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The anthropogenic silver cycle shows the global material flows of silver on an annual basis. Beginning
with mine supply the silver flows in various end use sectors. It is either stored as part of the above
ground silver reserves or gets consumed and recycled or dissipates on landfills or with sewage. The
article discusses supply—demand scenarios of silver. The study is methodically based on an analysis of
resource specific factors like exploration rates, reserves and resources and regional distribution of
exploration areas.

Among the numerous application areas for silver the one with the greatest growth potential is dis-
cussed in detail. Solar energy sector is a fast growing area which is analysed quantitatively in detail to
obtain information on potential future bottlenecks in material availability. Due to its’ high electrical
conductivity silver is used in silicon photovoltaic technology and Gratzel cells to form the electrical
contacts. In concentrated solar power applications silver is the material of choice as the coating of the
mirror because of its’ high optical reflectivity. Both concerns about climate change as well as questions
related to energy resources and energy security stress the importance of renewable energy technologies.
This has resulted in several future scenarios with partly very ambitious goals for the construction of the

new energy infrastructure. The scenarios are discussed in the light of known silver resources.

1. Introduction

Silver has many exceptional physical and chemical characteris-
tics, which has resulted in an extensive use of silver through the
mankind for several millennium. Silver has been used since at least
4000 BC for jewellery, silverware, vessels and sacral objects. First
archeological finds in Egypt are dated back to 3500 BC, but silver
has also been used among the Goths, Assyrians, Greeks, Romans,
and Germans. In the Bronze Age, about 4000 years ago, silver
gained its most important function of a monetary nature: first as
hack-silver, later as ingots. Several characteristics of silver
contributed to this evolution: silver represents a high monetary
value on low volume, silver is virtually divisible in an unlimited
fashion without losing on value, and it is stable in pure air and
water. Lydians were the first to coin silver in the form of electrum
(silver forming an alloy with gold) around 700 BC. Later pure silver
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coins were developed. Well known early silver coins were the
tetradrachm of the Athenian empire or the Roman denarius [1].

Silver has long been known to have antibacterial effects. Hip-
pocrates, “the father of medicine” was aware of silvers healing
functions [2]. Milk or water keeps longer fresh if a silver coin is
added to the vessel [1]. During World War I silver was used for the
wound treatment [3]. The use of nanosilver has created new
applications in the hygiene and medical sector [4,5].

Silver halides are photosensitive and thus silver has formed the
basis of photography before the digital age. A wide scale of appli-
cations in the electronics industry is based on high electrical con-
ductivity of silver — highest of all metals. Both touch switches as
well as conventional switches used in a wide range of electronic
applications rely on silver. Silver based films and inks are used in
printed circuits and RFID tags found in many consumer items. CDs,
DVDs and plasma display panels are further examples in the elec-
tronics industry, where silver is consumed. Further technical
applications are based on the highest thermal conductivity of silver
amongst all metals (brazes and solders) and one of the highest
optical reflectivities [6].

One of the fastest growing demand areas for silver is related
to green energy technologies, promoted throughout the
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Abbreviations

Smc cumulative upper limit for installation of a
technology

R estimated metal reserve (reserve base)

F metal requirement per capacity

Gmc material constrained annual growth of the existing
stock

r(t) annual availability of the metal

I(t) annual losses in manufacturing and recycling

ppb parts per billion, one part in 10°
ETF exchange traded funds
EPIA European Photovoltaic Industry Association

DSSC dye-sensitized solar cells

OPV organic photovoltaics

CSP concentrated solar power

LFR linear Fresnel reflector

CLFR concentrating linear Fresnel reflector

industrialized world in order to tackle both climate change as well
as energy security issues. If the future scenarios for green energy
technologies published by several entities such as IPCC, European
Commission or national governments, are going to become reality,
it will gradually shift the energy sector from fossil towards
renewable energy sources. However the harvesting of renewable
energy sources is not possible without related technologies and
therefore the current dependence on fossil fuels will be replaced by
a dependence on several minerals and materials needed in the
green technologies. Silver is one of the key minerals used in green
energy technologies [7]. Because of its high electrical conductivity
it is used in several photovoltaic technologies. Further it is found in
mirrors used in concentrated solar power, CSP, thus making use of
the high reflectivity of silver. Also on the energy consuming side we
find green technologies, where silver is needed. Examples of such
are electric vehicles, where the increase in electronics compared to
combustion engine technology leads to an increase in silver de-
mand [8].

2. Limits to silver based technologies — theoretical approach

Bjorn Andersson [9] formed a theoretical approach for esti-
mating the possible material constraints for certain technologies
and materials. His approach is twofold. A cumulative upper limit for
a given technology based on key metal availability can be estimated
based on worldwide resources as follows:

Smc = R/F, (1)

where Syic is the cumulative upper limit for installation of a tech-
nology, R is the estimated metal reserve (or reserve base) and F is
metal requirement per capacity or service unit of the technology.
This approach has some clear limitations mainly since the mineral
reserves are dependent of market prices and available mining and
refining technology. Changes in the markets or available technology
shift those reserves which are in the current situation unprofitable
to profitable ones and therefore affect the overall picture. The
estimation of resources might vary depending on geological
knowledge. Also due to political or other interest, not all countries
publish their estimated resources. However, the method can give us
some indications, whether a given metal might become a bottle-
neck in production.

Material constrained annual growth of the technology analysed
is given by:

Gme = [r(t) = l(t)]/F, (2)

where Gpyc is the material constrained annual growth of the
existing stock, i.e. the annual market volume of the technology, r(t)
is the annual availability of a metal, I(t) are annual losses in
manufacturing and recycling, and F is net metal requirement per
capacity or service unit. Therefore, this is the material based upper
limit of the annual production of a technology. This method is not
so much complicated by unknown variables, since the annual
mining and recycling for many metals are in most cases well
known. However, it is only limited to an analysis with a relatively
short-time perspective. Andersson gives several examples of
employing this method [10—12].

3. The anthropogenic silver cycle

Fig. 1 illustrates the global anthropogenic silver cycle. The
amount of silver that has been mined over the whole history of
mankind was estimated in 2009 to be 1,400,000 metric tons
(44,600 million ounces) [13]. The analyst house CPM has provided
estimates on the end-uses of this silver volume. Approximately half
of it has been used in industrial processes and ended up on landfills.
653,000 tons (21,000 million ounces) are estimated to exist in the
form of jewellery, tableware, decorations, 25,000 tons (806 million
ounces) as silver bullion and 19,000 tons (625 million ounces) as
coins [13]. In Fig. 1 we use the value 44,500 tons for the above
ground stocks. This refers to the estimated stocks of silver bullion
and coins, which is the share of the existing silver that can easily
flow into the market.

In 2010, the industry used almost 28,000 tons of silver, which is
6000 tons more than was mined in the same year [16]. The deficit,
which has oscillated around the level of 6000 tons annually
throughout the last decade, has been filled by recycling and
drawing silver from above ground stocks. It should be noted, that a
share of the needed 28,000 tons of silver actually ended up growing
the above ground stocks in form of new bullion and coins. Each year
some silver dissipates either through sewage (mainly silver used in
medical or hygiene sector) or ending in the landfills.

3.1. Supply structure of silver

The annual silver markets are in the range of 35,000 metric tons.
The basic source of silver in the world metals market is the mining
sector, which accounts for approximately 65% share of the annual
silver supply. Since silver demand exceeds the annual mine supply,
there is a need to create flows from the above ground silver in-
ventories to the market. Recycling of old jewellery, photographic
wastewater and other industrial processes are responsible for one-
third of the annual silver markets. In 2010, almost 12,000 tons of
recycled silver came to the world market. Of this material flow
roughly 1% comes from government disposals [16]. These shares
have remained fairly stable over the last decade. Fig. 2 gives on an
overview of the supply situation.

3.1.1. Geological occurrence and mining

Silver belongs to the group of precious metals. Precious metals
are naturally occurring rare metals, which have high economic
value. In addition to silver and gold — the two most widely known
precious metals — there are six other elements (ruthenium,
rhodium, palladium, osmium, iridium, platinum) belonging to this
group. Silver with a mass abundance of 75 ppb (parts per billion,
one part in 10°) is the most common precious metal in the Earth’s
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Fig. 1. Worldwide anthropogenic silver cycle. Volumes refer to 2011 and 2012 [14,15].

crust and about 20 times as common as gold with a mass abun-
dance of 4 ppb [19].

Silver is found in several forms in nature. Only very rarely is it
found in native form as nuggets. Other deposits which are princi-
pally worked for silver include argentite (Ag,S) or tetrahedrite
((CuAg)12Sb4Sy3), but there are also other silver minerals such as
chlorargyrite (AgCl) or pyrargyrite (AgzSbSs) [20].

The chemical characteristics of silver are similar to copper, and
thus silver can substitute copper on atomic level in most copper
minerals. Silver also resembles lead. Therefore principal sources for
silver as a by-product in mining industry are ores of copper, cop-
per—nickel, lead and lead—zinc. Silver also forms an alloy with gold
called electrum and is a desirable by-product in goldmines [20]. The
world reserves of silver are estimated by USGS to be 540,000 metric
tons assuming the current economics and mining and production
practices [15].
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Fig. 2. Silver supply on the world metals market in 2002—2011 [17,18].

After mining, i.e. extraction of silver containing mineral from the
lithosphere, silver is separated from other materials and refined to
concentrate through various smelting and leaching processes.
Some of the important processes include e.g. electrolytic copper
refining and application of the Parkes process on lead metal [21].

Before World War II the silver supply from mining was fluctu-
ating between 5000 and 8000 tons annually as indicated in Fig. 3.
Since then its volume has risen by a threefold and amounts pres-
ently around 23,000 tons. Silver minerals are found in hydrother-
mal veins in volcanic rocks of andesitic and rhyolitic affinity. The
great mountain chain on the West coast of North- and Latin-
America is made up of andesitic and rhyolitic volcanoes and
therefore around 75% of all silver mined comes from the Americas
[20]. At present almost 30% of mine production is from North-
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Fig. 3. Worldwide silver production between 1900 and 2010 [22—-25].
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America and another 30% from Latin-America (Peru, Chile). Asia
accounts for 20% of the mine output with China taking care of half
of the Asian production. The European silver mines (6% share of the
world markets) are to a large degree located in Poland.

Primary silver production requires either native silver or a silver
mineral and accounts for only one third of the world silver pro-
duction as shown by Fig. 4. Silver forms a valuable by-product in
lead/zinc mining industry (34% of silver production in 2010), for
copper mines (23%) and in gold mining (12%).

3.2. Demand structure for silver

Fig. 5 shows an overview of the silver markets over the last
decade.

One of the main applications for silver since 1850s has been
photography. A silver halide is a compound formed between silver
and one of the halogens, silver bromide, silver chloride, silver io-
dide or silver fluoride. Silver halides are highly photosensitive. The
film or photographic paper is coated with a gelatin containing silver
halides. When exposed to light, the silver halide turns black [27].
Photography was one of the main industrial applications of silver
until recent years, when with the rise of digital technology the
silver consumption has declined significantly, and in 2011 corre-
sponded to only 11% of the total demand.

Due to its excellent electrical conductivity silver is used almost
everywhere in electronics [14]. 23% of the silver demand in 2011
was due to this sector. Silver oxide batteries and silver—zinc bat-
teries can be found, for example, in cameras, toys, hearing aids,
watches, calculators, mobile phones and laptop computers. Printed
circuit boards used in many consumer items like mobile phones or
computers are produced with silver based inks or films. RFID tags
(radio frequency identification) are produced with silver based inks
and are found today in a broad variety of products. Silver mem-
brane switches (touch switches) are found today in many consumer
products and even conventional switches used for example in room
lighting contain small amounts of silver. Other common every day
products with a small silver content are CDs, DVDs and plasma
screens [6].

Silver can form alloys with several other metals such as copper,
zing, tin, nickel or indium. Silver alloys are in general more rigid
than pure silver. Alloys are used in a broad variety of applications
such as high quality musical instruments, silver decorations, as
conducting materials in condensators or contact material in relays.
Silver brazing and soldering (5% of silver demand in 2011) is used in
numerous ways in automobile and aerospace industries or electric

M primary

m gold
lead/zinc

M copper

W other

Fig. 4. Primary and secondary mine production of silver [26].
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Fig. 5. Worldwide silver demand in 2002—2011 [17,18].

power distribution. Silver—tin solders are used in copper pipes in
household replacing hazardous lead based solders [6].

Silver is needed for the production of ethylene oxide and
formaldehyde, both being important raw materials in the plastics
industry [6]. Silver acts as a catalyst in the production process,
which means that it is not consumed by the process and can
therefore be recovered and recycled to a large degree [28,29]. In
2011 5% of silver demand was due to catalysts [18].

When steel ball bearings are electroplated with silver, they
become stronger and able to function at very high temperatures.
Such bearings are used in many types of engines, where a contin-
uous function at high temperatures is important, such as jet en-
gines [6].

According to the VM Group [18] some application areas possess
significant potential for growing silver demand in the future. If
measured in quantitative terms the most important new and
rapidly growing area of silver consumption is found in various
green energy applications. Silver is used in photovoltaics technol-
ogy, mainly in crystalline silicon solar cells, to form electrical con-
tacts between the cells. Due to its superior optical reflectivity it is
the first choice of material for high quality mirrors used in
concentrated solar power systems. A similar application is a silver
coated window which reflects the excessive solar radiation out-
ward and thus reduces the need for air conditioning. Also electric
cars demand more silver than conventional cars with combustion
engine due to the increased amount of electronics [8].

Another group of expected increasing silver demand in future
makes use of the long known effects of silver: it hinders the bacteria
and fungi from growing [30]. Silver ions are known to damage the
cell membrane of the bacteria thus causing the bacteria eventually
to die [31]. Several applications make use of this characteristic of
silver. Silver is used in water purifiers to provide potable water, the
need of which is expected to grow in the future [18]. Several hy-
giene applications exist, like in the food processing and packaging
chain or in washing machines, refrigerators or air conditioners [6].
In the medical sector the uses of silver are manifold. In the devel-
oping world X-ray technology is still based on silver halides. In
industrialized nations the old X-ray technology has mostly been
replaced by digital technology, but several other silver applications
are expected to grow in demand as the population is ageing: wound
care dressings, pacemakers, bone cement, sutures, grafts. Medical
devices like needles, catheters, stethoscopes or surgical tools are
coated with silver to prevent infections [32]. In the textile industry
silver is used for impregnation. The effect of silver is to diminish
body odour [18].

In addition, the financial crisis beginning in 2008 has woken the
interest in silver as an investment. Thus in 2011 almost 20% of the



silver consumed was melted into coins or barrels bought directly by
investors or backed up ETFs (exchange-traded funds).

3.2.1. Silver demand in the solar energy sector

3.2.1.1. Crystalline silicon photovoltaics. Crystalline silicon solar
cells (c-Si) represent the first generation of photovoltaic technol-
ogy. There are basically three types of c-Si cells: mono crystalline
(mc-Si), polycrystalline (pc-Si), and ribbon silicon (ribbon pc-Si).
The achieved efficiency of the cell depends on the technology, but
is roughly 20% [33]. c-Si is still with a share of 80% the most com-
mon photovoltaic technology on the market, however its market
share is gradually decreasing [34].

Silver is needed for the metallization of the modules. There is a
wide variety of technical approaches. Feltrin describes [35] one
widely used method of forming a top electrode with 20—80 micron
thick silver fingers and covering 5% of the cell area. This leads to a
silver consumption of 10—42 g/m?2. Electrons generated in the cell
are collected by the fingers and conducted further to wider metal
strips called busbars. Busbars connect the fingers in the cell and
provide the electrical contact between the cells [34]. In this analysis
we use silver consumption estimates published by the SEMI PV
Group Europe and shown in Fig. 6.

Current silver consumption is estimated by the manufacturers
to be approximately 10 g/m?. Silver is one of the main cost drivers
in the cell manufacturing process. The silver consumption will be
reduced in the first place through reduction of the paste con-
sumption. Beginning in 2015 the photovoltaic industry expects a
gradual replacement of silver by a substitute, which is intended to
be copper [36].

3.2.1.2. Dye sensitized solar cells, DSSC. Dye sensitized solar cells are
a form of organic solar cells belonging to the third generation of
photovoltaics, which have not yet been commercialized on a large
scale. This technology has a number of advantages. First, the
manufacturing of the cell is based on an inexpensive and simple
low-cost method of conventional roll-printing. Second, the cells are
semi-flexible and semi-transparent, which makes several new uses
possible. The reported efficiency of the technology varies. European
Photovoltaic Industry Association EPIA estimated the efficiency of
the cells and modules in the range of 2%—4% [34], whereas
Fraunhofer ISI reports 8% [37]. Green publishes a “noble exception”
cell efficiency to be 11.4% [33].

Gratzel describes the working principle of the dye sensitized cell
[38]. The photoactive medium is the dye, which absorbs the
incoming light. It is anchored to the surface of a wide-band semi-
conductor. The electrons injected by photons in the dye are trans-
ported in the conduction band of the semiconductor, usually

14.00

12.00

10.00 L

8.00 L]

g/m?

6.00 >

4.00

2.00

L 4

4

0.00
2010 2012 2014 2016 2018 2020

Fig. 6. Silver consumption per area in c-Si cells [36].
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titanium oxide (TiO7). The electrochemical system lies between two
glass plates. The inner surfaces of the glass plates are covered with a
thin transparent conducting oxide (Sn0O). The cathode is generally
platinum [37]. Single elements in the size of 0.6 m? are connected
to each other with silver. Platinum acts as a catalyst.

The photosensitive dye can be based on several materials.
However, the best performances are achieved by dyes based on a
complex between ruthenium and osmium [39]. Fraunhofer ISI re-
ports material consumption of ruthenium, platinum, and silver
based on expert estimations [37] as shown in Table 1. Silver is used
for the metallization of the cells.

3.2.1.3. Organic photovoltaics, OPV. Organic photovoltaics are
another interesting solar technology which is based on organic
electronics. The technology shows some very promising features,
which make it an interesting solar technology for the future. The
manufacturing method, which is based on roll-to-roll processing, is
very fast allowing a high production capacity. The energy pay-back
time has shown to be as short as 180 days in southern Europe [40].
The technology needs silver for the collection and conduction of
electricity, however the recycling rate is shown to be as high as 95%
[41]. This type of solar cell can be installed not only on land but also
in marine and airborne conditions [42].

3.2.14. Concentrated solar power — CSP. Concentrated solar power
systems comprise systems of mirrors or lenses that concentrate
solar light into a small area. The concentrated light is converted into
heat, which produces electricity with conventional technology.
Silver is essential for this technology, since due to its superior light
reflectivity characteristics it is the first choice of material for such
MIirrors.

3.2.14.1. Parabolic trough. A parabolic trough is the most
commonly used CSP technology. It consists of a linear parabolic
reflector and a receiver tube, which follows the reflector’s focal line.
Sunlight is concentrated on the focal line of the linear parabolic
reflector. The working fluid (molten salt or synthetic oil) is heated
to 150—350 °C, when it moves along the tube. The fluid is then used
to heat steam in a standard generator. A parabolic trough is usually
oriented on the north—south axis and it tracks the sun’s movement
over the day. The efficiency for the whole conversion cycle, i.e. the
electrical output versus impinging solar energy on the reflector is
roughly 15% [43].

3.2.14.2. Linear Fresnel reflectors. Linear Fresnel reflectors (LFR)
are made of long thin mirror segments which reflect the sun light
onto an absorber tube. The tube is fixed in space above the mirror
field and located in the focal point of the reflector. The reflector is
based on the Fresnel lens effect, originally used in light houses. This
effect allows a large aperture and a short focal length, which in turn
means less material requirements and thus lower costs for the
reflector. Fresnel reflectors are used in CSP systems of various sizes.
A concentrating linear Fresnel reflector (CLFR) is a special type of
reflector, which uses multiple absorbers instead of one. Mills re-
ports an energy conversion efficiency of 19% from incoming solar
radiation to electricity [44].

3.2.14.3. Solar power tower. A solar power tower, also called
heliostat power plant, consists of a system of flat mirrors

Table 1
Material consumption of some selected raw materials in dye-
sensitized solar cells [37].

Material Needed mass/area [g/m?]
Ruthenium 0.07

Platinum 0.03

Silver 1
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(heliostats) tracking the sun along two axes. The absorber fluid,
originally water but more recently molten salts, is located in a
tower, which receives the focused sunlight. The absorber fluid is
heated to 500—1000 °C. It can either be directly used to generate
steam and power a turbine or it can be stored for later electricity
generation. Therefore a solar power tower can produce electricity
also when the sun is not shining. Mills has reported energy con-
version efficiencies from 5.6% to 17% from incoming solar insolation
to electricity [44].

3.2.14.4. Dish stirling. Dish stirling systems are typically run as
stand-alone systems with a maximum electricity generation ca-
pacity of 50 KW. It consists of a parabolic reflector that tracks the
sun along two axes. The working fluid is positioned in the focal
point, which is heated to 250—700 °C. The fluid runs a Stirling
engine, which is as well situated in the focal point. The dish stirling
systems reach the highest solar energy to electricity conversion
efficiencies, varying between 20% and 30% [44]. On the other hand,
the heavy stirling engine is part of the movable system, and
therefore a rigid and a strong frame and tracking system is needed.

3.2.14.5. Silver in CSP systems. Silver is used to obtain the high
reflectance of the mirrors. The required silver per mirror area is
constant for all technologies (1 g/m?) but since the system effi-
ciency is dependent on the technology, the silver requirement with
respect to electricity generation capacity varies. Table 2 gives silver
requirements for concentrated solar power technologies.

3.3. Recycling of silver and reintegration in the resource cycle

During the last decade silver demand has been 20%—30% higher
than the annual mine supply. The resulting market deficit has been
satisfied by recycling silver scrap. Fig. 7 summarizes the global
flows of silver scrap. Photography has been originally the main
source for recycled silver. According the USGS the recycling rate
varies between 20% and 100% depending on photographic material
[45]. However due to the rise of digital technology this sector
provided less than 20% of the recycling volumes in 2011. Jewellery
and old coins form another source of recycled silver. Industrial
sources of silver consist mainly of electronics scrap: computers,
telecommunications and consumer electronics. It has been esti-
mated that the silver content in electronic scrap varies from 0.02%
to 0.5% [45]. In chemical industry the main use of silver is in cata-
lytic form. USGS estimates the recycling rate to be more than 98%
[45]. The end-of-life catalyst is sent to the catalyst manufacturer,
who takes the responsibility for the recycling.

Lifespan expectations for PV panels vary between 20 and 40
years but are given usually to be 30 years [46]. Several recycling
processes are being developed for PV panels whereas only two
processes are in operation. Deutsche solar’s process is used for
crystalline silicon panels whereas First solar’s process is mainly
used for CdTe panels [47]. PV Cycle is an association, which has
been created by the European solar industry in 2007. It runs a PV
recycling programme through 91 collection points in Europe [47].

Lee describes various recycling processes for silver in PV panels
[48]. Silver can be recovered either through electrolysis or through
precipitation when dissolved in a leaching solution. Silver can also
be recovered using metallic replacement method. The recovery rate

Table 2
Silver requirement for the various concentrated solar power technologies [37].
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Fig. 7. Sources of recycled silver [17,18].

for silver is estimated to be 98%—100%. The scrap from silicon solar
panels was estimated to have a 1.67 w% silver content [48]. Another
estimation for the silver content in scrap is 1% [47]. A research by
Technical University of Denmark reports a 95% yield of silver for
OPV. The shredded solar cells are treated with nitric acid and the
silver is recovered in form of silver chloride [41].

Some of the silver that has been used in the production cycle
ends with waste on landfills or sewage and dissipates in nature.
This is usually the case for silver used in medical applications, hy-
giene articles or in the textile industry, where the amount of silver
per item is very small and thus recycling is impossible.

4. Results
4.1. Material constrained stock in the solar sector

According to USGS the worldwide silver reserves, i.e. the part of
silver resources that can be economically extracted at current time,
are estimated to be 540,000 tons. USGS does not give any estima-
tion for global resources [15].

In 2011, 2.2% of world silver demand was consumed in the
manufacturing of solar panels and 2.5% in the manufacturing of
mirrors and reflective glass. We assume two alternative cases. The
first one reflects the current market situation by assuming that 2%
of the silver available will be consumed in the PV sector and 2% in
the CSP sector. In the other scenario we assume a substantially
higher market share of 5% for both PV and CSP.

Applying Equation (1) we can compute an upper limit for the
cumulative installation of each given technology. The matrix gives
the estimated electricity generation potential for the given tech-
nology in four different cases: 2% market share and 5% market share
of the current reserves of 540,000 tons.

For crystalline silicon solar cells we assume a silver requirement
of 8.2 g/m? (estimated requirement for 2020 is 0.82 g/m? after
substitution with copper), an electricity generation efficiency of
20%, and a solar insolation of 2000 kWh/m?/annum. The results are
shown in Table 3.

Table 3

The upper limit for the annual electricity production based on crystalline silicon
photovoltaic cells. For comparison the world electricity demand in 2010 was
21,431 TWh [49].

Silver content [kg/m?] kg/MW 2% Market share 5% Market share
Fresnel reflector 0.001 13.75 Reserves 540,000 tons 10,800 tons 27,000 tons
Parabolic trough 0.001 3.75 Silver requirement 8.2 g/m? 530 TWh 1310 TWh
Solar power tower 0.001 7.57 Silver requirement 0.82 g/m? 5300 TWh 13,100 TWh




Table 4
The upper limit for the annual electricity production based dye sensitized solar cells.
For comparison the world electricity demand in 2010 was 21,431 TWh [49].

2% Market share

10,800 tons
1730 TWh

5% Market share

27,000 tons
4320 TWh

Reserves 540,000 tons
DSSC annual el. production

Table 5

The upper limit for the annual electricity production based on Fresnel reflectors and
parabolic troughs. For comparison the world electricity demand in 2010 was
21,431 TWh [49].

2% Market share 5% Market share

Reserves 540,000 tons 10,800 tons 27,000 tons
Fresnel reflector 1100 TWh 2800 TWh
Parabolic trough 6000 TWh 14,900 TWh

Dye sensitized solar cells show currently an electricity genera-
tion efficiency of 8%. The technology needs in addition to silver also
ruthenium, which belongs to the group of rare earth elements. The
annual production of ruthenium is 20 tons and the reserves are
estimated to be 5000 tons [50]. Material consumption of silver and
ruthenium are 1 g/m? and 0.07 g/m? respectively [37]. Assuming a
solar insolation of 2000 kWh/m?/annum and employing Equation
(1) the upper limits for electricity generation with DSSC are given in
Table 4.

We have chosen two technologies to represent the concentrated
solar power sector: Fresnel reflectors and parabolic troughs, since
these technologies are currently the most common in the market.

The needed amount of silver per installed capacity is different
for the Fresnel reflector (13.75 kg silver/MW) and parabolic trough
(3.75 kg silver/MW) [37]. The conversion of nominal power to
annual electricity production varies depending on the technical
construction of the power plant. Thus we have chosen the SEGS
plant at Kramer Junction in California to represent the parabolic
trough technology. Long term operational data shows an annual
electricity production of 2.1 MWh/MW nominal power [51]. Fresnel
reflectors represent a newer technology, here we choose the first
commercial power plant in Europe, Puerto Errado 1 in Spain, to
represent this technology. This power plant generates 1.4 MWh of
electricity per 1 MW nominal power [52]. The results are presented
in Table 5.

4.2. Material constrained growth in the solar sector

Equation (2) allows us to estimate the material constraints for
the annual growth of the existing technology base. Annual silver
mining is estimated to be 24,000 tons/annum [15]. We calculate

Table 6

Material constrained annual growth for c-Si PV cells, concentrated solar power
applications and dye sensitized solar cells. DSSC is limited by the availability of
ruthenium.

2% Market share 5% Market share

Annual mining 24,000 tons 480 tons 1200 tons
c-Si PV

Silver requirement 8.2 g/m? 20 TWh 60 TWh
Silver requirement 0.82 g/m? 230 TWh 580 TWh
CcsP

Fresnel reflector 50 TWh 130 TWh
Parabolic trough 270 TWh 660 TWh
DSSC

Ruthenium limiting factor 29 km?/year 5 TWh

maximum installed capacity annually
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again two alternative cases, one with a 2% share of the silver market
and one with a 5% share. Results are summarized in Table 6.

DSSC needs 0.07 g of ruthenium and 1 g silver per 1 m? of col-
lector area as given in Table 1. The annual mining of ruthenium is
20 tons. Since DSSC is not yet produced on a commercial scale we
cannot estimate what share of the available ruthenium might flow
into this sector. Other competing uses of ruthenium are in the
chemical industry, electronics and electrochemical processes.
However if we make a very optimistic assumption that 10% of the
annually available ruthenium could be used for DSSC, we obtain
that annual DSSC production is limited by ruthenium to 29 km?
which equals 5 TWh annual electricity production.

5. Discussion and conclusions

Results from previous sections are summarized in Fig. 8. We can
assume that the solar energy sector will keep its market share in
the future in the range of 2% of the available silver. Silver demand in
photography is constantly decreasing, but at the same time other
competing markets like the medical sector or the electrical industry
are expected to remain strong and even grow. Fig. 8 compiles
together the results of the previous chapter showing the level of
electricity generation possible with silver dependent solar tech-
nologies. For comparison the global electricity generation in 2010 is
given.

If we take the current known reserves of 540,000 tons of silver
as basis for our calculations we can produce from 260 to 6000 TWh
electricity annually with silver dependent technologies, depending
on the technology chosen. The parabolic trough technology seems
to possess the highest electricity production potential with respect
to silver, i.e. some 6000 TWh annually. This is approximately 28% of
the current global electricity production. Increasing the market
share of the solar sector from current 2% to 5% — which seems
unrealistic — the electricity potential increases 2.5 times, varying
between 1300 and 15,000 TWh/a.

Several future scenarios have been published for the evolution
of green energy technologies. Some of them have been analysed by
IPCC as possible mitigation strategies in the climate change process
[53]. Table 7 and Fig. 9 show these scenarios.

The IPCC report uses four different scenarios starting with IEA
WEO 2009 as a basis scenario and ending in the Energy [r]evolution
2010 scenario and ReMIND-RECIPE with the most ambitious goals.
PV and CSP are treated separately. However, there is no separation
between the various technologies in these groups. Both the IEA
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Fig. 8. Possible annual electricity production by the different solar technologies when
assuming reserves of 540,000 tons of silver. Blue colour marks a 2% market share in
silver and red 5% market share. The chart shows for comparison the global electricity
production in 2010. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Table 7
Four scenarios by IPCC for the construction of solar energy infrastructure.
TWh/a [EA ReMIND- MiniCAM- ER2010 —
WEO 2009 RECIPE EMF22 advanced
PV 2020 111 222 111 583
PV 2030 278 2583 278 2944
PV 2050 639 20,778 833 6833
CSP 2020 28 N/A 194 694
CSP 2030 111 N/A 556 2722
CSP 2050 250 N/A 1556 9000

WEO 2009 as well as MiniCAM-EMF22 scenarios are realistic in
relation to available silver resources. However the maximal cu-
mulative CSP generation capacity outlined by the ER scenario for
2030 is only possible to achieve with the parabolic through tech-
nology and the goal for 2050 requires 50% higher silver reserves as
are known today. Only if we assume a 5% market share in silver for
CSP technologies can this goal be achieved. Another possibility
might be the substitution of silver by aluminium as a reflective
material. This however would lead to a reduction in reflectivity of
the mirror area, and thus the overall efficiency of the system would
be reduced. For compensation a larger area is needed, which results
in higher construction expenses.

The situation is similar for PV technologies. The cumulative
capacity found in ReMIND-RECIPE for the year 2050 would need 4-
fold silver reserves in order to be realistic when based on silver
containing technologies. This requires the implementation of the
least silver intensive PV technology, c-Si cell with 0.82 g/m? silver
content. This low silver demand however will not be available at
the market until 2020 according to SEMI PV Group. In ER 2010 the
target for 2030 seems realistic, but only when assuming the low
silver content of 0.82 g/m? in c-Si technology with substitution by
copper. The cumulative PV capacity aimed for 2050 by ER 2010
exceeds again known silver reserves. However, there are other PV
technologies, such as CIS, CdTe or a-Si that do not contain any silver.
Nevertheless, these technologies face other bottlenecks in mate-
rials availability such as tellurium, indium or germanium.

Another interesting aspect to discuss is the annual solar markets
and the growth needed in order to achieve the targets given by the
scenarios. Opening new mines is typically very time consuming and
can occur only after successful exploration activity. Therefore we
can assume that the annual mining capacity cannot be exceeded
from the current level during a timeframe of 5 years.

We calculated the needed annual growth rates of the PV and CSP
markets in order to reach the targets set for 2020 by the various
scenarios. The growth rates are listed in Table 8.
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Fig. 9. Four scenarios by IPCC for the construction of solar energy infrastructure.

Table 8
Annual growth rates needed by the various scenarios.
[EA — WEO ReMIND-RECIPE MiniCAM-EMF 22 ER 2010
PV 4% 13% 4% 25%
CSP 29% N/A 56% 76%

The various CSP technologies rely on silver, currently there are
no silver free alternatives. An annual growth rate of 29%—76%
would thus mean that in the short run other silver demanding
markets should diminish in order to let CSP grow in such an
aggressive manner. To be able to analyse how realistic this is, a cost
structure of CSP in comparison to the cost structure of the
competing markets is needed, i.e. the share of silver in the end
products cost structure for CSP and the competing sectors is asked.
Such an analysis goes beyond the scope of this article, however one
can note, that during the last decade spot price of silver increased
from 5 US$ to 22 US$ currently due to increased demand. Therefore
it seems realistic to note, that an aggressive expansion of the CSP
markets in the short run seems only possible through substitution
by aluminium.

The photovoltaic market has seen in the past decade very high
annual growth rates varying between 8% and 80% with an average
of 42% [54]. If such high growth rates should in the future be based
on technologies containing silver, this requires a rapidly decreasing
silver content in the panels, as outlined by SEMI PV Group.
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