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Interest in recycling of rare metals has greatly increased recently because of the rapid growth in the demand for, and uneven distribution of,
natural resources. Substance ﬂow analysis (SFA) is a useful tool for determining the ﬂow of substances in speciﬁc geographic regions. However,
few SFAs have been conducted for rare metals. In this paper, we focus on indium and conduct SFAs of indium both in Japan and globally.
Indium is primarily used as indium tin oxide (ITO), whose end uses can be categorized into two groups: liquid crystal displays and plasma panel
displays; these are then assembled into ﬁnal products. We quantiﬁed the ﬂow of indium during its life cycle through mining, smelting and
reﬁning, manufacturing, use and waste management. For mining, smelting and reﬁning, data were collected on the indium content in ore and
production of primary metallic indium during 19992008. For manufacturing, we estimated the content of indium in ﬁnal products, and
estimated the input of indium in production as ITO in Japan. Then, we extrapolated the result to an SFA at the global scale. In-use stock and
discarded indium were estimated by dynamic SFA, in which time-series data on the input of indium into ﬁnal products and their lifetime
distribution were used. We considered the loss of indium in each process to be the potential recyclable amount. We found that the extraction rate
of indium in the mining, smelting and reﬁning process was 811%, and the loss of indium in this process was 4,826 t in 2004. The loss in
manufacturing amounted to 316 t, the in-use stock of indium was 116 t and the discarded indium in end-use products amounted to 5 t globally in
2004. Therefore, it was concluded that the biggest recovery potential of indium is during mining, smelting and reﬁning.
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1.

Introduction

There has recently been a rapid increase in the widespread use of devices using liquid crystal displays (LCDs),
such as cellular phones and large-screen television sets.
LCDs need transparent and conductive electrodes, which
are made from indium tin oxide (ITO). Consequently, the
demand for ITO has been increasing and, as alternative
materials using zinc1) or high polymers2) are yet to be
developed, it is expected that the demand for indium will
continue to grow. Therefore, improvements are needed to
make the production and recovery of indium more efﬁcient,
but the details of the ﬂow and stock of indium, both in
Japan and globally, are currently unknown. Substance ﬂow
analysis (SFA) is a useful tool for estimating substance
ﬂows and stock in a society. Three studies related to SFAs
of indium have been reported to date. Ueki et al. examined
the production, supply and demand of indium in Japan from
1990 to 2007,3) and applied the results to analyze the ﬂow
of indium used for ITO in Japan in 2007 to estimate the loss
in manufacturing of LCD panels. However, this study did
not cover the entire life cycle of indium. Nakajima et al.
focused on the manufacturing processes for ﬂat panel
displays to investigate the ﬂow of indium in 2004.4)
However, this study covered the ﬂow of indium in Japan
in one year only and did not consider the ﬂow after the ﬁnal
products had been manufactured. Endo et al. projected the
depletion of indium based on the results of indium ﬂow in
mining and smelting and the potential demand for LCD
products.5) However, they focused on only four types of
products using LCDs and assumed that the thickness of ITO
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ﬁlm in each product was the same. In addition, because the
main objective of their study was to assess future resource
depletion, they did not analyze the current situation in
detail.
To assess the recyclable amount of indium, it is important
to understand the substance ﬂow of indium throughout its
life cycle, i.e., from mining, smelting and reﬁning, to use in
products, and then to its discard. It is also necessary to assess
the ﬂow not only in Japan but also globally because indium
is used worldwide. Therefore, the goal of this study is to
estimate globally the life-cycle ﬂow and in-use stock of
indium to determine the potential recyclable amount of
indium.
2.

Methods

2.1 System boundary
The system boundary, which deﬁnes the processes
investigated in this study, is depicted in Fig. 1. As shown
in Fig. 1, indium is mined, smelted and reﬁned to the primary
metal, and then used for each product. In this study, the use of
indium was categorized as either ITO ﬁlm or other products.
Although the demand for indium for other products was
analyzed, the ﬂow after its use for these products was not
taken into account.
Indium is made into ITO ﬁlms by a spattering process. Part
of the scrap generated during this process is collected and
recycled for secondary metal production. ITO ﬁlms are then
made into LCD or plasma display panel (PDP) modules, and
used in ﬁnal products. The ﬁnal products accumulate in
societies during their usage and are then discarded at the end
of their life span. The methods adopted for analyzing the
indium ﬂow in each process are explained in detail in the
following subsections.
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Fig. 1

System boundary of this study.

Estimation of indium ﬂow in mining, smelting and
reﬁning
Because indium is a by-product of zinc, we estimated the
amount of indium ﬂow based on the consumption of zinc ore
and its indium concentration. As statistical data on zinc ore
production were not available, the annual volume of zinc ore
production was estimated using the average zinc concentrations of ore,6) the total amount of primary zinc metal
production6) and its yield rate.7) Then, to estimate the amount
of indium contained in zinc ore, the average indium
concentration of zinc ores in the world was obtained. As
the indium concentrations of ores differ among mining sites,
a weighted average of the concentration was calculated based
on the reserves of 27 mining sites around the world.8) Data on
the annual production of primary indium metal were obtained
from statistics available since 1999.
Using all the above data, the ﬂow of indium in mining,
smelting and reﬁning was estimated. The loss of indium in
tailings at mining sites, i.e., during the beneﬁciation process,
and in the residue at smelters could not be determined.
2.2

Estimation of indium ﬂow in the manufacturing
process
2.3.1 Uses of indium investigated in this study
Indium is used for ITO transparent electrodes, compound
semiconductors, ﬂuorescent substances and low-meltingpoint alloys. Data on annual global demand for indium for
each use were not available; however, in Japan, most indium
is used for ITO, which has accounted for more than 85% each
year since 2003.9) Other uses of indium include various ﬁnal
products, making it difﬁcult to estimate the substance ﬂow
after usage in these ﬁnal products. Therefore, in this study,
although the annual demand for indium for uses other than
for ITO was estimated, ﬂows after use in other ﬁnal products
were not investigated. The annual global demand for indium
for use in ITO was estimated for 19992008 by multiplying
the primary indium metal production in the world by the
share used for ITO in Japan.
2.3.2 Identiﬁcation of products using ITO
Two products that use ITO as transparent electrodes are
LCD and PDP modules, which are intermediate products.9)
The annual production volumes of these products in Japan
were obtained,10) but not the global volumes or the monetary
production value. Therefore, we ﬁrst estimated the amount
of indium contained in each type of ﬁnal product in Japan
for which detailed data were available. Then, assuming that
the amounts of indium contained in the ﬁnal products were
proportionate to those products’ monetary production values,
2.3
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Table 1 Speciﬁed end-use products containing indium tin oxide in the
world and Japan.
World

Japan

Digital televisions

LCD televisions, PDP televisions

Laptop PCs

Laptop PCs

LCD monitors

PC displays

Digital camcorders

Digital camcorders

Digital still cameras

Digital still cameras

Cellular phones

Cellular phones, Personal handy systems

Electronic equipment for cars

Navigation systems

we estimated the indium contained in each type of ﬁnal
product throughout the world. The ﬁnal products that use
ITO electrodes and for which the annual monetary production
values for Japan and the world were obtained are shown in
Table 1.11) There are nine categories of products for Japan
and seven for the world.
Data on the annual monetary production value of the ﬁnal
products were available only for 2003 and 2004 in Japan,
North America, the EU and some other regions, along with
projections from 2005 to 2008, which were made in 2005.11)
We therefore estimated the substance ﬂow of indium in the
world in 2004, the most recent year for which statistical data
were available. Because data on the amount of indium used
for each type of ﬁnal product were not available for 1999
2002, we estimated the amounts for these years by adopting
the ratio of the amount of indium used in each type of ﬁnal
product to the annual primary metal production, using 2003
ﬁgures for both. Although other ﬁnal products use ITO, e.g.,
medical equipment and analytical instruments, the ﬂows for
LCD and PDP modules used in these products were not
investigated further after their use in the ﬁnal products. The
amount of intermediate products used for these ﬁnal products
was estimated from the share of the inputs to the products in
Japan, which was calculated by dividing the inputs of LCD
modules to each type of ﬁnal product by the gross production
of LCD modules obtained from the inputoutput table for
Japan.12)
2.3.3 Estimation of the amount of indium in ﬁnal
products
The yield rate of indium in ITO electrodes in the
manufacturing process is known to be very small.4)
Consequently, it is not possible to directly estimate the
indium contained in ﬁnal products from the annual demand
for indium for ITO. Therefore, in this work, the amount of
indium in ﬁnal products was estimated using a bottom-up
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Table 2 Types of modules using indium tin oxide, speciﬁed end-use
products and ﬁlm thickness corresponding to the product types.
Type of module
Tech. Matrix

Size
Large

End-use product
Televisions, PC displays,
Laptop PCs

Cellular phones, Personal handy
systems, Digital still cameras,
Active Medium
Digital camcorders,
matrix
Navigation systems
Small

LCD

Televisions

End use

22)

300 nm

100120 nm15)

Cellular phones, Personal handy
systems, digital still cameras,
Digital camcorders, Projectors

Cellular phones, Personal handy
systems, Digital still cameras,
Medium
Digital camcorders,
Passive
Navigation systems
matrix
Cellular phones, Personal handy
Small
systems, Digital still cameras,
Digital camcorders, Projectors
PDP

Film
thickness

Table 3 Parameters of lifetime distribution function and the average
lifetime of end-use products.
Parameters in Weibull
distribution function Average life
span
Reference
Shape
Scale
(years)
parameter parameter

LCD/PDP televisions

3.1

13

12

24)

Computer monitors

4.8

8.4

6.7

24)

Laptop computers
Cellular phones
/Personal handy systems

2.2

7.4

7.4

24)

3.1

4.8

4.3

24)

Digital camcorders

3.1

7.5

6.7

25)

Digital still cameras

3.1

4.0

3.6

25)

Navigation systems

4.0

11

9.9

24)

400500 nm15)

300 nm22)

approach. With this approach, it is necessary to deﬁne the
area of the LCD, the ﬁlm thickness of the electrodes and the
amount of indium used per unit volume of ITO. The latter
was calculated using the density of ITO (7.10 g/cm3) and
the content of In2O3 (90 mass%).13) The ﬁlm thickness of
the electrode in LCDs differs from that in PDPs. We also
distinguished between active-matrix LCDs and passivematrix LCDs because the ﬁlm thickness of electrodes for
these LCDs differ.14) In addition, because the areas of the
displays vary among LCDs, we classiﬁed the products based
on their display areas. Table 2 shows the classiﬁcation of
end-use products used in this work.
The annual production of LCDs, as given in the Yearbook
of Machinery Statistics,10) has been classiﬁed in detail for
active-matrix LCDs and passive-matrix LCDs since 1997.
From 1997 to 2006, active-matrix LCDs were classiﬁed into
two categories: under 7.7 inch, and 7.7 inch or over; since
2007, they have been classiﬁed into three categories: under
3.0 inch, 3.0 inch to 7.7 inch, and 7.7 inch or over. In this
work, we categorized these as “small LCD”, “medium LCD”
and “large LCD”, respectively. Because the classiﬁcations of
small LCD and medium LCD did not exist until 2007, the
annual production volumes of these LCDs for earlier years
were estimated by applying the 2007 production ratio of
these sizes of LCDs.
By contrast, passive-matrix LCDs are not classiﬁed by
size. As passive-matrix LCDs are not structurally suitable for
use in large-LCD products, it was assumed that passivematrix LCDs are used only for medium or small LCDs.15)
The production ratio of medium and small passive-matrix
LCDs in each year was assumed to be the same as that of
active-matrix LCDs.
There is no detailed information about the display area
of active-matrix large LCDs (i.e., 7.7 inch or more). The
display sizes of products using large LCDs, as explained in
subsection 2.3.2 and identiﬁed in Table 2, were obtained

from other sources.16,17) The production of each type of ﬁnal
product was obtained from the Machinery statistics.10)
Products using medium or small LCDs were identiﬁed
as shown in Table 2. We assumed that the average display
sizes of medium and small LCDs were 5 inch and 2.5 inch,
respectively. The annual production of each type of ﬁnal
product was obtained from the Machinery statistics regardless
of whether they used active- or passive-matrix LCDs. The
ratio of active- and passive-matrix LCDs used in cellular
phones could be obtained;18) the ratios of other products were
assumed to be the same as that of cellular phones, and thus
the numbers of active- and passive-matrix LCDs in other ﬁnal
products were estimated. However, it was assumed that car
navigation systems use only medium LCDs19) and projectors
use only small LCDs.20)
Although we were able to obtain statistical data on the
production of PDP modules after 2004, there was no
classiﬁcation by display size. Therefore, it was assumed that
PDP modules were used only for televisions, for which we
obtained the proportions of different display sizes from
industry documents.21)
We then estimated the yield rate in the manufacturing
processes by dividing the amount of indium contained in ﬁnal
products by the indium input into the ITO production
process, and compared the results with previous studies.3)
2.4 Estimation of in-use stock and discard of indium
The in-use stock and discard of materials in products can
be estimated using a top-down approach or a bottom-up
approach.22) The top-down approach estimates the in-use
stock and discard of materials in a society by assessing the
annual inputs of the material to each product. The bottom-up
approach makes estimates from the amount of products in use
and the material use intensity in the products.
The lifetime distributions for each type of product were
estimated and used to analyze the in-use stock of indium in
products and the discard of end-of-life products. Because of
difﬁculties in obtaining data on the average life span of each
product, except for Japan,23) the data for Japan shown in
Table 3 were used for all countries. A Weibull distribution
was used to estimate the lifetime distribution function.
The lifetime distribution functions for cathode ray tube
(CRT) televisions were used for LCD televisions and PDP
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televisions, and those for CRT monitors were used for PC
monitors and laptop PCs. Because car navigation systems are
inseparable from cars, the distribution functions for cars were
used. For digital camcorders and digital still cameras, the
average life spans were obtained; however, the shape and
scale parameters, which determine the distribution function,
were not obtained. Therefore, those for cellular phones,
which are similar in use pattern, were used for digital
camcorders and digital still cameras. Projectors were not
investigated in this work because data on the average life
span were not obtained and, given the amounts of production
and shipment, the indium contained in these products is
negligible.
2.5 Global substance ﬂow analysis of indium
The worldwide SFA of indium was conducted using the
results of the ﬂows for mining, smelting and reﬁning in
section 2.2, and for manufacturing processes in section 2.3
and for in-use stock and discards in section 2.4. It was
assumed that all indium contained in end-of-life products was
discarded, which approximates the current situation of
recovery of indium from the end-of-life products were taken
into account. The recyclable amount of indium in each
process during its life cycle was then investigated.
3.

Results

Analysis of indium ﬂow in mining, smelting and
reﬁning
The average concentration of indium in zinc ores was
estimated as 39 ppm, based on the data in the literature;6)
the average zinc concentration was estimated as 8.7%.
The amount of indium in the ores was estimated using a
yield rate in the primary metal production of zinc of 80%,7)
and assuming that there has been no change in indium and
zinc concentrations in zinc ores. The results are shown
in Fig. 2, along with the annual primary indium metal
production.
The results indicate that the loss by dissipation in mining,
smelting and reﬁning was about 90% each year since 1999.
It is likely that the lost indium is in the mining tailings and
the sludge from smelters. The yield rates for other metals
were estimated as follows: 86% for copper,26) 73% for
3.1

Fig. 2 Amounts of indium in annual production of zinc ore and annual
production of primary indium metal.
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silver,27) 73% for chromium,28) 82% for zinc7) and 87% for
nickel.29) These ﬁgures demonstrate that the yield rate for
indium is signiﬁcantly lower than those for other metals,
which may be attributed to the difﬁculty of extracting indium
compared with other metals.30) The indium included in the
residue of zinc ores is extracted by using liquids such as
acids, and then puriﬁed by electrolytic reﬁning. Currently,
there is no demand to improve the efﬁciency of extraction
from ores because present demand is being fully met.
3.2 Flow analysis at the demand stage
3.2.1 Results for domestic ﬂows in Japan
(1) Indium contained in ﬁnal products
The amounts of indium in the annual production of the
nine types of ﬁnal product are shown in Fig. 3. It was
estimated that LCD televisions, which have both large
production numbers and large display areas, accounted for
the greatest part. PDP televisions, whose production is small
but whose average display areas are large, also accounted for
a large part. However, despite their large average display
areas, PC monitors accounted for a small part because few
PC monitors are produced in Japan. Final products using
medium or small LCDs accounted for only a small proportion
of the total.
(2) Indium contained in LCD and PDP modules
The amounts of indium in LCD and PDP modules
produced between 2004 and 2008, which were estimated
based on both production volume and monetary production
value, are shown in Fig. 4.
When the estimation was based on production volume,
large LCDs accounted for 50% of indium usage, whereas
medium or small LCD and PDP modules accounted for 20
and 30%, respectively. When based on monetary production
value, all types of LCDs used about 40% of the indium
consumed. Although the amounts based on production
volume are greater than those based on monetary production
value, the differences do not exceed 10%. In analyzing the
ﬂows of indium, we had originally considered that it would
be more reasonable to make estimates based on production
volume, in which large, medium and small LCD and PDP
modules were separately investigated. However, we subsequently found that was no great difference if ﬂows were
estimated based on monetary production value.
The yield rate in the production process was calculated
as 2% by dividing the amount of indium contained in LCD
and PDP modules by the amount of indium metal input for
ITO production. In previous studies,4) the yield rate was
estimated as 3% by obtaining data on the yield rates of
each process in ITO production. The top-down approach was
used in previous studies, whereas we used a bottom-up
approach to estimate the amount of indium in ﬁnal products.
This involved multiplying the indium use intensity of each
type of ﬁnal product by its annual production volume. The
results obtained using the different approaches were fairly
close.
3.2.2 The global demand for indium
Figure 5 shows the amount of indium in the annual global
production of the speciﬁed end products estimated by
extrapolation from the nine types of ﬁnal product in Japan.
The demand for indium has increased since 1999, with the
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Fig. 3

Fig. 4

Amounts of indium, in the form of ITO, in the annual production of the speciﬁed end-use products in Japan.

Amounts of indium in all ITO products in Japan extrapolated based on production volume and production value.

Fig. 5 Amounts of indium in annual global production of speciﬁed end
products.

demand in 2004 three times that of 1999. In particular, the
large growth in the use of cellular phones and Personal
Handy-phone System (PHS) has had a great inﬂuence on the
increase in demand for indium. Since 2002, products with
large display areas such as digital television sets, laptop PCs
and PC monitors have also proliferated. It was estimated that
the amount of indium used in ITO except for the seven types
of ﬁnal product was 57.2 t in total in 2004.

3.3 Global in-use stock and discard of indium
The in-use stock and discard of indium contained in endof-life products were estimated at a global scale. Because
data from 1999 and later were used for the estimation, only
the results for 2003 and 2004 are shown in Figs. 6 and 7.
Although data before 1999 could not be included, it is
evident that there were great increases in the amount of in-use
stock and discard in 2003 and 2004. Cellular phones and
PHS accounted for the largest share ® approximately 80%
of the total discard ® because of the shortness of their life
spans. The in-use stock of PC monitors was the second
largest, which is attributable to their relatively large display
areas. The estimated amount of discarded indium in digital
televisions, which accounted for a relatively large share of
in-use stock, was very small because they have a longer life
span than other products.
3.4 Summary of the substance ﬂow of indium
Figure 8 shows the substance ﬂow of indium in Japan in
2008, with the analysis based on the latest available data. In
Japan, 234 t of primary metal indium was consumed for the
production of ITO. In total, 751 t of indium was consumed
for the production of ITO, of which 517 t came from
secondary indium ingots. However, the actual amount of
indium in ﬁnal products was 18.7 t, although 732 t of indium
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Fig. 6 World in-use stock of indium in speciﬁed end products.

Fig. 8
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Fig. 7 Amounts of indium in discarded end-of-life products of the world.

Substance ﬂow of indium in Japan in 2008.

went into the ITO production processes. As the production
of secondary indium was 517 t, it was estimated that losses
during the recovery processes amounted to 215 t. The
previous study by Nakajima et al.3) put losses during the
production of secondary indium at approximately 50% in
2004, which is similar to the results obtained in this work.
Figure 9 shows the substance ﬂow of indium in the world
in 2004. As the indium contained in ores was 5,344 t, the
amount of indium dissipated in mining, smelting and reﬁning
was estimated as 4,826 t.
The production of primary and secondary metals was 518
and 402 t, respectively. It was estimated that 800 t (i.e., 87%)
of these metals was used for the production of ITO ﬁlms,
and the rest (i.e., 120 t) was consumed for other uses. With
ITO ﬁlms, it was estimated that the amount of indium in the
ﬁnal products was 82 t, and 718 t went into the residue from
the ITO production processes. Because the production of
secondary indium metals was 402 t, it was estimated that
losses during recovery processes amounted to 316 t.
The yield rate of ITO production processes in Japan was
around 2% (as mentioned in 3.2.2) compared with 10% for
the world. However, the in-use stock of indium in products
globally might have been overestimated, because of the
following factors. First, the monetary production value of the
ﬁnal products was simply used to extrapolate the results of

Japan to the world. However, the display areas of LCD and
PDP modules in ﬁnal products were not taken into account,
which might have led to uncertainty in the results. Second,
the amount of indium in products that we did not analyze in
detail in this work was estimated by extrapolation based on
the monetary production values, as described in 2.3.2. The
share of LCD and PDP modules used for each product in
Japan in 2005 was applied to all counties, so the actual share
used in each country was not reﬂected in the estimates.
Of the 82 t of indium contained in the ﬁnal products
manufactured in 2004, it was estimated that 35 t was
contained in the seven types of product that we identiﬁed.
In the dynamic SFA for the seven types of ﬁnal product, the
in-use stock and discard of indium in 2004 were estimated
as 120 and 5.2 t, respectively.
3.5 The recyclable amount of indium
The substance ﬂow of indium shows that the amount of
indium dissipated into the environment can be divided into
three categories: dissipation in mining, smelting and reﬁning;
losses during the recovery process; and discard of end-of-life
products. A comparison of these three ﬂows revealed that
dissipation was largest in mining, smelting and reﬁning
(4,800 t), followed by losses during the recovery process
(320 t) and discard of end-of-life products (5.2 t).
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Fig. 9

Substance ﬂow of indium in the world in 2004.

The recyclable amount of indium is the amount that is
currently discarded and not collected or reused. Great
differences ® more than a factor of 10 ® were observed
between the three dissipation ﬂows. The recyclable amount
of indium in mining, smelting and reﬁning was the largest
and was about 10 times greater than the production of the
primary metal. Thus, improving the yield rate in mining,
smelting and reﬁning is considered to be the most efﬁcient
approach for achieving a stable supply of indium to meet
future increase in demand.
Another important ﬁnding is that, even though indium
contained in end-of-life products can be recovered, the
recovered amount would be about 1% of the production of
the primary metal. The main reason for this is the small yield
rate in the ITO production process. Because demand for
indium has been increasing since 2004, the in-use stock and
discard of indium in 2008 were also estimated, as 300 and
20 t, respectively (note, however, that the results have low
reliability because the production value of the ﬁnal products
in the world was a projection from 2005). If indium contained
in end-of-life products was recovered, approximately 4% of
the demand of indium was covered in 2008. By contrast,
dissipation during mining, smelting and reﬁning amounted to
about 5,720 t and the losses during ITO production processes
amounted to about 200 t, which was similar to the results for
2004. This analysis conﬁrms that the optimum target for
indium recovery is the dissipation ﬂow during mining,
smelting and reﬁning.
4.

Conclusion

In this paper, a global SFA of indium from mining and
smelting through to the discard in end-of-life products was
conducted. Because the available data on physical ﬂows
of indium needed to calculate the material ﬂows were
insufﬁcient, the global indium ﬂow was estimated by
extrapolating the results for Japan based on monetary
production value.
The results show three dissipation ﬂows of indium ® in
mining, smelting and reﬁning, losses during the recovery
process, and discard of end-of-life products ® which suggest
potential targets for recovering indium and hence enhancing
future supply. The amount of dissipation during mining,
smelting and reﬁning is about 10 times that of the production
of the metal, or 500 t/y. By contrast, even though indium

contained in end-of-life products could be recovered, the
recovered amount would have been only about 1 and 4%
of the production of the primary metal in 2004 and 2008,
respectively. It is therefore suggested that it would be
more efﬁcient to recover indium from the dissipation ﬂow
during mining, smelting and reﬁning than from end-of-life
products.
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