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Abstract Electrical and electronic waste (e-waste) has
become one of the fastest growing waste streams in the
world, and many countries have established e-waste treat-
ment enterprises to solve their e-waste problems. In this
study, a life cycle assessment (LCA) was undertaken to
quantitatively investigate the environmental impacts of an
e-waste treatment enterprise in China. The LCA is con-
structed by SimaPro software version 7.2 and expressed
with the Eco-indicator 99 life cycle impact assessment
method. For a sensitivity analysis of the overall LCA
results, the so-called CML method is used in order to
estimate the influence of the choice of the assessment
method on the result. According to the survey data, dis-
carded TV sets accounted for the highest proportion of
e-waste treated in the enterprise in 2010. The e-waste
treatment had little environmental impact, and at the same
time large environmental benefits can be achieved mainly
due to the recycled resources and reuse of some compo-
nents. Based on the research results, it can be seen that
recycled metal, especially copper, would be of more
importance for environmental benefits. Relevant results
and data from this study could provide decision support to
enterprise managers and government sectors.
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Introduction

Waste electrical and electronic equipment (WEEE or
e-waste) is one of the fastest growing waste streams in the
world [1-3]. During the past two decades, the Chinese
economy and society have experienced significant chan-
ges, as typical of an economy in transit, and the use of
electrical and electronic products has become common-
place in households, governments, institutions, organiza-
tions, and business sectors. With the rapid development of
information technology and economic rapid development,
more and more of these electrical and electronic products
(e-products) (e.g. PCs, refrigerators, washing machines,
air conditioners, and TV sets) do not work properly at
present and have reached the end of their useful life. In
China [4-6], though annual generation per capita is small,
it is growing at an exponential pace, which is three times
as high as that of the common wastes in China. The
increasing “market penetration” and “high obsolescence
rate” also make e-waste one of the fastest waste streams
in China.

E-waste is chemically and physically distinct from other
forms of municipal or industrial waste. Composition of
e-waste is very diverse and differs in products across dif-
ferent categories [7]. It contains more than 1000 different
substances, which fall under “hazardous” and “non-haz-
ardous” categories. Broadly, it consists of ferrous and non-
ferrous metals, plastics, glass, wood and plywood, printed
circuit boards, concrete and ceramics, rubber and other
items. Iron and steel constitutes about 50 % of the e-waste
followed by plastics (21 %), non ferrous metals (13 %) and
other constituents. Non-ferrous metals consist of metals
like copper, aluminum and precious metals, e.g. silver,
gold, platinum, palladium. The presence of elements like
lead, mercury, arsenic, cadmium, selenium, and hexavalent
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chromium and flame retardants beyond threshold quantities
in e-waste classifies them as hazardous waste [8, 9].

In order to solve the e-waste issues in China, up to end
of 2010, about 81 formal dismantling enterprises appointed
by the governments have begun to collect and recycling
e-waste in China [10-12]. The e-waste recycling can
reduce the potential environmental impacts and even bring
some environmental benefits, but we do not know that how
much impacts and benefits has been generated, and what
measures can be carried out to improve the current e-waste
treatment system.

In this study, the goal is to evaluate the environmental
impact of e-waste treatment in the formal enterprises in
China through the LCA method from the enterprise’s
perspective. Its results will allow general conclusions,
applicable to the entire e-waste treatment in China, thereby
providing some valuable information for the management
of e-waste in China.

Materials and method
Goal and scope
Objective of this study

The environmental performance of the formal e-waste
treatment enterprises in China was calculated by conduct-
ing an LCA study based on the international standards of
the ISO 14040 series [13—15]. The objective of this case
study was to establish a scientific baseline that evaluates
the key environmental impacts related to e-waste
treatment.

System boundaries

This study took into account end of life (EoL) stage of
e-waste including TV sets, PCs, air conditioners, refriger-
ators, and washing machines. In this study, the e-waste
treatment enterprise in Suzhou was chosen because it was
the most typical enterprise in China, and the results of this
study can lead to general observations that can be valuable
for the entire e-waste treatment industry. The policy of
“Old-for-New” Implementation Measures for Household

Appliances in China was firstly carried into effect in 9
provinces in 2009, and the selected enterprise has been one
of the first batch of pilot projects for recycling e-waste in
Jiangsu Province. According to Table 1, approximately
1.57 million units discarded e-products was recycled in the
enterprise during 13 months, and the ratio of different
e-waste categories can also represent the basic information
in China. The main treatment and disposal procedure of
e-waste was shown in Fig. 1, and the boundary of this
study was restricted in EoL stages based on the e-waste
treatment enterprises. In Fig. 1, the difference between
PWB (printed wiring board) and PCB (printed circuit
board) is that the PWB will contain the components, e.g.
resistors, capacitors, copper coils, and some others.

Functional units

The functional unit of this study was 1 ton of e-waste
recycled in the e-waste treatment enterprise. The e-waste
mainly included five kinds of discarded e-products (PCs,
TV sets, washing machines, refrigerators, and air condi-
tioners), whose percentages are given in Table 1.

Life cycle inventory

Because data availability, reliability and quality are very
important, several data acquisition approaches should be
performed in parallel, including direct surveys, document
reviews, key informant interviews, and informal meetings.
The identification, collection and review of primary
and secondary documentation can provide valuable
information.

In order to acquire the necessary data, a detailed survey
was completed at the e-waste enterprise by research teams
from December 2010 to January 2011, and at the same time
the author remained physically present at this enterprise to
help the teams upgrade the treatment technology for
e-waste. During this period, there were many meetings and
exchanges between the authors and the workers, techni-
cians, and managers, and with their support and guidance,
relevant reports, such as the local yearly sale books, and
environmental reports of the enterprise, were collected.

Key informant interviews were also a valuable source
of information and provided significant information on

Table 1 Treatment types and quantity in the e-waste treatment enterprise

Types TV sets PCs Air conditioners Refrigerators Washing machines Total
Number (units) 1,390,684 4,747 9,557 63,530 106,220 1,574,738
Percentage 88.31 0.30 0.61 4.03 6.75 100.00
Quantity (tons) 16,118 35 272 2,236 2,112 20,773
Percentage 77.59 0.17 1.31 10.76 10.17 100.00
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Fig. 1 The main treatment and disposal procedure of e-waste. PWB printed wiring board, PCB printed circuit board, CRT cathode ray tube, LCD
liquid crystal display, FDD/CDD floppy disk driver/CD driver, HDD hard disk driver

specific hard-to-find subject data. Informants can often
provide information not attainable through document
searches. In addition, in order to further validate collected
data and information, informal meetings with local stake-
holders were also held, to gather additional comments.

The e-waste types and the quantity recycled in the
e-waste treatment enterprise from Jan 2010 to Feb 2011 are
given in Table 1, which shows that the TV set was the most
important e-waste category during the survey period.

As mentioned in Fig. 1, only the EoL stage will be
evaluated in this study. The treatment and recycling pro-
cesses of e-waste were restricted in the e-waste treatment
enterprise; only the internal transportation was involved,
not considering the previous collection and transportation
of e-waste. During the recycling processes, the most
important inputs would be energy, especially electricity
consumption. According to the China statistics, electricity
consumption consisted of coal electricity (83 %) and
hydroelectricity (17 %) in mainland China. So far, no
Chinese national life cycle inventory database is available
for e-waste dismantling, and very little public data on
e-waste or their components and materials are available. In
addition, there was no practical data on the incineration and
landfill for the final disposal of some dismantling waste.

Therefore, Ecoinvent data v2.2 will be used to evaluate the
e-waste recycling processes. The data sources as well as the
assumptions and limitations described in Table 2 have
been used in this study for e-waste treatment process.
Tables 3, 4 show us the energy consumption and the main
dismantling products in the recycling process. In order to
understand well the covered processes of the energy input
in Table 3, we marked the boundary in Fig. 1 (the pro-
cesses between red lines). In Table 4, note that the CFC
output only has a quantity of 30 kg, and compared to the
input, this seems to be inadequate. According to our sur-
vey, the collected refrigerators have been used and stored
for more than ten years, and were in a bad state. Before
entering the treatment enterprises, most of the CFC has
been emitted into the surrounding environment. In our
study, the boundary was restricted in the EoL stages based
on the e-waste treatment enterprises, and we did not con-
sider the storage stage before entering the treatment
enterprises. Therefore, when the refrigerators were pro-
cessed in the enterprises, only very little CFC can be col-
lected. The situation indicates that in China most CFC had
been released into the air before processed, which would
bring large potential threats on the ozone, and in future the
governments and managers should pay more attention.
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Table 2 Values and assumptions for e-waste treatment process

Covered area  Assumptions and limitations

Categories Data source
Treatment process and the material flows  Field survey
Electricity mixes China statistics

The recovery materials Ecoinvent data v2.2
Incineration Ecoinvent data v2.2
Landfill Ecoinvent data v2.2

China Current practice in professional dismantling enterprises
China 83 % coal electricity, 17 % hydroelectricity

Global -

Global -

Global -

Table 3 The energy inputs for e-waste processing in the selected
enterprise

Item Electricity (kWh)  Gasoline (ton)  Diesel (ton)

Consumption 270,677 24.20 11.62

Table 4 The main dismantling products

Number Categories Weight (tons)
1 Panel glass 7944.25
2 Funnel glass 1701.77
3 LCD panel 0.46
4 Printed wiring board 978.88
5 Plastic 4077.13
6 Speaker 394.71
7 Transformer coil 631.19
8 Tuner 414.14
9 Deflection coil 345.46

10 Degaussing line 37.21

11 Wire 211.33

12 Iron 1704.86

13 Nickel 0.52

14 Aluminum 107.80

15 Wood 51.50

16 Motor 508.11

17 Compressor 494.27

18 Refrigerator condenser 1.58

19 Polyurethane foam 418.30

20 CFC 0.03

21 Magnetic stripe® 9.80

22 Radiator 35.50

23 Copper 34.56

24 Hard disk 0.66

25 Power supply 1.99

26 Battery 0.17

27 CPU 0.02

28 Memory chip 0.02

29 CD driver 1.78

30 Others and loss 665.00

31 Total 20,773

The sealing stripe which is used to close the refrigerator door

@ Springer

Because this is beyond our research boundary, we did not
consider the detailed environmental impacts in this study.

Life cycle assessment

For the impact assessment, two well-known Dutch LCIA
methods were used: the Eco-Indicator 99 and the so-called
Centrum voor Milieuwetenschappen (CML) methodology
[16]. The Eco-Indicator 99 method is an example of a multi-
step, fully aggregating method, leading to a result of one
single number. The various environmental impacts exam-
ined within this method can be summed up into one of three
damage categories: human health, ecosystem quality and
resource consumption. The final normalization and weight-
ing steps are then performed at this damage level [17, 18].
The overall method is an example of the damage-oriented
approach. The CML method is an example of the so-called
problem-oriented or mid-point approach. It is acknowledged
as a proven reference in the field of LCA, and also known as
the “CML Guide”. This guide provides a list of different
impact assessment categories, grouped into three major
types—obligatory impact categories (i.e. all those category
indicators used in most LCA studies), additional impact
categories (i.e. categories that have operational indicators,
but are not often included in LCA studies) and other impact
categories (i.e. no operational indicators available and,
therefore, impossible to include quantitatively in LCA). The
Eco-Indicator 99 (end-point) and CML method (mid-point)
are complementary. The results of one method can be tested
and verified by another method, and at the same time, the
method sensitivity analysis of life cycle assessment can be
completed through the two methods.

Results and discussions

Environmental impacts of e-waste treatment

The results of the impact assessment of an e-waste treat-
ment enterprise in China are shown in Fig. 2. Because of

the large ratio of discarded TV sets, the environmental
performance of e-waste treatment in this study mainly
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Fig. 2 Environmental impacts of an e-waste treatment enterprise

stands for the environmental impacts of its treatment.
Under the current processing technologies, not only envi-
ronmental impacts were diminished, but substantial envi-
ronmental benefits were actually derived, compared with
the informal treatment in China. The recycling of metals
could bring the most important environmental benefits,
accounting for 52.42 % of the total benefits, followed by
plastics recycling, PCB treatment, and funnel glass reuse.
Among all the recycled metals, the copper was the most
important, and contribute to 72.49 % of environmental
benefits of metals. The main environmental impacts were
from the consumption of energy (including electricity,

diesel oil, and petrol) and waste treatment. From Fig. 2, it
can be also seen that the environmental benefits were, first,
in human health, accounting for 48.52 %, and then in
resources (41.61 %) and ecosystem quality (9.87 %).

Main contributions to environmental impact

These environmental impact results are shown in more
detail in Table 5, which lists the main contributors to the
environmental impacts. According to the data in Table 5, it
can be seen that e-waste treatment could bring large
environmental benefits through avoiding the energy use
and emissions to air or water, etc. Here, the highest benefits
were from emissions avoided from arsenic and cadmium
(ion) to water, accounting for about 49 % of the benefit,
attributable to the avoidance of extraction and processing
of these metals. Because of the high energy requirements in
the extraction and processing of the materials, avoiding
consumption of fossil resources appears to be much more
important than the other three environmental impacts
(metal resources, emissions to air, and emissions to water).
In details, however, there were rather large differences
among the various recycling processes. For example, for
the recycled metal, avoiding the extraction of copper metal
and arsenic emissions to water will be more important;
while in the recycling of plastics, reducing the consumption
of fossil resource showed the prominent environmental
benefits.

Table 5 Main contributions to the environmental impacts of e-waste treatment process (mPt)

Category Energy Funnel Metal Plastics Waste PCB Others Total Ratio
glass treatment (%)

Fossil resources

Natural gas 0.01 -3.75 —-3.67 —22.50 0.07 —0.37 —0.01 —30.23 13.46

Crude oil 0.10 —-0.29 —4.57 —29.50 0.26 0.55 —0.01 —33.47 14.90
Metal resources

Nickel 0.00 —0.01 —2.54 0.00 0.00 —0.22 0.00 —-2.77 1.23

Copper 0.00 0.00 —22.30 0.00 0.00 —2.67 —0.01 —24.99 11.13
Emissions to air

Carbon dioxide 0.00 0.00 —0.92 —2.96 0.00 0.15 0.00 —-3.73 1.66

Nitrogen oxides 0.01 —0.18 —3.68 —-3.04 0.07 —0.28 0.00 —7.11 3.17

Cadmium 0.00 —0.03 —0.07 0.00 0.00 —3.78 —-0.02 —3.89 1.73

Nickel 0.00 —0.01 -3.16 0.00 0.00 —2.75 —-0.02 —-5.93 2.64

Particulates, <2.5 pm 0.00 —0.12 —6.53 0.00 0.01 —1.08 —0.01 —7.73 3.44

Particulates, >2.5 pm, and 0.00 —0.05 —7.01 0.00 0.01 —0.60 —0.01 —7.66 3.41

<10 pm

Sulfur dioxide 0.03 —0.12 —10.30 —2.31 0.01 —4.93 —0.03 —17.66 7.86
Emissions to water

Arsenic, ion 0.02 —0.88 —22.10 0.00 0.14 —9.55 —0.11 —32.49 14.47

Cadmium, ion 0.00 —0.59 —15.30 0.00 0.16 —6.76 —-0.07 —22.56 10.05
Others 0.66 —1.27 —16.80 —-3.36 0.76 —4.32 —0.05 —24.39 10.85
Total 0.81 —17.30 —119.00 —63.60 1.47 —36.60 —0.36 —224.58 100
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Environmental impacts with the CML method

The 10 kinds of environmental impacts expressed by CML
method are given in Table 6. The e-waste treatment can
reduce the potential impacts on the environment and
human health, e.g. for abiotic depletion and marine aquatic
ecotoxicity, about 1.16E—02 kg Sb eq and 2320 kg 1,4-DB

Table 6 Environmental impacts expressed by CML method

eq can be avoided through the e-waste treatment processes,
and the other impact categories were also similar.

Sensitivity analysis to the methods

As can be seen from Fig. 3, all the CML factors—and also
the total value of Eco-Indicator 99 (EI’99)—show a similar

Category Unit Energy Funnel Metal
glass

Plastics Waste PCB Others Total
treatment

Abiotic depletion kg Sbeq 1.04E—04 —8.13E—04 —2.93E—03
(ADP)

Acidification kg 1.57E—04 —2.04E—04 —9.54E—03
(AP) SO, eq

Eutrophication Kg 1.30E—05 —1.38E—04 —2.44E—03
(EP) PO, eq

Global warming kg 1.54E—02 —8.73E—02 —4.94E—01
(GWP100) CO; eq

Ozone layer kg CFC- 343E—10 —-945E-09 —1.83E—08

depletion (ODP) 11 eq

Human toxicity kg 1.4- 3.54E—-03 —5.00E—02 —1.98E+400
(HTP) DB eq

—8.00E—03 5.11E—-05 3.03E-05 —9.40E—-06 —1.16E—02

—240E-03 5.01E-05 -3.87E—-03 —2.83E—-05 —1.58E—02

—1.51E-04 3.37E-05 —-7.81E-04 —1.16E-05 —3.47E—-03

—6.70E—01 5.74E—02 8.52E—-02 —1.10E-03 —1.09E+00

0.00E4-00 1.12E—09 1.38E—09 —9.81E—11 —2.50E—08

—3.65E-02 1.85E—02 —1.25E4+00 -—1.04E—-02 —3.30E+00

Fresh water kg 1,4- 240E—-03 —2.86E—02 —8.48E—01 —5.55E—04 331E-02 —1.35E-01 —5.94E-04 -9.77E-01
aquatic DB eq
ecotox.(FAETP)
Marine aquatic kg 1,4- 5.20E+00 —6.98E+01 —1.73E403 —3.13E4+00 2.74E+01 —546E+02 —6.82E4+00 —2.32E+403
ecotoxicity DB eq
(MAETP)
Terrestrial kg 1,4- 1.93E-05 —1.65E—04  5.83E—03 —1.03E—04 286E—-05 —5.37E-03 —4.11E—-05 -—1.15E-02
ecotoxicity DB eq
(TETP)
Photochemical kg 599E—-06 —1.01E-05 —439E-04 —143E-04 1.15E—06 —1.56E—04 —1.29E—-06 —7.42E—-04
oxidation C,H, eq
(PCOP)
Fig. 3 Comparison of 20.00%
environmental impacts
S 10.00%
expressed by the different Impacts 0.00%
methods ~  TTToiTs 0:60%- 7 --
10.00% A
20.00% 4
30.00% A
40.00% A
Benefits
-50.00% A
-60.00% A
-70.00% A
-80.00% A
-90.00% A
-100.00% -
Others PCB Waste treatment Plastics Metal Funnel glass Energy
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picture, i.e. that the recycling of metal and plastics, and
PCB treatment created more important environmental
impacts, while the others show less environmental benefits.
Therefore, it is clear that different analysis methods will
have a small influence on the results, and there was a low
sensitivity to methods for the life cycle assessment of the
MSW management system in this study.

In details, there are rather large differences among the
various impact factors—e.g. in the recycling of metal,
impacts varied from —24.93 % for ADP to —83.71 % for
FAETP. And the environmental benefits due to PCB
treatment varied between about 0.26 % for ADP and
—46.64 % for TETP.

Conclusions

The e-waste issue in China is drawing increasing attention
as a result of the rapid course of industrialization and
modernization. In order to deal with e-waste, recently
many formal e-waste treatment enterprises have been
established in China. LCA is a suitable instrument for
environmental impacts of e-waste treatment processes.
Results from a life-cycle environmental assessment can be
used to compare the relative environmental impacts of
different enterprises, or help to focus efforts toward making
environmental improvements to the treatment enterprises.
These LCA results provide separate analyses for each
impact category to managers and government officials, to
focus on particular areas of interest. For an impact category
of interest, the materials or processes that drive the impacts
can be identified and can help to focus on improvement
efforts.
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