

- Shape parameter: k=5.3759 in all scenarios
- @ Life span: 28 years in all scenarios
- PV installations: according to the scenarios (reference, accelerated and

paradigm-shift)

The results are set into relation to the current world production to provide
a clearer picture of the magnitude of the material flows. According to data
from the U.S. Geological Survey (USGS) indium production was 670 tonnes in
2012, gallium production was 273 tonnes and cadmium production was
23,000 tonnes in 2012. Data regarding tellurium production was not available
from the USGS; therefore other sources had to be used. Green (2006)
estimated the amount of Te available from Cu refineries in 2005 to 430
tonnes based on a recovery rate of 33 percent. Varying estimations and
projections are discussed by Fthenakis (2009). Based on studies on copper
production, a tellurium availability (metallurgical-grade) of 1,450 tonnes in
2020 is predicted (Fthenakis 2009). Based on this, a conservative estimation
for Te production in 2012 assuming an annual growth rate of 3.1 percent per
year but neglecting increases in recovery efficiency can be made. Te

production would then amount to about 532 tonnes.



Reference scenario

Flows into use and material demand

The reference scenario — assuming a moderate growth of up to 377 GW in
2050 - shows maximum flows of materials into use (material embodied in
installed cells) per year of 61 tonnes for indium (+15 tonnes), 23 tonnes for
gallium (£18 tonnes), 151 tonnes for tellurium (+49 tonnes), and 168 tonnes
for cadmium (15 tonnes). The resulting material demands amount to 73
tonnes of indium (x 19 tonnes), 28 tonnes of gallium (+ 16 tonnes), 187
tonnes of tellurium (+ 71 tonnes), and 208 tonnes of cadmium (+ 18 tonnes).
The material flows over time (flows into use and material demand) are shown
in Figure 3. Although the material flows expectably lie within a certain range
resulting from the material intensity data, the order of magnitude can be
clearly identified for each metal — with some limitations regarding gallium
where the range is comparably large. The peaks occurring in ten year
intervals at 2020, 2030, and 2040 result from the underlying expansion
scenarios which assume significant changes in the annual installations every

ten years that are reflected in the graphs.
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Figure 3: Flows of critical materials into use and material demand in the reference scenario. The
secondary x-axis shows the ratio to the 2012 world production of the respective metal. Material
flows into use are shaded in lighter-grey, material demand in darker grey.




Put into relation to the 2012 world production, it can be seen that the
demand for critical metals resulting from a PV deployment according to the
reference scenario will amount to between 4 to 14 percent of the current
world production of indium, 1.5 to 24 percent of the gallium production and
up to about 1 percent of the cadmium production. The tellurium demand will

amount to between 12 and 48 percent of 2012’'s Te production.

Secondary material flows and metal stocks

The secondary material flows at the PV modules end-of-life show a steady
growth until 2050. Here again, tellurium and cadmium show the biggest flows
in terms of mass, followed by indium and gallium. In the reference scenario,
in 2050, about 30 tonnes of indium (8 tons) arise from modules reaching
their end-of-life; for gallium there arise about 11.5 tonnes (+9 tonnes), for
tellurium about 67.4 tonnes (£22 tonnes) and cadmium about 75 tonnes (7
tonnes). Given a PV deployment according to the reference scenario, for the
decade 2021-2030 between 9.6 and 13.5 tonnes of indium, 0.5 to 4.1 tonnes
of gallium, 34.1 to 66.4 tonnes of tellurium and 51.1 to 60.8 tonnes of
cadmium are to be expected as secondary materials from end-of-life thin film
modules. For the following decade these numbers increase significantly, e.g.
to about 182 to 304 tonnes of indium and 19 to 163 tons of gallium for the
years 2041 to 2050. As the flows into and out of use increase so do the

critical metal stocks as shown in Figure 4.
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Figure 4: (a) Secondary material flows and (b) Critical metal stocks

Alternative scenarios

While the reference scenario discussed in the previous section assumes a

rather moderate growth of installed PV capacity, the alternative scenarios —

accelerated and paradigm shift scenario — assume a significantly enhanced

deployment. This results in considerably increased material flows. Again the

results are subject to the underlying material intensity data and therefore

show ranges for the flows of each material. Focusing on the differences




between the scenarios, only the results for the mean values will be
considered in the following. This still provides a clear picture of the order of
magnitude in which the material flows in the different scenarios differ. The

entire ranges of results are shown in the figures given in the annex.

Evidently, the alternative scenarios results show significantly increased
material flows. The demand for indium, for example, amounts to about 589
(accelerated scenario) and 1,549 tonnes (paradigm shift scenario) in 2020, 658
and 914 tonnes in 2030, and 516 and 839 tonnes in 2050. This means, the
indium demand increases to about between 98 percent of current annual
world production in the accelerated scenario and to about 231 percent of the
current world production in the paradigm shift scenario. A similar statement
can be made regarding gallium where the demand increases to about 90
percent of the 2012 world production in the accelerated scenario and 126
percent in the paradigm shift scenario. The maximum tellurium demand per
year is even higher with between 257 and 595 percent of the 2012
production. In Table 3 the accumulated material demand and secondary
material flows of the different scenarios are shown for each decade from
2020 to 2050 illustrating the material flows connected with a more ambitious
deployment of photovoltaic cells over a longer timeframe. The average
annual material demands and secondary material flows of each decade are

then put into relation to the 2012 world production of each metal.



Table 3: Material demand and secondary flows of critical metals in different EPIA scenarios
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'41-50 606 | 243 4887 | 1790 | 1419 | 52.0| 7,459 2732 | 2,622 96.0
Ga '21-30 211 2 1,825 66.8 6 02| 2820 103.3 10 04
'31-40 229 27 1,755 64.3 103 3.8 2705 99.1 193 7.1
'41-50 224 91 1,759 64.4 518 | 19.0| 2,733 100.1 955 35.0
Te '21-30 1,180 50 10,416 | 195.8 83 16| 15,740 295.9 119 2.2
'31-40 1,559 | 279 11,347 | 2133 863 | 16.2| 17,472 3284 | 1,550 29.1
'41-50 1,479 | 568 11,877 | 2233 | 3,494 | 65.7| 18,537 3484 | 6487 | 1219
Cd '21-30 1,314 56 11,604 5.0 92 0.0| 17,535 7.6 133 0.1
'31-40 1,736 | 311 12,640 55 961 04| 19,464 85 | 1,727 0.8
'41-50 1,648 | 633 13,232 58 | 3,892 1.7| 20,651 9.0 | 7,227 31

Comparison to other studies

Different studies have been published in the past years analyzing material

flows or material demand, respectively, too. Most of them do not assume

lifespan distributions (or assume a simultaneous exit function) and do not

look at secondary material flows. They differ partly in their considered time

spans and some focus on a particular geographic area like the EU. A

comparison of the material demands from the different studies including this

one is shown in Table 4. To increase the comparability with the results from

this study, the average material demand of ten-year intervals has been

calculated.




Table 4: Forecasts of demand for thin-film materials in different studies

Material demand per year [t]
Reference Year/ | Geographic | Indium | Gallium | Tellurium | Cadmium
Period scope

This study, | '21-30 53.9 211 118 131
reference '31-40 62.8 22.9 156 174
scenario '41-50 60.6 224 148 165
This study, | '21-30 472 182 1,042 1,160
accelerated '31-40 global 473 176 1,135 1,264
scenario '41-50 479 176 1,188 1,323
This study, | '21-30 723 282 1,574 1,753
paradigm-shift '31-40 729 270 1,747 1,946
scenario '‘41-50 746 273 1,853 2,065
Reiser, '08-10 13 2.0 57 -
Rodrigues, and | '10-15 49 7.2 56 -
Rosa 2009 150 | 9opa 161 23.8 174 -
'20-30 688 102 745 -
U.S. Department 25 global 250 10 1,000 )

of Energy 2011 to 300 to 300 to 2,200
Moss et al. 2011 20 EU 40 1 40 50
‘30 240 6 250 330
Zuser and 870 373 2,843 3,806
Rechberger 2011 '10-40 global to| tol855| to15690 | to 16,536

4,333

Some further constraints regarding comparability have to be mentioned.
By Reiser, Rodrigues, and Rosa (2009), for example, indium required for TCO
in CdTe and a-Si cells has not been accounted for. Also, in most studies it is
not clear in how far replacements of installed modules have been taken into
account as it has been done in this study. A major difference is that most
studies do not assess secondary flows but focus exclusively on the input side.
Marwede and Reller (2012) published one of few studies focusing on the
secondary waste streams of photovoltaic cells. Using the Weibull distribution,
three scenarios for different technological developments are compared.
Tellurium demand, stock and recycled tellurium from end-of-life modules are
quantified. The amount of tellurium in end-of-life modules in 2040 varies
between 60 and 160 tonnes (Marwede and Reller 2012). These numbers are
in the range of the accelerated and paradigm-shift scenario analyzed in this

study.




Discussion and conclusions

In this study, demand for critical metals, flows of critical metals into the use
phase, and secondary (end-of-life) flows of critical metals resulting from
deployment of photovoltaic cells have been analyzed. The results show that a
significant increase in demand for critical metals — namely indium, gallium,
tellurium and cadmium — is to be expected resulting from future installations
of photovoltaic cells. Contrary to other studies, ranges for the material
intensity have been used in the calculations representing actual differences
found in modules from different manufacturers and different scenarios
regarding the future development have been considered. Even though this
leads to significant differences in the results, it has been shown that even in
the most conservative scenario (i.e. the EPIA ‘reference scenario’) the
additional demand for indium, gallium and tellurium is in a scale that can be
considered problematic. Assuming a development closer to the EPIA
scenarios "accelerated” and “paradigm-shift”, material availability is very likely
to become a serious stumbling block. So far, photovoltaic cells account for
only 1 to 2 percent of the global gallium and less than 5 percent of the global
indium consumption. Against this background, the probable implications of
the calculated future demand in the reference scenario of 4 to 14 percent of
the current world production for indium, between 1.5 and 24 percent for
gallium and between 12 and 48 percent for tellurium become more evident.

Shortages of supply and increasing prices are to be expected.

If the development turns out to be closer to the analyzed alternative
scenarios, tellurium demand will even amount to 257 to 595 percent of the
current world production posing a serious problem. A similar situation has
been shown for indium where the maximum annual demand increases to —
depending on the underlying scenario — between 98 and 231 percent of the
global production of 2012. Regarding the comparison to the 2012 production

of the respective materials, it has to be noted that a future decrease of



production might be considered a reasonable scenario. The “peak minerals”
problematic - the eventually unavoidable decline of production - is discussed
in detail for example by Mudd, Prior, Giurco and colleagues (Mudd and Ward
2008; Giurco et al. 2010; Prior et al. 2011). Even if production of the analyzed
metals continues to grow for the coming decades a thin-film photovoltaic
deployment as assumed in the two alternative scenarios seems rather unlikely

due to expectable material shortages.

This underlines the importance of improvements in the material intensity
(kg/MW &) — which have already been considered in the study. Hereby, the
absolute demand for critical materials can be reduced. However, it has to be
noted that a significantly increased material intensity will potentially decrease
the technological or economic feasibility of recycling activities. As the
efficient recovery of secondary material will have a crucial importance in the
future supply of resources, this aspect has to be paid attention to, too. In
addition to this, the importance of developing new materials and
technologies has to be pointed out. This may provide additional options for
substitutions on a material as well as on technological level and will enable

possible reactions to future supply shortages.

Besides the growing demand for critical metals the study showed that
secondary flow in a significantly growing scale will arise at the photovoltaic
cells’ end-of-life. Average secondary flows of tellurium between 2041 and
2050 amount to between 29 and 122 percent of the global production in
2012. In the same decade, indium secondary flows amount to between 29
and 122 percent of 2012's production. Gallium shows a similar situation.
Especially given the scarcity and criticality of the assessed metals the benefit
of an efficient recovery of these flows becomes evident. Given today's
situation there are barely any activities recovering critical metals from EOL
modules. However, there are processes already applied to production waste

and various recycling processes are currently being developed (examples for



recycling of CdTe modules can be found in Marwede and Reller 2012;
recycling processes for CIGS cells are for example being developed by the
Germany companies Loser Chemie, Solarcycle and Lobbe). By an efficient
recovery of secondary critical materials a reduction of the gross demand by

up to one third appears to be possible.

While currently almost no end-of-life recycling activities can be observed
for indium, gallium and tellurium (e.g., Graedel et al. 2011) accompanied by
an almost complete dissipation of these metals along their life cycle (e.g.,
Zimmermann and GO6Bling-Reisemann 2013) a future metals management
has to aim at eliminating these defects. Especially given the metals’ criticality
and their importance for low carbon technologies the need for a sustainable
metals management as for example described by Gleich (2006) appears

urgently required.



Annex

Background data

Energy scenarios

As described in the main article, the future installations of photovoltaic
cells are modeled based on scenarios developed by the European
Photovoltaic Industry Association (EPIA) in cooperation with Greenpeace

(EPIA 2011).

The EPIA reference scenario is based on the International Energy Agency's
2009 World Energy Outlook (IEA 2009). This scenario is based on an annual
growth rate of the world gross domestic product (GDP) of 3.1% over the
period 2007 to 2030. It could also be named “business-as-usual” scenario as

it assumes that no fundamental changes to existing policies are made.

The accelerated scenario assumes a faster PV deployment than it has been
seen in recent years. It is described as a possible result of a continuation of
current support policies and easily achievable in 20 years without major

technology changes (EPIA 2011).

The paradigm shift scenario is supposed to “estimate the full potential of
PV in the next 40 years” (EPIA 2011). In the paradigm shift scenario it is
assumed that by 2030 12% of the electricity consumption in Europe and in

many countries from the Sunbelt including China and India comes from PV.

The assumed PV installations in the different scenarios as well as the

assumed energy production are shown in Table 5.



Table 5: Historic and future photovoltaic installations. Historic

2005; Maycock 2007; EPIA 2012), scenarios from (EPIA 2011)

numbers based on (Maycock

Year Reference scenario | Accelerated scenario | Paradigm-shift scenario
[MW] [MW] [MW]

1990 490

2000 1,425

2010 40,019

2020 76,852 345,232 737,173
2030 155,849 1,081,147 1,844,937
2040 268,893 2,013,424 3,255,905
2050 377,263 2,988,095 4,669,100

Technology mix

To get from the total PV installations to the installations of the different

types of PV cells a certain technology mix had to be assumed. Table 6 shows

the share of each thin film type up to 2050. The numbers are based on

statistics from PHOTON (2012) for the years 1999 to 2011 and from a JRC

scenario assuming a “thin-film uptake” for the following years up to 2050

(Moss et al. 2011). This data is completed with numbers for the years before

1999 from (EPIA 2011), since the Photon data only reached back to 1999. A

linear development has been assumed for the years missing in the underlying

data.




Table 6: Development of technology shares (based on PHOTON 2012; Moss et al. 2011; EPIA

2011)
Year CIGS CdTe a-Si Year CIGS CdTe a-Si
[%] [%] [%] [%] [%] [%]
1987 24.60% 2005 0.20% 1.40% 4.70%
1988 25.40% 2006 0.20% 2.70% 4.70%
1989 26.20% 2007 0.50% 4.70% 5.20%
1990 27.00% 2008 1.00% 6.40% 5.10%
1991 24.00% 2009 1.70% 9.00% 6.10%
1992 21.00% 2010 1.60% 5.30% 5.00%
1993 18.00% 2011 2.40% 5.50% 3.40%
1994 15.00% 2012 4.13% 5.78% 4.69%
1995 12.00% 2013 5.87% 6.06% 5.98%
1996 12.08% 2014 7.60% 6.33% 7.27%
1997 12.15% 2015 9.33% 6.61% 8.56%
1998 0.05% 0.13% 12.23% 2016 11.07% 6.89% 9.84%
1999 0.10% 0.25% 12.30% 2017 12.80% 7.17% 11.13%
2000 0.15% 0.38% 9.60% 2018 14.53% 7.44% 12.42%
2001 0.20% 0.50% 8.90% 2019 16.27% 7.72% 13.71%
2002 0.20% 0.70% 6.40% 2020 18% 8% 15%
2003 0.60% 1.10% 4.50% 2030 18% 8% 15%
2004 0.40% 1.10% 4.40% 2050 18% 8% 15%
Results

In addition to the numbers given in the main article additional figures
concerning the alternative scenarios — accelerated and paradigm-shift - are
shown in the following. While the main article focused on the differences
between the scenarios, the following figures show the entire ranges of results

calculated for both alternative scenarios.

Accelerated scenario
Figure 5 and Figure 6 show the flows into and out use for the accelerated

scenario.
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Figure 5: Flows into use - accelerated scenario
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Figure 6: Flows out of use - accelerated scenario




Paradigm-shift scenario

Figure 7 and Figure 8 show the flows into and out of use for the paradigm

shift scenario.
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Figure 7: Flows into use - paradigm shift scenario
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Figure 8: Flows out of use - paradigm shift




Sensitivity analysis

As described in the main article, differing shape parameters than the one
used in this study can be found in literature. The effect of differing shape
parameters that determine the shape of the life span distribution is analyzed
in the following. Further explanations on the Weibull function and its
parameters are for example given in (Wilker 2010; Weibull.com 2002; Lehman

1963).

With regard to the range found in literature, values of k=2.6 and k=14.41
are analyzed for the reference scenario. Additionally, the results of a variation
of the life span can be found below. Only the mean values for the metal

intensity have been considered in the sensitivity analysis.

The analysis of different shape parameter shows differences in the material
flows that are increasing over time. Up to around 2020-2025 the differences
appear insignificant but get more significant in the following decades. Figure
9 shows the indium flows into use and out of use for the different shape
parameter values. While in 2020 the difference between the flows into use is
around 3 percent, it increases to about 16 percent in 2030. Overall however,
the differences concerning the flows into use are not that significant
compared to the variations resulting from the different deployment scenarios

and uncertainties in the material intensity data.

Concerning the flows out of use, the situation is somewhat different. In
2035 for example, the flows calculated for k=2.6 amount to the twofold flows
calculated for k=14.41. Ten years later, the situation changes and the flows

for k=14.41 are 20 percent higher than the flows calculated for k=2.6.
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Figure 9: Flows into and out of use, given different shape parameters

Regarding a variation of the converter lifespan, a significant impact on the
material flows can be identified. Evidently, a shortened lifespan of 20 years
results in higher material flows than a longer lifespan due to an earlier
replacement of installed PV modules. The graph shows the indium flows into
use calculated for the different scenarios. Up to 2020/2022 the differences
between the assessed scenarios remain relatively small, but afterwards grow
steadily. In 2030, a lifespan of 20 years results in about 46 t while a lifespan of
35 years results in 38 t. In 2040, the indium flows amount to about 73 t for a
lifespan of 20 years and 51t for a lifespan of 35 years and in 2050 to about

75 tons and 53 t, respectively.
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Figure 10: Flows into use for different life spans - reference scenario




Acknowledgment

Selected results of the research presented in this article have initially been
presented at the Life Cycle Management Conference 2013 in Gothenburg. A
short paper has been published in the conference proceedings under

Creative Commons Attribution License.

References

Abramowitz, Milton, and Irene A. Stegun. 1972. Handbook of mathematical
functions with formulas, graphs, and mathematical tables. 7th ed. New York:
Dover Publications.

Achzet, B., Armin Reller, Volker Zepf, C. Rennie, M. Ashfield, and J. Simmons.
2011. Materials critical to the energy industry: An introduction. Augsburg:
University of Augsburg, BP.

APS, and MRS. 2011. Energy Critical Elements: Securing Materials for Emerging
Technologies. Washington: American Physical Society; Material Research
Scoiety.

Andersson, Bjorn A. 2000. Materials availability for large-scale thin-film
photovoltaics. Progress in Photovoltaics: Research and Applications 8: 61-76.

Azzopardi, B., and J. Mutale. 2010. Life cycle analysis for future photovoltaic
systems using hybrid solar cells. Renewable and Sustainable Energy Reviews
14 (3): 1130-34. doi: 10.1016/j.rser.2009.10.016.

Behrendst, Siegfried, Lorenz Erdmann, Max Marwede, and Sophie Caporal.
2010. Roadmap: Ressourceneffizienzte Photovoltaik 2020+. Arbeitspaket 9
des Projekts "Materialeffizienz und Ressourcenschonung" (MaRess)
(Roadmap: Ressource efficient photovoltaic). Wuppertal: Wuppertal Institut,
IZT-Institut fur Zukunftsstudien und Technologiebewertung.

Berger, Wolfgang, Franz-Georg Simon, Karin Weimann, and Erik A. Alsema.
2010. A novel approach for the recycling of thin film photovoltaic modules.
Resources, Conservation and Recycling 54 (10): 711-18. doi:
10.1016/j.resconrec.2009.12.001.

Briem, Sebastian, Markus Blesl|, Ulrich Fahl, Michael Ohl, Johannes
Moerschner, Ludger Eltrop, Alfred VoB3 et al. 2004. Lebenszyklusanalysen
ausgewdbhlter zukiinftiger Stromerzeugungstechnologien (Life cycle analysis
of selected future energy technologies). Stuttgart: Institut fur
Energiewirtschaft und Rationelle Energieanwendung, Universitat Stuttgart.



Buchert, Matthias, Doris Schiler, and Daniel Bleher. 2009. Critical Metals for
Future Sustainable Technologies and their Recycling Potential. UNEP report.
Darmstadt: Okoinstitut e.V.

Chopra, K. L., P. D. Paulson, and V. Dutta. 2004. Thin-film solar cells: an
overview. Prog. Photovolt: Res. Appl. 12 (23): 69-92. doi: 10.1002/pip.541.

Cullen, Alison C., and H. C. Frey. 1999. Probabilistic techniques in exposure
assessment: A handbook for dealing with variability and uncertainty in
models and inputs. New York: Plenum Press.

Cunningham, D., M. Rubcich, and D. Skinner. 2002. Cadmium telluride PV
module manufacturing at BP Solar. Prog. Photovolt: Res. Appl. 10 (2): 159-
68. doi: 10.1002/pip.417.

El Chaar, L., LA lamont, and N. El Zein. 2011. Review of photovoltaic
technologies. Renewable and Sustainable Energy Reviews 15 (5): 2165-75.
doi: 10.1016/j.rser.2011.01.004.

EPIA. 2011. Solar Generation 6: Solar Photovoltaic Electricity Empowering the
World. Brussels: European Photovoltaic Industry Association. Brussels:
European Photovoltaic Industry Association.

EPIA. 2012. Global market outlook for photovoltaics until 2016. Brussels:
European Photovoltaic Industry Association.

European Commission. 2010. Critical raw materials for the EU. Report of the
Ad-hoc Working Group on defining critical raw materials. Brussels.

Fthenakis, Vasilis. 2009. Sustainability of photovoltaics: The case for thin-film
solar cells. Renewable and Sustainable Energy Reviews 13 (9): 2746-50. doi:
10.1016/j.rser.2009.05.001.

Fthenakis, Vasilis, Wenming Wang, and Hyung C. Kim. 2009. Life cycle
inventory analysis of the production of metals used in photovoltaics.
Renewable and Sustainable Energy Reviews 13 (3): 493-517. doi:
10.1016/j.rser.2007.11.012.

Garcia-Valverde, R, C. Miguel, R. Martinez-Béjar, and A. Urbina. 20009. Life
cycle assessment study of a 4.2kWp stand-alone photovoltaic system. Solar
Energy 83 (9): 1434-45. doi: 10.1016/j.solener.2009.03.012.

Giurco, Damien, Tim Prior, Gavin M. Mudd, Leah Mason, and Johannes
Behrisch. 2010. Peak Minerals in Australia: A Review of Changing Impacts
and Benefits. Cluster research report 1.2. Prepared for CSIRO Minerals
Down Under Flagship. Sydney: Institut for Sustainable Futures, Sydney
University of Technology.

Gleich, Arnim von. 2006. Outlines of a sustainable metals industry. In
Sustainable metals management: Securing our future- steps towards a closed
loop economy, ed. Arnim von Gleich, Robert U. Ayres, and Stefan GoBling-
Reisemann, 3-39. [S.L]: Springer.



Goetzberger, Adolf, Christopher Hebling, and Hans-Werner Schock. 2003.
Photovoltaic materials, history, status and outlook. Materials Science and
Engineering: R: Reports 40 (1): 1-46. doi: 10.1016/S0927-796X(02)00092-X.

Goetzberger, Adolf, Joachim Luther, and Gerhard Willeke. 2002. Solar cells:
past, present, future. Solar Energy Materials and Solar Cells 74 (1-4): 1-11.
doi: 10.1016/S0927-0248(02)00042-9.

Graedel, T. E., Julian Allwood, Jean-Pierre Birat, Matthias Buchert, Christian
Hageluken, Barbara K. Reck, Scott F. Sibley, and Guido Sonnemann. 2011.
What Do We Know About Metal Recycling Rates? Journal of Industrial
Ecology, no. doi: 10.1111/j.1530-9290.2011.00342.x.

Green, Martin A. 2006. Improved estimates for Te and Se availability from Cu
anode slimes and recent price trends. Prog. Photovolt: Res. Appl. 14 (8):
743-51. doi: 10.1002/pip.703.

Green, Martin A.. 2009. Estimates of Te and In prices from direct mining of
known ores. Prog. Photovolt: Res. Appl. 17 (5): 347-59. doi: 10.1002/pip.899.

Held, Michael, and Robert Ilg. 2011. Update of environmental indicators and
energy payback time of CdTe PV systems in Europe. Prog. Photovolt: Res.
Appl. 19 (5): 614-26. doi: 10.1002/pip.1068.

IEA. 2009. World energy outlook 2009. Paris: International Energy Agency.

Kaelin, M., D. Rudmann, and A.N Tiwari. 2004. Low cost processing of CIGS
thin film solar cells. Solar Energy 77 (6): 749-56. doi:
10.1016/j.solener.2004.08.015.

Kagawa, Shigemi, Tasaki, Tomohiro, and Yuichi Moriguchi. 2006. The
environmental and economic consequences of product lifetime extension:
Empirical analysis for automobile use. Ecological Economics 58 (1): 108-18.
doi: 10.1016/j.ecolecon.2005.06.003.

Kuitche, Joseph M. 2010. Statistical Lifetime Predictions for PV Modules.
Accessed March 12, 2013.
http://www1.eere.energy.gov/solar/pdfs/pvrw2010_kuitche.pdf.

Kuitche, Joseph M., Vivek Sharma, Jaewon Oh, Rong Pan, and Govindasamy
TamizhMani. Statistical analysis of commercial c-Si PV module photovoltaic
efficiency distribution over 10-years period, 2421-25.

Kuitche, Joseph M., Govindasamy TamizhMani, Rong Pan, Neelkanth G.
Dhere, and John H. Wohlgemuth. 2012. Statistical analysis of 10+ years
field exposed c-Si modules performance degradation. In SPIE Solar Energy
+ Technology, 84720C. SPIE Proceedings: SPIE.

Kumar, Suresh, and Bijan Sarkan. 2013. Design For Reliability With Weibull
Analysis For Photovoltaic Modules. International Journal of Current
Engineering and Technology 3 (1): 129-34. http://inpressco.com/wp-
content/uploads/2013/02/Paper18129-134.pdf.



Laronde, Rémi, Abderafi Charki, David Bigaud, and Philippe Excoffier. 2010.
Photovoltaic system lifetime prediction using Petri networks method. In
SPIE Solar Energy+ Technology, 777306: International Society for Optics and
Photonics.

Lehman, Eugene H. 1963. Shapes, Moments and Estimators of the Weibull
Distribution. IEEE Trans. Rel. 12 (3): 32-38. doi: 10.1109/TR.1963.5218214.

Marwede, Max, and Armin Reller. 2012. Future recycling flows of tellurium
from cadmium telluride photovoltaic waste. Resources, Conservation and
Recycling 69: 35-49. doi: 10.1016/j.resconrec.2012.09.003.

Maycock, Paul. 2007. 2006-2015 World PV Market: Technology & Cost.
Accessed November 06, 2012.
http://www.ncsl.org/print/energy/PMaycockSolar1007.pdf.

Maycock, Paul D. 2005. PV review: World Solar PV market continues explosive
growth. Refocus 6 (5): 18-22. doi: 10.1016/S1471-0846(05)70452-2.

Moss, R. L., E. Tzimas, H. Kara, and J. Kooroshy. 2011. Critical Metals in
Strategic Energy Technologies: Assessing Rare Metals as Supply-Chain
Bottlenecks in Low-Carbon Energy Technologies. JRC Scientific and technical
reports. Petten, Netherlands: European Commission, Joint Research Center,
Institute for Energy and Transport.

Mudd, Gavin M., and J. D. Ward. 2008. Will Sustainability Constraints Cause
‘Peak Minerals’ ? 3rd International Conference on Sustainability Engineering
& Science.

Murakami, Shinsuke, Masahiro Oguchi, Tomohiro Tasaki, Ichiro Daigo, and
Seiji Hashimoto. 2010. Lifespan of Commodities, Part I. Journal of Industrial
Ecology 14 (4): 598-612. doi: 10.1111/j.1530-9290.2010.00250.x.

NIES. 2010. Lifespan database for Vehicles, Equipment, and Structures: LiVES.
Accessed January 30, 2013. http://www.nies.go.jp/lifespan/index-e.html.

Oguchi, Masahiro, Takashi Kameya, Suguru Yagi, and Kohei Urano. 2008.
Product flow analysis of various consumer durables in Japan. Resources,
Conservation and Recycling 52 (3): 463-80. doi:
10.1016/j.resconrec.2007.06.001.

PHOTON. 2012. Das Solarstrommagazin: April 2012 - Anteile der
verschiedenen Zelltechnologien, weltweite Solarzellenproduktion 1999 bis
2011 [Shares of different cell technologies, global cell production]. Photon
Das Solarstrom Magazin (4).

Prior, Tim, D. Giurco, G. Mudd, L. Mason, and J. Behrisch. 2011. Resource
depletion, peak minerals and the implications for sustainable resource

management. Global Environmental Change. doi:
10.1016/j.gloenvcha.2011.08.0009.



Qiu, S.-L, and M. Vuorinen. 2005. Special Functions in Geometric Function
Theory. In Handbook of complex analysis: Geometric function theory, ed.
Reiner Kiihnau. 1st ed. Amsterdam [u.a.]: Elsevier North Holland.

Raugei, Marco, and Vasilis Fthenakis. 2010. Cadmium flows and emissions
from CdTe PV: future expectations. Energy Policy 38 (9): 5223-28. doi:
10.1016/j.enpol.2010.05.007.

Reiser, Fiona K. M., Carlos Rodrigues, and Diogo Rosa. 2009. High-technology
elements for thin-film photovoltaic applications: a demand-supply outlook
on the basis of current energy and PV market growths scenarios. In Fifth
User Forum Thin Film Photovoltaics: Modules - Systems - Applications:
27th/28th January 2009, CCW, Wiirzburg, Germany, ed. Michael Powalla.
Regensburg: OTTL
http://repositorio.lneg.pt/bitstream/10400.9/580/1/HIGHTECNCRODRIGUE
S.pdf.

Sander, Knut, Stephanie Schilling, Karsten Wambach, Sylke Schlenker, Anja
Mdiller, Johann Springer, Dorte Fouquet, Andrea Jelitte, Gerhard Stryi-Hipp,
and Thomas Chrometzka. 2007. Studie zur Entwicklung eines Riicknahme-
und Verwertungssystems fiir photovoltaische Produkte. Unpublished
manuscript, last modified March 27, 2012.
http://www.oekopol.de/de/Archiv/Stoffstrom/pv-
cycle/Gesamtbericht%20PVCycle%20de.pdf.

Shah, A, P. Torres, R. Tscharner, N. Wyrsch, and H. Keppner. 1999.
Photovoltaic Technology: The Case for Thin-Film Solar Cells. Science 285
(5428): 692-98. doi: 10.1126/science.285.5428.692.

Sherwani, A.F, J.A Usmani, and Varun. 2010. Life cycle assessment of solar PV
based electricity generation systems: A review. Renewable and Sustainable
Energy Reviews 14 (1): 540-44. doi: 10.1016/j.rser.2009.08.003.

Speirs, Jamie, Robert Gross, Chiara Candelise, and Bill Gross. 2011. Materials
availability: Potential constraints to the future low-carbon economy. Working
paper. UKERC/WP/TPA/2011/002. London: Centre for Energy Policy and
Technology, Imperial College.

Stoppato, A. 2008. Life cycle assessment of photovoltaic electricity
generation. Energy 33 (2): 224-32. doi: 10.1016/j.energy.2007.11.012.

Tasaki, Tomohiro, Takumi Takasuga, Masahiro Osako, and Shin-ichi Sakai.
2004. Substance flow analysis of brominated flame retardants and related
compounds in waste TV sets in Japan. Waste Management 24 (6): 571-80.
doi: 10.1016/j.wasman.2004.02.008.

Thomason, James, Robert Atwell, Ylli Bajraktari, James Bell, Sean Barnett,
Nicholas Karvonides, Michael Niles, and Eleanor Schwartz. 2010. From
National Defense Stockpile (NDS) to Strategic Materials Security Program



(SMSP): Evidence and Analytic Support. http://www.dtic.mil/cgi-
bin/GetTRDoc?AD=ADA527258. Volume L

U.S. Department of Energy. 2011. Critical Materials Strategy. US DOE report.

Weibull.com. 2002. Weibull Distribution: Characteristics of the Weibull
Distribution. Accessed April 08, 2013.
http://www.weibull.com/hotwire/issuel4/relbasics14.htm.

Wilker, Holger. 2010. Leitfaden zur Zuverldssigkeitsermittlung technischer
Komponenten: Mit 86 Tabellen, 86 Beispielen. 2nd ed. Norderstedt: Books
on Demand.

Wolden, Colin A, Juanita Kurtin, Jason B. Baxter, Ingrid Repins, Sean E.
Shaheen, John T. Torvik, Angus A. Rockett, Vasilis M. Fthenakis, and Eray S.
Aydil. 2011. Photovoltaic manufacturing: Present status, future prospects,
and research needs. J. Vac. Sci. Technol. A 29 (3): 30801. doi:
10.1116/1.3569757.

Zimmermann, Till, Rehberger, Max, and G6Bling-Reisemann Stefan, 2013.
Material Flows Resulting from Large Scale Deployment of Wind Energy in
Germany. Resources 2(3):303-334. doi: 10.3390/resources2030303

Zimmermann, Till, and Stefan G6Bling-Reisemann. 2013. Critical materials and
dissipative losses: A screening study. Science of The Total Environment 461-
462:774-780. doi: 10.1016/j.scitotenv.2013.05.040.

Zuser, Anton, and Helmut Rechberger. 2011. Considerations of resource
availability in technology development strategies: The case study of
photovoltaics. Resources, Conservation and Recycling 56 (1): 56-65. doi:
10.1016/j.resconrec.2011.09.004.

Zweibel, Ken. 1999. Issues in thin film PV manufacturing cost reduction. Solar
Energy Materials and Solar Cells 59 (1-2): 1-18. doi: 10.1016/S0927-
0248(99)00019-7.



	Introduction
	Methodology and data
	Flows into use
	Lifespan distributions and Weibull parameters
	Technologies under assessment and material intensity
	Lifespan
	Material efficiency in production
	Efficiency development
	Technology mix

	Results
	Reference scenario
	Flows into use and material demand
	Secondary material flows and metal stocks

	Alternative scenarios
	Comparison to other studies

	Discussion and conclusions
	Annex
	Background data
	Energy scenarios
	Technology mix

	Results
	Accelerated scenario
	Paradigm-shift scenario

	Sensitivity analysis

	Acknowledgment
	References
	194_cover-paper-issn-pdf.pdf
	Till Zimmermann
	Oktober 2013
	ISSN 1613-4907


	impressum_neu.pdf
	Impressum
	Herausgeber:
	Universität Bremen
	artec Forschungszentrum Nachhaltigkeit
	Kontakt:




