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The Lifecycle of Silver in the United States in 2009

By Thomas G. Goonan

Abstract

Because silver is highly sought after for its properties,
which make it eminently suitable for new technology appli-
cations, a clear understanding of the flow of materials in the
economy, the historical context, and trends for the future can
help project the future of silver in the economy of the United
States. Silver has many properties that are desired in today’s
economy. It has superior electrical and heat conductivity,
chemical stability, high-temperature strength, malleability, and
other characteristics that make it important in high-tech elec-
tronic and other industrial applications. Because it is relatively
scarce as a natural resource and is easily coined, silver histori-
cally has been an important monetary metal. As knowledge of
silver chemistry has increased, many industrial end uses have
been developed.

This study reviews the flows of silver into various end
uses and examines the nature of the end use with respect to the
silver properties desired and the ability of the end use to pro-
duce recyclable end-of-life materials. For the most part, silver
can be profitably recycled, but the recycling activity is helped
by tipping fees (fees imposed on scrap generators by scrap col-
lectors for taking the material) for materials that might other-
wise be regulated as hazardous wastes. New high-technology
applications use silver in nanolevel amounts, leading to a
potential for dissipative loss and reduced recycling capability.

Introduction

Silver can be found in the Earth’s crust at 0.07 parts per
million. About 30 percent of primary production (from ore
rather than from scrap) of silver is mined from sulfide ores, for
example, acanthite, prousite, pyrargyrite, and brittle (native)
silver. Because silver occurs natively as the less dominant
mineral in the ores that contain it, it is often obtained as a
byproduct of refining these other metals, mainly lead and
zinc (together accounting for 36 percent of silver obtained
as a byproduct from the ore), copper (22 percent), and gold
(11 percent) (The Silver Institute, 2011; Environmental
Chemistry, 2012). Mine production worldwide in 2010 was
23,100 metric tons (t); in order of magnitude, the major

producers were Mexico, Peru, China, Australia, the United
States, Chile, Bolivia, Poland, Russia, Canada, Kazakhstan,
Argentina, and Turkey (Brooks, 2012). The first product of
recovery from concentrate is called doré (an alloy of silver and
gold), which is further processed into bullion (99.9 percent
pure silver). Silver is also recovered from scrap (secondary
production). Silver is fabricated into alloys, chemicals, and
metal forms, which in turn are manufactured into products for
various end uses.

Silver has many desirable physical properties that are
economically important. Silver has high electrical and heat
conductivity (exceeding that of all other metals), which is
highly desirable for electronics and solar energy applications.
Silver is also very malleable and ductile, properties in which it
exceeds all other metals except gold (South Australia Depart-
ment of Manufacturing, Innovation, Trade, Resources, and
Energy, 2012). Silver halide salts are light sensitive, making
them suitable for photography. The metal’s light-reflective
properties are essential for coating plane and spherical glass
in the making of mirrors. Silver-copper alloys are used for
coinage, flatware, jewelry, and along with other metals, solder.
For millennia, silver and gold have been used as money. New
technologies for purifying water, for sterilizing environments,
and for medically treating wounds are growth areas for silver
produced as nanosilver.

This report focuses on the end uses of silver, the flows
of silver into these end uses, the scrap that these end uses
generate, and where and how in the flow the scrap is collected
and repurposed. The overall market for silver is the context
within which these activities occur. The focus of the report and
most of the data are for 2009; however, where available, later
data have been included to provide a more current view of the
lifecycle of silver in the United States.

Copper, gold, lead, silver, and zinc mines in the United
States produced approximately 1,250 t of silver in concen-
trates in 2009. The stock and hedge book change (290 t) is
calculated to be the difference between the reported produc-
tion from concentrate (1,250 t) minus the flows to exports of
ore and concentrate (122 t) and the flow to U.S. smelting and
refining (838 t). The amount of silver flow from smelting and
refining from concentrate is calculated from silver reported
to be refinery production attributable to concentrate (796 t)
using an assumed 95 percent recovery in processing. This
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calculation is based on the assumption that there is no net loss
in processing scrap and that the category reported as ore and
concentrate is mainly in the form of concentrate.

The recovery in concentrate of silver from polymetallic
ores of copper, gold, lead, and zinc varies by ore type and
deposit characteristics and ranges between 70 and 95 percent.
For example, Hecla Mining Company (2013) reported mill
recovery of 73 percent for silver at its Greens Creek lead and
zinc mine.

In 2009, the silver refinery production (2,140 t) included
silver from domestic and imported concentrates (796 t net of
838 t input from mined sources) and scrap (1,340 t). Other
silver sources for U.S. supply included refined stocks (3 t),
imports of refined silver (3,450 t), and discharge from the
stocks of futures exchanges (160 t). Of the total U.S. sup-
ply of refined silver (5,750 t), 5 percent (297 t) of silver
was exported, and the remainder was flow into fabrication
(5,460 t). Another flow into fabrication was imports of

Domestic supply of primary and secondary silver

semifabricated silver (412 t) contained in gross imports of
silver (859 t). The total flow of silver into fabrication in 2009
was 5,870 t (fig. 1).

Fabricated silver products, chemicals, metal alloys
and powders, and wrought forms are transformed by
manufacturing activities into materials suitable for the major
end uses, such as coins and medals, industrial applications
(electrical, electronic, brazing alloys, and other), photogra-
phy, and jewelry and silverware. In 2009, 698 t of silver was
exported as semifabricated product (chemical, forms, and
powder, gross weight equal to 1,440 t).

In 2009, 5,170 t of silver contained in fabricated products
was added to the product reservoir. The 5,170 t of contained sil-
ver in fabricated products was distributed among the major end-
use categories as follows: industrial applications, 3,010 t; coins
and medals, 1,070 t; photography, 728 t; and jewelry and silver-
ware, 362 t. Home scrap generated in manufacturing activities is
recovered and returned to the manufacturing processes.

Domestic supply of silver for manufacturing
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Figure 1. Flow of silver within the U.S. economy in 2009. Values are in metric tons. Data may not add to totals shown because of

independent rounding. e, estimated from minimal data; does not incl

ude captive recycling or untaken recycling opportunities.



It is estimated that the product reservoir lost about 40 t of
silver in 2009 through dissipative uses, such as cloud-seeding,
explosives, nanosilver, and radio frequency identification
(RFID) applications. Plated silver products can also generate
dissipative losses over time; for example, silver-plated bear-
ings will lose silver to wear, and silver-plated flatware will
lose silver to oxidation and silver polishes. Furthermore, the
product reservoir generated about 1,940 t of silver as old
scrap, exclusive of captive (under contract) silver, such as
scrap returned to producers of catalysts. About 90 percent
of old scrap generated was recovered, and 10 percent was
estimated to go unrecovered.

In 2009, the old scrap supply was augmented by inputs
from imports (estimated to be 790 t of contained silver) and
the recovered portion (estimated to be 1,750 t of contained
silver) of old scrap generated (estimated to be 1,940 t of
contained silver). The supply was diminished by exports
(estimated to be 1,200 t of contained silver) and uptake to
refining (1,340 t of contained silver).

The sum of all silver ever recovered from historic mining
activities worldwide is estimated to be about 1.5 million met-
ric tons (Mt; 47 billion troy ounces) (Butterman and Hilliard,
2004; Porter and others, 2011). Zurbuchen (2006) esti-
mated the aboveground silver inventory (silver in use) to be
650,000 t (21 billion troy ounces) in 2006, or about 46 times
the silver that global industrial applications alone required and
24 times the total required for all fabrication needs in 2006. If
these estimates are reasonably correct, then about 55 percent
of all of the silver ever produced in the world has been lost or
dissipated.

End Uses

There are numerous end uses for silver. The Silver
Institute annually reports worldwide, country-by-country use
of fabricated silver as distributed into four major end-use
categories—coins and medals, industrial applications, jewelry
and silverware, and photography. The industrial category is
further divided into four subsectors—bearings, brazing alloys
and solders, catalysts, electrical use and electronics; and other
industrial applications (The Silver Institute, 2011).

The industrial and photographic end-use categories
seek silver for its intrinsic physical properties—its superior
electrical and heat conductivity, its malleability, photosensitiv-
ity, reflectivity, and strength, and its toxicity to bacteria and
viruses for the nanosilver uses. Although photography is still a
popular end use for silver, consumption of silver has decreased
in this use with the growth of digital photography; instead,
medical and industrial x rays predominate in the photographic
end use. Important everyday industrial uses for silver include
batteries (rechargeable and disposable) for cameras, electronic
devices, tools, and watches; catalysts for the manufacture of
ethylene oxide and formaldehyde, which are fundamental
precursors for plastics manufacturing; chemicals (mainly
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salts), which are precursors for manufacturing other chemicals
and for plating silver onto other metal surfaces (for example,
silver-coated steel bearings in high-temperature applications,
such as turbines); electrical contacts for switches and fuses (an
automobile may have as many as 40 silver-tipped switches);
electrical pastes for use in the control boards of computers and
flat-panel displays and for photovoltaic arrays that produce
electricity from solar energy; electrical relays and circuit
breakers; and reflective uses, for eyewear, mirrors, and thermal
windows. Nanosilver has germicidal characteristics that have
generated a new category of use for silver in recent years as
additions to textiles, wound dressings, and public water-supply
treatments (Ruff, 2008).

Total silver fabrication in the United States showed some
fluctuation from 2001 through 2010. There was a marked
decrease in use of silver for photography (discussed in the
Photography section), but growth in use of silver for indus-
trial applications and for coins and medals mostly offset the
decreases in other sectors. On average, industrial applications
from 2001 through 2010 consumed about 126 t of additional
silver than each previous year.

Coins and Medals

The flow of silver into fabrication of coins and medals in
2009 was 2,460 t worldwide and 1,070 t for the United States
(The Silver Institute, 2011, p. 82). The compound annual
growth rate for this end-use classification from 2001 through
2010 was 16.2 percent worldwide and 16.4 percent for the
United States (fig. 2).

The gold value of the silver! contained in a pre-1964 U.S.
dime, which contained 0.0715 troy ounce of silver, was

'A price is a trading ratio of dollars to weight of a commodity. The gold
value of silver is the price of silver at a particular time divided by the price
of gold at that particular time; this calculated ratio reflects approximately the
supply and demand for gold and silver at that time.
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EXPLANATION

Annual average dollar value of
silver in a pre-1964 U.S. dime

Gold value of silver in a pre-1964

U.S. dime

2000 2001 2002

virtually constant from 2000 through 2010, whereas the dollar
value for the silver in the same dime increased by about

360 percent. The rate of increase for the dollar value of silver
contained in the pre-1964 U.S. dime is comparable to the

333 percent increase in the flow of silver into the coin end use.
The increase in the flow of silver into the coins and medals
end use is significant for the purposes of this report.

In 2011, sales of American Silver Eagle? coins were
estimated to account for 1,240 t of silver, exceeding for the
first time the production of silver from domestic mines, which
was estimated to have decreased to 1,120 t (Kramer, 2013).
This trend, which is also currently (2013) taking place in
Canada (St. Angelo, 2012), indicates the strong demand for
silver because of the monetary properties of the metal.

Industrial Applications

The flow of silver into industrial applications in 2009 was
12,600 t worldwide and 3,010 t for the United States (The
Silver Institute, 2011, p. 86). From 2001 through 2010, the
compound annual growth rate for this end use was 3.8 percent
worldwide and 4.3 percent for the United States. During the
same period, the use of silver going into industrial applications
grew from less than 2,400 t (46.4 percent) to about 3,600 t
(60.6 percent) of total fabrication of silver in the United States
(fig. 3). Predominant uses of silver in industrial applica-
tions include bearings, brazing alloys and solders, catalysts,
electrical and electronic applications, and other applications.

2American Silver Eagles are 1-ounce silver coins that contain 0.999 fine
silver and are domestically produced for investors and collectors, not for cur-
rency.
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Bearings

Silver-coated bearings are used extensively throughout
industry, where high load-bearing specifications and require-
ments for high-temperature strength and thermal conductivity
exist, predominantly in heavy machinery, aircraft, and high-
technology applications. Silver exhibits superior resistance to
corrosion and fatigue and has a low friction characteristic that
enables it to lubricate steel parts by providing a film of silver
coating between moving parts (Silver Insights, 2012a).

Silver is applied to the surface of bearings by electrolysis
in quantities measured in nanograms per bearing (Loterijman,
2008, p. 14). In 2009, worldwide application of silver for
bearings was estimated to be 64 t (Firman and others, 2011,
p. 25). Because silver is plated onto bearings, it can be and is
recovered from bearings scrap. The actual amount of silver
recovered from recycled bearings is unknown.

Brazing Alloys and Solders

Brazing is the joining of two pieces of different metal
composition (by means of a metal alloy that adheres to both
at high temperatures); soldering is similar, but it is useful only
at lower temperatures. Primary users of silver brazing alloys
are the plumbing and automobile industries and manufacturers
of heating, ventilation, and air conditioning equipment (Nadal
and others, 2011, p. 8). Global silver consumption for braz-
ing and soldering was 1,680 t in 2009, whereas in the United
States it was about 162 t.

Some of the more than 100 types of silver brazing alloys
include copper, silver, and phosphorus alloys (1 to 15 weight
percent silver); silver and copper alloys (50 to 93 weight

EXPLANATION

Coins and medals
Silverware

Jewelry

Photography

Industrial applications

2004 2005 2006 2007 2008 2009 2010

Year

percent silver); silver, copper, and zinc alloys (5 to 75 weight
percent silver); silver and palladium alloys (45 to 95 weight
percent silver); Wieland dental alloys (12 to 34 weight percent
silver); and ceramic brazing alloys (57 to 98 weight percent
silver). These alloys nominally average about 43 percent of
contained silver. Worldwide application of silver for brazing
alloys in 2009 was estimated to be 1,270 t (Firman and others,
2011, p. 25) or 1,892 t (The Silver Institute, 2011). Loterij-
man (2008, p. 13) estimated that the collection rate for brazing
alloy scrap is about 40 percent.

Catalysts

Silver catalysts are prominent in the production of
two primary building-block chemicals, ethylene oxide and
formaldehyde. Worldwide, more than 4,670 t of silver is used
as catalyst for the production of both chemicals—90 percent
for producing ethylene oxide from ethylene, and 10 percent
for producing formaldehyde from methanol (The Silver
Institute, 2012a).

Ethylene oxide is a precursor chemical for the polyester
used in textile manufacturing. Polyester is also an ingredi-
ent in molded plastics used for stove handles, computer keys,
electrical control knobs, and housings for electrical connec-
tors. About 25 percent of ethylene oxide is used to manufac-
ture ethylene glycol, which is used as antifreeze for automo-
biles (The Silver Institute, 2012a). Worldwide, about 30 Mt of
ethylene oxide is produced per year, requiring about 4,200 t of
the silver contained in catalysts (Crudge and others, 2011; The
Silver Institute, 2012a). As ethylene from shale gas becomes a
more important source of petrochemicals, demand for silver to
produce downstream chemical products is expected to increase
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significantly (Jeffrey R. Ellis, senior technology consultant,
The Silver Institute, written commun., February 11, 2013).
The economic service life of silver catalysts in ethylene oxide
reactors is about 2.5 to 3 years, at which time the catalyst

is removed and replaced, and the spent catalyst is recov-

ered and sent on within the flow for recycling (Crudge and
others, 2011).

Formaldehyde is primarily used in the manufacture of
resins, which are substances that become sticky liquids at
moderate temperatures and can be easily molded into use-
ful shapes that harden at ambient temperatures. Worldwide
consumption of formaldehyde was about 20 Mt in 2005,
and the United States consumed 24 percent (5 Mt) of world
consumption (Nexant Chem Systems, 2006).

The two processes that are used to produce formaldehyde
use methanol as feedstock. One uses a molybdenum-based
catalyst for partial oxidation, whereas the other uses a silver-
based catalyst for partial oxidation and dehydrogenization.
The silver-based catalysts were the predominant use in 2005,
although some plants built after 2000 had experimented with
molybdenum-based catalysts. However, an assessment by
Etris (2007) found silver to be favorably competitive with
molybdenum-based catalysts. The lifespan of silver catalysts
is typically 1 year, but the catalyst can be electrolytically
regenerated (Nexant Chem Systems, 2006).

Recovery of catalysts, and therefore of silver, by
recycling or by regeneration for producing ethylene oxide and
formaldehyde is usually undertaken by the catalyst suppli-
ers. The reasons that chemical industries do not undertake
recovery are that environmental regulations would treat spent
catalysts as hazardous wastes if catalysts were disposed of
rather than recycled and that anti-money-laundering regula-
tions are partly directed toward handlers of large quantities
of precious metals, recovery of which conserves resources
(Bullock, 2005; Department of the Treasury, 2005). By creat-
ing and handling metal inventory accounts for the operators,
purchasing the makeup material requirements, and dealing
with the paperwork required by regulators, catalyst suppliers
perform a valuable service to an operating chemical com-
pany. Finally, they supply new catalyst on an as-needed basis
(Krauter, 2012, p. 10-11).

The metal losses that occur in recycling are due to
process parameters, such as the contracted credit for the metal,
to inaccuracy in sampling and waste characterization, and to
the need for frequent handling of the waste at different points
during collection and metallurgical processing. The recycler
must also cover the costs of administration, insurance, logis-
tics, penalties and surcharges, transport, and treatment and
refining charges. Additionally, there are financing costs (for
example, contracted return time, delays, lease rates and condi-
tions, pretreatment, shipment timing, and time for disposing
of the recycled metals). These considerations relate to risk
and return. When operators and suppliers work on long-term
contracts, the risk is minimized because the materials-flow
history is known to both and trust between the parties has been
established (Hageliiken and Verheist, 2004).

Electrical and Electronics

Silver has the lowest electrical resistivity
(1.586 microhm-centimeters at 20 degrees Celsius (°C)) of all
elements; because conductivity is the reciprocal of resistivity,
silver has the highest electrical conductivity of all elements
(Handbook of Chemistry and Physics, 1988, p. F 88). The
electrical and electronics end use accounted for 5,770 t of
silver used in 2009. This was 24 percent of all silver fabricated
(24,200 t) worldwide. The United States, with a flow of 1,630 t
of silver to electrical and electronic use (32 percent of U.S.
silver use), accounted for 7 percent of the total fabrication use
worldwide (The Silver Institute, 2011, p. 84, 88). Although
demand for electrical and electronics end uses continues to
grow, growth in the use of silver within this category can
be “mitigated by thrifting,” that is, by developing and using
cheaper materials, especially for circuitry (Jeffrey R. Ellis,
senior technology consultant, The Silver Institute, written
commun., February 11, 2013).

Electrical

Most appliances, devices, and machines that operate
using electric power have points of contact, wiring or cir-
cuit boards, and electrical components made of silver alloy.
These uses make up about 5 percent of total U.S. silver use
(Silver Insights, 2012b). About 675 t of silver was used in
the United States for electrical purposes in 2009 (Nadal and
others, 2011, p. 6).

Automobiles may contain as many as 40 miniature
motors that have silver-containing electrical contacts; a typical
vehicle may contain as much as 16 g (about 0.5 troy ounces)
of silver (Minco Silver Corporation, 2012, p. 4). Different
silver alloys are used for making contacts, but the most com-
mon is coin silver, which contains about 90 percent silver.
Circuit breakers and switching devices are made from silver
and nickel alloy, which can contain 85 to 95 weight percent




silver (CJ Environmental, Inc., 2012). One electrical-contact
manufacturer of buttons, facings, screws, shapes, strip, rivets,
and wire uses the following alloys: coin silver (90 percent
silver and 10 percent copper), fine silver (99.9 percent silver),
composites of cadmium oxide (CdO) and silver (the content of
CdO varies and can be as much as 13.3 weight percent), silver
and graphite alloy (the content of graphite varies and can be

1 weight percent), and silver and nickel alloy (the content

of nickel varies, and can be as much as 15 weight percent)
(CMW, Inc., 2012).

The collection of scrap from this end use is informal. In
the past, sellers (collectors) have been electricians or workers
in construction demolition, but now, amateurs who understand
the income possibilities for recycling silver contacts are
becoming collectors of scrap in this end use (Cash for Gold
Insider, 2012, written blog commun., accessed July 30, 2012,
at http://www.cashforgoldinsider.com/scrap-silver-electrical-
contacts/). The recovery of silver from scrap electrical
contacts is undertaken in smelting facilities that have gas col-
lection and cleaning systems affixed. Electrical contacts have
other associated metals, such as cadmium (highly toxic), that
are driven off as fume under high temperature. In one case, a
batch (3.4 kilograms (kg) gross weight) of electrical contacts
was melted for assay, yielding a bar (2.5 kg net weight metal)
of which 94 percent, or about 74 troy ounces, was silver. This
example shows that scrap from this category can be productive
of silver, but that there are substantial uncategorized losses,
some of which can probably be found in unseparated tin and
silver alloy that is used to make the contacts (Canada Gold
Buyers, 2012). Silver-containing electrical-contact scrap is
traded under contracts between buyers and sellers, the con-
tracts providing for an assay of the material that is mutually
agreeable. The extent of such trade cannot be determined from
available data.

Electronics

This category of end use includes computers and
peripheral devices, hand-held devices, telephones, and
televisions, all of which have printed circuit boards that orga-
nize electrical signals. Most of the silver contained in these
items (ratios from 0.1 to 0.33 weight percent, with averages
of about 0.156 percent of the weight of the circuit board) is
found on the circuit board (Hageliiken, 2007, p. 7; Chehade
and others, 2012, p. 227; Appropedia, undated, p. 3). About
955 t of silver was used in the United States for manufacturing
electronics devices in 2009 (Nadal and others, 2011, p. 6).

The U.S. Environmental Protection Agency (EPA)
reported U.S. sales of electronic devices, including comput-
ers, telephones, and televisions, for 2009 (U.S. Environmental
Protection Agency, 2011a). The data on sales of units of elec-
tronic devices were converted into the gross weight of these
units in metric tons of contained silver per unit. Based on other
estimates of weight percent ratios of contained silver in such
devices (Goosey and Kellner, 2002; Recycling Today, 2003;
Hageliiken, 2007;Chatterjee and Kumar, 2009; Kahhat and
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others, 2011; Sullivan, 2006; Minco Silver Corporation, 2012),
about 484 t of silver was estimated to be contained in comput-
ers, telephones, and televisions sold in the United States in
2009 (table 1). This estimate differs from the report on the use
of silver in manufacturing such devices (955 t) in 2009 from
Nadal and others (2011, p. 6). Table 1 presents estimates of
the content of silver in the sales of these devices in 2009. The
estimate of U.S. sales is based on the EPA’s report (2011a) of
sales of electronics in 2009 in those categories and silver per
unit or silver weight percent estimates from the sources listed
in table 1.

The EPA report also estimated scrap generated, collected,
and disposed of in 2009 (U.S. Environmental Protection
Agency, 2011a). To estimate the scrap generated from each
category of electronics end use in 2009, the EPA estimates
of useful life were used to impose a statistical distribution on
the EPA time series of sales by category of end use. Using the
same estimates of silver content that generated table 1, esti-
mates were developed of the silver content of the scrap arising
in each such category (table 2).

The United States generated 372 million units (gross
weight 2.54 Mt, containing about 186 t of silver) of electronic
scrap from in-use stocks of computers, computer peripheral
devices, telephones, and televisions in 2009. About 675,000 t
(27 percent by weight) of this generated electronic scrap was
collected, of which 223,000 t (33 percent) was refurbished and
resold, and the remaining 452,000 t (67 percent) was recycled
(table 2). Of the 186 t of silver contained in the electronic

Table 1. Silver contained in U.S. electronics sold in 2009.

[Data are from Goosey and Kellner (2002), Recycling Today (2003),
Hageliiken (2007), Chatterjee and Kumar (2009), Kahhat and others (2011),
U.S. Environmental Protection Agency (2011), Encyclopedia of Earth (2012),
and Minco Silver Corporation (2012)]

End use _Unit§ s_old, W((:irgolft?in silver c_ontent,
in millions metric tons " metric tons
Computers:
Desktop 26.3 263,000 26
Laptop 46.4 135,000 65
Printers 29.5 233,000 9
Keyboards 33.1 43,500 17
Fl?;giriltzlrs 2719 303,000 272
Total 163.6 977,000 389
Televisions:
Flat panel display 32.1 1,170,000 32
Projection (type) 0.6 39,900 2
Total 32.7 1,210,000 34
Mobile devices' 216.1 19,600 62
Total 411.4 2,210,000 484

'Includes cell phones, personal digital assistants, smartphones, and pagers.
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Table 2.  Silver contained in U.S. electronics scrap generated in 2009.

[Data are from Goosey and Kellner (2002), Gale Group (2003), Hageliiken (2007), Chatterjee and Kumar (2009), Kahhat and others (2011), U.S. Environmental

Protection Agency (2011), Encyclopedia of Earth (2012), and Minco Silver Corporation (2012)]

Category Units Gross weight, in metric tons Silver content, in metric tons
Computers
Scrap generated 42,800,000 305,000 50
Scrap collected NA 79,300 13
Collected scrap refurbished and NA 26,200 4
resold
Collected scrap recycled NA 53,100 9
Hard copy devices (printers)
Scrap generated 25,400,000 196,000 8
Scrap collected NA 29,400 1
Collected scrap refurbished and NA 9,690 0
resold
Collected scrap recycled NA 19,700 1
Mice and keyboards
Scrap generated 76,900,000 59,100 28
Scrap collected NA 591
Collected scrap refurbished and NA 195
resold
Collected scrap recycled NA 396 0
Computer displays
Scrap generated 51,000,000 826,000 28
Scrap collected NA 248,000 8
Collected scrap refurbished and NA 81,800 3
resold
Collected scrap recycled NA 166,000 5
Televisions
Scrap generated 35,700,000 1,130,000 16
Scrap collected NA 317,000 4
Collected scrap refurbished and NA 105,000
resold
Collected scrap recycled NA 212,000 3
Mobile devices'
Scrap generated 140,000,000 18,500 58
Scrap collected NA 1,420 4.5
Collected scrap refurbished and NA 541 1.7
resold
Collected scrap recycled NA 883 2.8
Total
Scrap generated 372,000,000 2,540,000 186
Scrap collected NA 675,000 31
Collected scrap refurbished and NA 223,000 10
resold
Collected scrap recycled NA 452,000 21

"Includes cell phones, personal digital assistants, smartphones, and pagers.



scrap, 31 t was collected, of which 10 t was contained in
refurbished materials, and 21 t was sent to recyclers. Of the total
372 million generated units of electronic scrap, 50.2 million
units (about 13 percent of generated units and 48 percent of
generated scrap weight) are represented by the scrap from
cathode ray tubes (CRTs). This scrap contained a statistically
insignificant amount of silver (about 0.0157 grams per unit,
embodied as a dopant in blue phosphor) (Donahue, 1957;
Sheppard and Cavette, 2012, p. 3). As CRT scrap becomes
exhausted, scrap from newer technologies will yield more silver
per unit generated. Electronic scrap also includes other metals
of interest, including copper, gold, indium, palladium, platinum,
and certain rare earths (Buchert and others, 2012, p. 30).

Batteries

Silver oxide button-cell batteries function with a medium
drain on power and are used in watches, toys, and calculators
(RIS International, 2007, p. 19). Silver oxide batteries contain
about 31 weight percent silver (Fisher and others, 2006, p. 56).
Each button cell weighs on average 1.2 grams, ranging from
0.12 to 2.55 grams (RIS International, 2007, p. 35). It has
been estimated that more than 1.5 billion silver oxide batter-
ies are produced worldwide every year, which would require
nearly 560 t of silver each year (MexZotic, 2012). Because the
service life of a silver oxide battery averages from 1 to 3 years
(Microbattery, 2012), as much as 500 t of silver contained
in these batteries becomes available as scrap every year.

Few data are available regarding the extent of silver oxide
battery recycling.

Although there is a formal rechargeable battery recycling
program in the United States, silver oxide batteries are not
rechargeable and are not included in this program. Recycling
of button-cell batteries is limited to local battery collection
programs. Jewelers and large retailers collect the batter-
ies when customers need to replace them, and the batteries
are usually recycled through pyrometallurgical techniques
at copper smelters. Recyclers, who handle diverse types of
silver scrap, solicit for silver oxide battery scrap that has been
separated from other types of battery scrap. They will typically
offer a price for silver oxide battery scrap that is expressed in
dollars per pound of batteries, which is about the same as the
spot price for silver (determined in dollars per troy ounce).
For example, if the spot price for silver is $20 per troy ounce,
the buyer of silver oxide batteries will offer $20 per pound of
batteries. When the difference in units is considered, the buyer
of silver oxide battery scrap is paying about 20 percent of the
spot price of silver for the silver contained in the battery (Arch
Metal Refining, 2011).

Canadian® experience regarding the handling of silver
oxide batteries is instructive. In 2010, 10.3 million units
of silver oxide batteries were sold, which was 1.7 percent

3The Canadian experience is a suitable proxy for U.S. data that are, for
whatever reason, unavailable because the silver oxide battery markets behave
in very similar terms in the two countries.
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of primary “nonrechargeable” Canadian battery sales

(621 million units). Also in 2010, 10.6 million units of silver
oxide batteries were discarded, which was 2.2 percent of

all primary batteries discarded (478 million units). Further-
more, 0.2 million units of silver oxide batteries were recycled
(recycling rate was 2 percent), the unrecycled silver oxide
batteries were disposed of in landfills (RIS International, 2007,
p. ii-v). This means that there is potential for increased silver
recovery by means of increased recycling of silver from silver
oxide batteries.

RFID Devices

RFID devices can transmit information from the
packages that contain them; silver ink antennae, which are
printed onto a paper substrate, serve as the transmitter. These
devices replace manual labor for tracking and sorting and
are a growing end use for silver, which is more reliable and
less expensive than copper or aluminum substitutes. RFID
devices contain about 10.9 milligrams (mg) of silver per unit
(Loterijman, 2008, p. 15).

Worldwide use of silver for RFID devices in 2009 was
estimated to be 48 t, with expected increased demand (mul-
tiple billions of units) as the technology overcomes problems
of standardization (Firman and others, 2011, p. 25). In 2009,
this was a dissipative use for silver, all of the silver being
accounted for as lost in paper recycling or in other common
waste disposal activities. RFID devices follow the recycling
routes of the items to which they are attached, for example,
chips attached to cardboard boxes for the purpose of tracking
will be recycled with the cardboard. Maltby and others (2005,
p. 16) estimated that 85 percent of the silver input through the
cardboard recycling stream was lost to discharges to water
and to landfills, and the remainder was dissipated within the
cardboard recycling route.

Solar Energy

Photovoltaic (PV) panels that contain various
components, mainly silica, collect sunlight and transform the
solar energy into electrical energy. Different configurations of
the panels yield more or less energy from a given solar flux,
with corresponding differences in cost. So-called thick-film
(crystalline silicon) PV panels represented about 90 percent of
the industry in 2011 (Carlson, 2012).

About 64.3 t (2,000 troy ounces) of silver (as silver
paste) per megawatt of electricity output capacity is applied
to thick-film solar cells (Carlson, 2012). The United States
added 464 megawatts of electricity capacity from thick-film PV
generation in 2009, the equivalent of 26 t of silver, and world
capacity of electricity increased by 7,200 megawatts from
thick-film PV generation, equivalent to 403 t of new silver use.
Additional U.S. capacity of 897 megawatts of electricity as
thick-film PV, equivalent to 50 t of silver, was installed in 2010.

Solar energy can be converted to electrical or thermal
energy by means of convex spherical glass mirrors, the rear
surfaces of which are silverized, becoming reflectors that
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focus energy at a point (Krothapalli and Greska, 2011, p. 6).
Such solar energy-generation facilities are called “concentrat-
ing” facilities; there are several focusing technologies and
include trough, Fresnel, tower, dish, and other lenses.

In 2012, the United States added 508 megawatts of
operational capacity concentrating technologies, 1,010 mega-
watts of capacity was under construction, and 3,870 megawatts
of capacity was as announced projects, representing 4.4 t,

8.2 t, and 32 t, respectively, of silver at 1 gram of silver per
square meter of collector area for the given mirror assembly
(Cheryl Kennedy, senior scientist, National Renewable

Energy Laboratory, written commun., October 19, 2012). An
additional 725 megawatts of off-grid solar-powered capacity
(representing about 6.4 t of silver coating the rear surface of
the highly polished glass) was directed to heating and cooling
the interiors of buildings and to heating swimming pools in the
United States in 2009 (Sherwood, 2011, p. 13-14).

Solar energy systems are expected to have lifetimes
ranging from 20 to 40 years, so near-term generation of scrap
from this end use will most likely be in the form of prompt
scrap generated in the manufacture of solar panels. The recent
(2012) collapse in prices of solar-energy-producing units and
the development of thin-film technologies, for the time being,
have greatly decreased the demand for high-performance
materials, including silver (Jeffrey R. Ellis, senior tech-
nology consultant, The Silver Institute, written commun.,
February 11, 2013).

Superconductivity

Superconductivity is the property of materials that lets
them transfer electric currents without resistance. Many mate-
rials exhibit this property at very low (cryogenic) tempera-
tures, the transition to zero resistance occurring at a definable
temperature called the “critical transition” temperature. The
practical meaning of this phenomenon is that narrow-gage
wires can be used to transport electrical currents over long
distances with little energy loss (with improved efficiency).

Although silver is highly conductive at ambient
temperatures, it is not a superconducting material because
it does not exhibit the critical-temperature transition to zero
resistance. However, there is much research into the effects
that silver adds to a superconducting compound; it introduces
low-temperature malleability to the compound without adding
to the compound’s resistance. As energy conservation and
efficiency become more significant in the future, the field of
superconductivity may become practical beyond the labora-
tory and beyond subsidized pilot-demonstration projects
(Silver Insights, 2012¢).

Other Industrial

Of five other nonelectrical uses for silver in the industrial
sector, some have a long history, and others are based on new
technologies. These nonelectrical uses for silver include cloud
seeding, explosives, mirrors and reflective coatings, musical
instruments, and nanosilver.

Cloud Seeding

For more than 50 years, silver iodide has been used in
combination with the salts of other chemicals for the process
known as rainmaking. Silver iodide is preferred because it cre-
ates ice nuclei in clouds at higher temperatures (about —5 °C)
than alternative chemicals (Griffith and Yorty, 2009, p. 18).
Seeding generators burn solutions of acetone containing about
2 to 3 percent silver iodide by weight (Griffith and Yorty,
2009, p. 22). With airborne seeding, consumption rates of
typical silver iodide are about 2 gallons per hour per generator,
which results in a release rate ranging from 120 to 180 grams
of silver iodide (55 to 83 grams of silver) per hour (Griffith
and Yorty, 2009, p. 27).

The U.S. Public Health Service estimated that 3 t of
silver was released in 1978 to the environment from cloud-
seeding operations (Eisler, 1996, p. 5). Virtually all the silver
used for this purpose is dissipated to the environment, but not
in amounts that exceed regulatory limits (Griffith and Yorty,
2009, p. 174). Little information is available on silver iodide
use in cloud-seeding activities from year to year.




Explosives

Silver acetylide, silver azide, silver fulminate, silver
oxalate, silver styphnate, silver tartrate, and silver tetrazene
are silver-based chemicals that have application for explo-
sives. Silver azide is used as a priming compound or detonat-
ing agent, a minor but important part of larger explosives
(Silver Insights, 2012c). There are no reliable estimates for the
amount of silver used or dissipated in this end use.

Mirrors and Reflective Coatings

About 500 t of silver was used worldwide for the
production of plane and spherical mirrors and other reflec-
tors in 2008 (Loterijman, 2008, p. 14). Although mirror scrap
can be processed by silver recyclers, data regarding amounts
actually processed are unavailable, so there is no information
regarding the amount of silver used for this purpose.

Musical Instruments

Silver has been used for in the manufacture of musical
instruments. High-quality flutes and trumpets are made of
solid silver, and brass instruments are silver plated. Wood-
winds and other instruments frequently have silver or
silver-coated key mechanisms (Silver Insights, 2012d).

No information regarding the amount of silver used for
musical instruments is available. Musical instruments are not
likely to be discarded as scrap, but rather are more likely to
be collected by pawn shops and recyclers to be processed for
the silver and other metals they may contain. Data regarding
amounts actually processed are not available.

Nanosilver

Silver has long been known as an antibacterial,
antifungal, and antiviral agent. Silver biocides make up a
growing end use of industrial silver demand. Some of the
products and uses for nanosilver include cosmetics, electron-
ics, food packaging, food supplements, household appli-
ances, medical devices, room sprays, textiles, and treatment
of public water supplies (U.S. Environmental Protection
Agency, 2010, p. 16).

Some human beings are sensitive to a nontoxic but
discoloring tissue build-up of silver (argyria). The U.S. Food
and Drug Administration (FDA) does not allow the use of any
form of silver as a food or animal-feed additive. If used in or
on food packaging, the silver must not migrate or be otherwise
absorbed into the food. The FDA does not regulate dietary
supplements that may contain silver; thus, users ingest these at
their own risk (Jeffrey R. Ellis, senior technology consultant,
The Silver Institute, written commun., February 11, 2013).

The EPA estimated that silver-treated textiles contain
between 0.1 and 0.2 mg of silver per gram of treated textile,
and in 2009, less than 6.8 t of silver was used in the United

End Uses 1

States for textile preservatives (U.S. Environmental Protection
Agency, 2011b, p. 7, 9). Worldwide, about 500 t of silver was
consumed as nanosilver in 2008 (Senjen and Illuminato, 2009,
p. 5). Production and consumption data are difficult to locate.
Nanosilver is probably a dissipative use, and a scrap market is
unlikely to materialize.

Jewelry antd Silverware

Jewelry and silverware together are a major use for silver.
Worldwide silver consumption for jewelry and silverware in
2009 was 6,750 t (28 percent of all silver fabricated), with
73 percent used in jewelry, and 27 percent in silverware. For the
United States, consumption for jewelry and silverware in 2009
was 362 t (7 percent of all silver fabricated in the United States),
with 92 percent of domestic use for jewelry, and 8 percent for
silverware (The Silver Institute, 2011, p. 84, 90, and 92).

Jewelry

In general, jewelry is purchased as a display of wealth,
for aesthetics (design, beauty, and novelty), and as a means
to store value. Individuals accumulating high net worth in
2009 allotted 23 percent of their “passion” investment dollars
(for art, antiques, boats, club memberships, coins and other
collectibles, guns, jets, race horses, sports teams, and other)
to all forms of jewelry (crafted metals, gems, and watches)
(Capgemini Consulting, 2011, p. 21). Investors with lower net
worth have the same reasons for buying jewelry, but they are
more likely to buy silver jewelry because the metal is priced
well below other precious metals used in jewelry manufacture.

Worldwide, 80 percent of all silver jewelry is fabricated
in 10 countries. Thailand, China, Italy, and India together
produce 73 percent of that share. The remaining 7 percent
is produced in Mexico, the United States, the Republic of
Korea, Indonesia, Turkey, and Germany, in order of decreasing
magnitude (The Silver Institute, 2011, p. 92-93).

High-grade [scrupulously assayed and uncontaminated]
scrap generated in manufacture is often treated onsite. Low-
grade sweeps and polishing dust are collected to be processed
at smelters or refineries to recover the precious-metals content
(Hoftmann, 2012, p. 2). The demand for old jewelry scrap
appears to be greater than the supply of willing sellers at
current prices, as the multitude of offers by and locations for
buyers seeking old gold and silver jewelry indicates. This
imbalance of supply and demand for old jewelry scrap sug-
gests that there is really no such thing as old jewelry scrap, but
rather there is a desire (among buyers) to convert the precious
metal content of jewelry, which sellers presumably hold for
its monetary property (store of value), into physical supply of
metal for other uses. The movement of silver in and out of the
jewelry category of end uses should be viewed as indicating
preferences for competing commodities having monetary
properties. The aesthetic character of a piece of jewelry is
probably not the most determining factor for a particular
jewelry purchase (Clark, 2011).
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Silverware

Eighty percent of all silverware worldwide is fabricated
by India, Russia, China, Italy, Thailand, Turkey, Bangladesh
and Nepal, and Germany, in order of decreasing amount, with
India, Russia, and China producing 70 percent of that share
(The Silver Institute, 2011, p. 94). Silverware can be made
from an alloy called sterling, which is 92.5 percent silver, or
base metals can be plated with silver. In both cases, the silver
can be recovered. Silverware is purchased by commercial gold
buyers, who then supply recyclers. The motives for recycling
silverware are similar to those for recycling jewelry.

Photography

For nearly two centuries, photography was a major end
use for silver, but the advent of digital photography dramati-
cally decreased silver consumption for this use. From 2001
through 2010, world silver use for photography decreased
from 6,630 to 2,260 t, a compound rate of 11 percent per year.
During the same period, the use of silver for photography in
the United States decreased at a compound rate of 12 percent
per year (The Silver Institute, 2011, p. 89).

Silver is recycled extensively in the photographic
industry for reasons of economics and regulatory compli-
ance. Silver is recovered during processing of bleaches (5 to
200 milligrams of silver per liter of solution (mg/L)), fixes
(1,000 to 12,000 mg/L), washes (1,000 to 3,000 mg/L), and
stabilizers for washless processes (100 to 1,000 mg/L) and is
practiced generally on the generator’s site and using the pro-
cessor’s equipment but with guidance supplied by the recovery
consultants. Efficiency for different recovery processes ranges
between 90 and 99 percent of silver content (Eastman Kodak
Company, 1999, p. 1-3).

Silver recovery from photographic solutions often results
in minor amounts of silver being discharged into a water
treatment facility. The EPA estimated that raw discharges from
40,000 water treatment facilities in 2003 represented a toxic-
waste-potential estimate, attributable to a weight of silver,
of 2.54 Mt. This toxic weight factor is a derived number; it
represents a level of toxicity equivalent to the toxicity of an
equivalent weight of copper. The toxic weight factor for a
pound of silver, relative to a pound of copper, is 16. Dividing
the 2.54 million toxic-waste-potential estimate by the toxic
weight factor for silver and applying factors to convert pounds
into metric tons, 72 t of silver from silver recovery operations
in the United States in 2003 was estimated to have entered into
water treatment facilities. Water treatment facilities effectively
removed 88 percent of that total, discharging 8.6 t of silver
into surface waters (U.S. Environmental Protection Agency,
2000, p. 16; 2006, p. 19.21-26). Assuming proportionality
with regard to the silver used in photographic operations in the
United States in years 2003 and 2009, contained silver enter-
ing these water treatment facilities in 2009 was approximately
29 t and (unrecovered) contained silver leaving these same
water treatment facilities was 3 t.

Silver recycling also includes collection and processing
of film. The silver and the polymer (mylar) components of
film are both recovered. In 2011, the silver recycling industry
processed about 43,000 t of film scrap, which on average con-
tained about 6.2 grams silver per kilogram of scrap, implying
that the scrap processed contained about 265 t of silver. X-ray
scrap from the medical industry accounted for 95 percent of
the film processed, yielding about 252 t of silver to return to
the market, most likely in the form of a silver halide, and most
likely returned to a manufacturer of x-ray film. Industrial x-ray
scrap processing yielded about 8 t of silver, and graphic arts
scrap yielded another 5 t of silver in 2011.

The polymer (mylar) base of the film is sold to recyclers
in China and India and returns to the United States after pro-
cessing. Three processes are used for recovery of the silver;
the enzyme process digests a protein into a paste, which is fur-
ther processed in a furnace; the caustic acid process produces
a paste that is further processed in a furnace; and, the DryView
process, which is proprietary to Eastman Kodak. Except for
a small amount of imports from Canada, imports and exports
of silver-containing medical x-ray scrap are virtually zero, the
system being more or less a closed loop between manufacturer
and recycler (Jim Conroy, owner and operator, Silver Medical
Systems, Inc., written commun., July 17, 2012).

Prices

Except for the 1980 price spike, which was caused
by market manipulation (Hilliard, 1999, p. 140), the price
of silver has been virtually constant, both in nominal and
in constant (2010) dollars, through 2006. The price from
2006 through 2009 has increased slowly. From 2001 through
2010, four trends in U.S. silver fabrication become appar-
ent. Total silver fabricated increased slightly from 5,280 to
5,900 t. The amount of silver consumed for photographic
applications decreased significantly, from 2,040 to 630 t,
whereas the amount of silver consumed for industrial applica-
tions increased significantly, from 2,450 to 3,570 t, roughly
offsetting the decrease in photographic use. The amount of
silver fabricated into medals and coins increased from 384 to
1,300 t, with most of the growth occurring after 2006 (The
Silver Institute, 2011, p. 75-94).

Based on available information, it can be concluded that,
after 2006, the monetary properties of silver gained preference
compared with those of fiat currencies; this preference likely
influenced the concurrent increase in the dollar price of silver
and the demand for medals and coins. Similarly, the monetary
properties of gold gained preference compared with those of
fiat currencies, likely leading to the increase of the price of
gold. The concurrent increases in the prices of gold and silver
were likely the cause behind the stability of the silver-to-gold
ratio (about 60). Silver prices, in nominal and in constant
dollars (2010 base), from 1977 through 2011, are shown in
figure 4, which also shows the ratio of the nominal price of
silver to the nominal price of gold.
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From 2001 through 2010, the average silver scrap rate
(silver recovered from scrap as a percentage of total silver
production) was 56.4 percent = 4 percent for the United States
and 23.4 percent & 5.3 percent worldwide (The Silver Institute,
2011, p. 82). For the same period, silver prices (in constant
2010 dollars) continually rose from $5.38 per troy ounce in
2001 to $20.19 per troy ounce in 2010. This indicates that, at
least for this period, there was little, if any, elasticity in silver
scrap use with respect to spot prices for silver.

Outlook

From 2001 through 2010, world silver production
from primary mining grew at a compound annual rate of
2.2 percent per year, at a time when silver spot prices grew by
15.8 percent. The average year-over-year growth of world pri-
mary silver production for the period was 1.02 + 2.2 percent,
a rather steady growth. Growth in silver production from
primary mines should continue at the pace of 2.2 percent per
year, regardless of silver spot prices.

Silver is expected to be in demand even if the global
economy recovers slowly from the recession of 2008-9. The
industrial end use of silver is growing because the use of
silver in electric and electronic devices continues to grow with
increasing demand for such devices. The use of nanosilver can
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be expected to increase for health and environmental reasons
and because high silver prices will likely lead to innovations
in certain applications to use less silver.

There is a large reservoir of aboveground silver that is
sequestered in coins and medals and in jewelry and silverware
that can be converted into industrial applications as needed
at just above the real cost of conversion. This reservoir could
potentially counteract foreseeable threats to the silver supply
available for industrial applications.

With regard to industrial silver scrap, recycled silver
from photographic uses has decreased because less silver is
going into this end use; that trend will probably level out as
some photographic uses, such as industrial and medical x-ray
imaging, are retained. The silver going into solar energy appli-
cations will be sequestered for many years, given the long life
(30 to 40 years) of such facilities. Legislation governing the
disposal of some hazardous waste has created the electronic
scrap market. For economic reasons, global recovery activities
have gravitated to low-wage areas of the world, such as China.
Silver from nanosilver applications may never be recovered
in large amounts. If silver prices increase from current levels,
recycling and recovery from scrap are likely to increase. How-
ever, increased prices would also likely drive technological
trends towards less and more widely dispersed use of silver,
thereby making future recovery and reclaiming of silver more
difficult and costly.
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