Int. J. Environ. Res. Public Health 2014, 11, 3185-3198; doi:10.3390/ijerph110303185
OPEN ACCESS

International Journal of
Environmental Research and
Public Health
ISSN 1660-4601
www.mdpi.com/journal/ijerph
Article

Environmental Impact Assessment and End-of-Life Treatment
Policy Analysis for Li-Ion Batteries and Ni-MH Batteries
Yajuan Yu 1,*, Bo Chen 1,†, Kai Huang 2,†,*, Xiang Wang 1,† and Dong Wang 1,†
1

2

†

Beijing Key Laboratory of Environmental Science and Engineering, School of Chemical
Engineering and Environment, Beijing Institute of Technology, Beijing 100081, China;
E-Mails: 1990102683@bit.edu.cn (B.C.); wx@bit.edu.cn (X.W.); guanerguan@gmail.com (D.W.)
College of Environmental Science and Engineering, Beijing Forestry University, Beijing 100083, China
These authors contributed equally to this work.

* Authors to whom correspondence should be addressed; E-Mails: yyuepr@gmail.com (Y.Y.);
huangkmail@gmail.com (K.H.); Tel.: +86-106-891-8099 (Y.Y.); Fax: +86-106-891-8200 (Y.Y.).
Received: 4 December 2013; in revised form: 19 February 2014 / Accepted: 20 February 2014 /
Published: 18 March 2014

Abstract: Based on Life Cycle Assessment (LCA) and Eco-indicator 99 method, a LCA
model was applied to conduct environmental impact and end-of-life treatment policy
analysis for secondary batteries. This model evaluated the cycle, recycle and waste
treatment stages of secondary batteries. Nickel-Metal Hydride (Ni-MH) batteries and
Lithium ion (Li-ion) batteries were chosen as the typical secondary batteries in this study.
Through this research, the following results were found: (1) A basic number of cycles
should be defined. A minimum cycle number of 200 would result in an obvious decline of
environmental loads for both battery types. Batteries with high energy density and long life
expectancy have small environmental loads. Products and technology that help increase
energy density and life expectancy should be encouraged. (2) Secondary batteries should
be sorted out from municipal garbage. Meanwhile, different types of discarded batteries
should be treated separately under policies and regulations. (3) The incineration rate has
obvious impact on the Eco-indicator points of Nickel-Metal Hydride (Ni-MH) batteries.
The influence of recycle rate on Lithium ion (Li-ion) batteries is more obvious.
These findings indicate that recycling is the most promising direction for reducing
secondary batteries’ environmental loads. The model proposed here can be used to evaluate
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environmental loads of other secondary batteries and it can be useful for proposing policies
and countermeasures to reduce the environmental impact of secondary batteries.
Keywords: Li-ion battery; Ni-MH battery; Life Cycle Assessment; Eco-indicator 99;
cycle; recycle; incineration

Nomenclature
Ci
Ctotal

battery charge-discharge capacity
total battery capacity in use phase

LCIA
m

Cs

standard specific capacity per
functional unit
life cycle assessment

ms

LCA

Nk

life cycle inventory assessment
battery mass under test
required raw materials mass per
functional unit
charge-discharge cycles in use phase

1. Introduction
Secondary batteries, also known as rechargeable batteries, are a group of batteries that can be used
after discharge by charging the active substances. As they can be used repeatedly, the secondary
batteries’ lives are longer than those of primary batteries. As a result, the use of secondary batteries has
the potential advantages of conserving resources and reducing waste. Moreover, given their high
capacity and high energy density, secondary batteries are widely used throughout the World [1,2].
However, these environmentally friendly features do not imply that secondary batteries have no
impact on the ecological environment. Different types of secondary batteries have different potential
effects on resources, ecosystems and human health during their production, use, disposal, or recycle
stages. For example, the production and disposal phases of heavy metals, which secondary batteries
contain, can be hazardous to the environment [3–5] due to the high worldwide levels of battery
consumption. Meanwhile, material production has increased resource depletion. These metal elements
and other poisonous substances could become harmful to the ecosystem if a battery is arbitrarily
discarded or improperly buried.
To date, the environmental effects of secondary batteries, their resource pressures, their potential
risks and hazards have not attracted enough or sufficient attention. More attention should be paid to the
environmental characteristics of secondary batteries as the ecological impacts of electronic products
come into focus [6]. Environmentally friendly secondary batteries will lead the development of the
battery industry; therefore, an appropriate method to analyse the environmental impact of secondary
batteries is necessary.
Various tools have been developed to evaluate the environmental impacts of different systems [7–12].
Life Cycle Assessment (LCA) is a suitable tool for calculating the environmental impact of certain
electric products [13–15]. As with any product, the environmental impact of an electric product over
its entire life cycle is affected by many factors. For secondary batteries, LCA analysis should consider
pollution emissions and the environmental impact of producing, recycling and disposing of the
batteries in a life cycle.
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To reveal the environmental impact of secondary batteries, Matheys compared the environmental
indicators of five electric vehicle batteries using the LCA method [16]. Zackrisson et al. performed a
LCA study of two lithium-ion batteries to optimize the design of lithium-ion batteries for plug-in
hybrid electric vehicles [17]. The LCA results of three batteries (nickel metal hydride, nickel cobalt
manganese lithium-ion, and iron phosphate lithium-ion batteries) for plug-in hybrid and full
performance battery electric vehicles were presented in Guillaume Majeau-Bettez’s study [3].
Longo et al. assessed the energy and environmental impacts of sodium/nickel chloride batteries [18].
In resource recovery, Carl found that the power and energy consumption in the production stage
decreased from 43% to 8% while the proportion of recycled lead increased from 50% to 99%.
That study also noted that resource consumption, such as land use by a single cycle, may be reduced
by an increase in the number of cycles [19]. Slack [20] focused on the source, flow and disposal
methods of the UK’s used household batteries, while Panero [21] studied the damage that these
batteries caused to human health and the ecosystem after they were buried in a landfill.
The existing research has built a good foundation for the further study of the secondary
batteries’ environmental impact. The extant research considers limited aspects of the relation between
environmental impact and the end-of-life treatment. Dewulfa et al. performed a critical analysis of
natural resource savings in lithium ion battery recycling [22]. However it didn’t have enough details of
disposal in the end-of-life treatment and how disposal acts on the environmental impact. Based on
existing research, we conducted a comprehensive assessment model to include recycle and waste
stages of secondary batteries in the whole life cycle. The charge-discharge cycles were also introduced
in this study to confirm how the cycles influence the LCA results and the end-of-life treatment.
Through the integrated use of the Eco-indicator 99 method and several developed tools such as
MATLAB and some LCA software, a quantitative model for secondary batteries’ environmental
impact and end-of-life treatment analysis was applied, which was used on two types of secondary
batteries. This model analyses the environmental impact of secondary batteries, and it offers
suggestions to reduce the environmental impact of secondary batteries.
The increasing public concern about the environment has resulted in stricter regulations worldwide
on spent portable batteries related to the adequate destination of hazardous residues [4].
The environmental impact of secondary batteries shown from the LCA cases can help verify the
chances and possibility that the policies prompt society to improve end-of-life treatment in order to
treat these types of residues since the consumption of batteries is considerable around the World.
2. Materials and Methods
The analysis was carried out following the ISO 14040 [23] and ISO 14044 [24] series, which are the
basic standards providing a procedure to carry out a LCA. In our framework, the battery system and
environmental impact assessment will be included in a LCA following the ISO 14040/14044 guidelines.
2.1. LCA Model
The goal and scope and inventory of a LCA study depend on the intended use of the study.
The LCA model was built on a Li-ion battery and a Ni-MH battery based on a theoretical design.
Material needs were based on laboratory tests and literature references. The main goal of this LCA
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study was the assessment of the environmental impact of different secondary batteries made from
laboratories, as well as the comparison and analysis of the impact factors from different batteries.
Furthermore, it highlights the environmental points within end-of-life treatment analysis.
Functional Unit. The assessment objects of this study were secondary batteries. Two types of
experimental batteries were selected: (1) A type of Li-ion battery (cathode material:
LiNil/3Col/3Mnl/3O2 + 1% Fe3O4, which was considered to be the most promising material to replace
LiCoO2 as a cathode material for Li-ion batteries) and (2) a type of Ni-MH battery (anode material:
LaMg12 + 200% Ni alloy, which had a high first discharge capacity). During the batteries’ production
processes, the types and quantities of their raw materials were analysed and recorded. The functional
unit was defined as a battery whose specific capacity is 1,000 mAh/g under sustained charge cycles.
All figures for environmental impact were related to one battery under the functional unit conditions.
System boundaries. The system boundaries were based on the general rules of ISO 14040 and
14044. This study focused on secondary batteries. The product system includes production, use and
recycling. Metals and other materials will be recycled as raw materials. The battery charger and other
hardware were outside the system boundary. Only the battery itself and its casing were considered.
Figure 1 presents the system definition. Because there were different ways of using batteries, short
transports were assumed in the use phase. Long transports were assumed in battery manufacture and
the end-of-life treatment.
Life cycle inventory. The life cycle inventory of the components and materials included the
LiNil/3Col/3Mnl/3O2 + 1% Fe3O4 ternary cathode material Li-ion battery and the LaMg12+200% Ni alloy
anode material Ni-MH battery. The first discharge-specific capacities of the LiNil/3Col/3Mnl/3O2 + 1%
Fe3O4 ternary cathode material Li-ion battery and the LaMg12 + 200% Ni alloy anode material
Ni-MH battery, both produced in the laboratory, were 170.9 mAh/g and 932.8 mAh/g, respectively.
The types and mass of the main raw materials and energy consumption are shown in Tables 1 and 2.
The masses of raw materials and the charge-discharge data were primary data and some energy data in
the battery manufacturing was secondary data.
Environmental impact assessment. In line with the recommendations in Eco-indicator 99 system [25],
three mainly environmental damage categories were calculated: Human health damage; Ecosystem
quality impact; Resource consumption.
Figure 1. Flow diagram of the battery system.
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Table 1. The inventory of main raw materials (kg) and energy consumption for the
Li-ion battery (LiNil/3Col/3Mnl/3O2 + 1% Fe3O4, 170.9 mAh/g).
Raw material
Li
Ni
Mn
Co
Fe3O4
Acetylene black
PVDF
LiPF6/PC-DMC
(1 mol·L−1)
Total

Mass/g
1.75E−05
1.25E−06
1.50E−06
1.60E−06
7.40E−08
1.01E−06
5.05E−07

w%
69.63%
4.95%
5.97%
6.37%
0.29%
4.02%
2.01%

1.70E−06

6.76%

2.51E-05

100%

Energy
Fossil fuels (Heat coal in industrial furnace)
Electricity from grid

0.190 MJ
3.77 E−04 kWh

Table 2. The inventory of main raw materials (kg) and energy consumption for the Ni-MH
battery (LaMg12 + 200% Ni alloy, 932.8 mAh/g).
Raw material
La
Mg
Ni
C
KOH
LiOH
Total

Mass/g
3.21E−05
6.75E−05
3.70E−04
3.10E−04
3.36E−02
1.50E−03
3.59E−02

w%
0.09%
0.19%
1.03%
0.86%
93.65%
4.18%
100%

Energy
Fossil fuels (Heat coal in industrial furnace)
Electricity from grid

24.6 MJ
2.95 kWh

2.2. Choices and Assumption of the Study
The Eco-indicator methodology that is used to calculate the standard values conforms well to the
ISO 14042 standard on Life Cycle Impact Assessment (LCIA), although some details will perhaps
deviate. The LCA method was selected to comprehensively evaluate the environmental impact of
secondary batteries.
In the Life Cycle Impact Assessment process of LCA, the Eco-indicator 99 system was chosen.
The Eco-indicator 99 LCIA method is based on the principles of environmental damage. The term
“damage” includes 11 aspects, which can be grouped according to three main types of damage (Table 3).
Standard Eco-indicators are numbers that express the total environmental load of a product or process.
The core of this method is the weighing system between the different environmental aspects.
The Eco-indicator point (Pt) is representative for one thousandth of the yearly environmental load of
one average European inhabitant. The indicators can be calculated with appropriate LCA software.
SimaPro 7.1.8 [26] was chosen as the LCA software in this study. The Eco-indicator of a material or
process is a non-unit number indicating the environmental impact of the material or process based on
data from a LCA tool, where a higher indicator means a greater environmental impact [27,28].
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Table 3. The 11 “damages” grouped in three main types.
Main Types of Damage
(A) human health damage
(B) ecosystem quality impact
(C) resource consumption

Eco-indicator Damage
(1) carcinogens, (2) respiratory organics, (3) respiratory inorganics,
(4) climate change, (5) radiation, (6) ozone layer;
(7) eco-toxicity, (8) acid rain / eutrophication, (9) land use;
(10) minerals, (11) fossil fuels.

2.3. Data Quality and Assumptions
Material synthesis and the assembly of batteries were implemented in the Beijing Institute of
Technology under quality assurance conditions. The raw material masses and the charge-discharge
data were measured in the lab. Energy consumption and environmental emission were collected from
databases and data from the scientific literature [29]. The resource and energy flow data of the system
were obtained from the data of experimental batteries and the industrial process information about raw
material production. Data for the disposal and other end-of-life treatment originated from the
Ecoinvent database v2.2 [30] as a background system. The environmental impacts of PVDF and
LiPF6/PC-DMC were ignored after considering the lack of data in the Ecoinvent database for the
relevant components. Acetylene black was mainly composed of carbon, and its environmental impact
is mainly caused by carbon. The environmental impact of carbonyl nickel was represented by
nickel sediment.
2.4. Quality Standardisation of Raw Materials
For the Eco-indicator comparison of the two selected batteries, it was necessary to determine a
unified functional unit and standardized inventory data. Quality standardisation of the raw materials
was then performed in accordance with the standard.
In this paper, the functional unit is a battery whose specific capacity is 1,000 mAh/g. The cycles are
the times a consumer charges and discharges a battery in the use phase. The requirements of the use
step impact the charge-discharge cycles. Each battery requires a material independently from the use step.
The needs are related to the choice of the functional unit for two different batteries. Depending on the
relationship between the charge-discharge cycles and the specific capacity, the material needs can be
related with the use step. And this would be reflected in the life cycle inventory.
Based on the condition of battery tests in the laboratory, the total capacity of batteries can be
calculated by Equation (1) in which the cycle was Nk:
C total 

k

C
i 1

i

(1)

where Ci can be calculated by fitting the formula obtained through curve fitting of the cycle
performance.
To facilitate the comparison of results, the mass of raw material needs (ms) under standard specific
capacity (Cs = 1,000 mAh/g) can then be calculated by Equation (2):

ms  Cs  m Ctotal

(2)
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where m is the battery mass under test, and ms is the result of quality standardisation of raw materials
for the functional unit. Through this calculation method, a life cycle inventory of the raw materials
was assembled.
2.5. End-of-Life Treatment Policy Analysis
End-of-life treatment, such as disposal and recycle, contributes to the environmental impact of
batteries [31]. Different measures for treatment and the proportion of different measures lead to
changes in different environmental impact categories. With the Eco-indicator 99, the total environmental
impact of a unit mass of raw materials during stages of production, use, disposal and recycle was
quantified. Incineration (while mixed with other types of wastes) and landfill are the common means
of disposal for batteries. Due to China’s waste treatment trends, we selected incineration as the typical
means of disposal for discarded batteries. Depending on the Eco-indicator points and their changing
with different end-of-life treatment, it can be shown how recycle and disposal affect the environment
and what level the environmental impact has.
By means of the slice function in MATLAB [32], the Eco-indicator distribution obtained above is
shown in the cycles, incineration rate and recycle rate in three-dimensional space and two-dimensional
space composed of any two of the above three factors. End-of-life analysis was performed based on these
slice graphs. The analysis can be used to support policies concerning the end-of-life treatment.
2.6. Evaluation Procedures
Figure 2 shows the research scheme of our environmental impact and end-of-life treatment policy
analysis of secondary batteries.
Figure 2. Research steps of the secondary battery environmental impact assessment.
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The type and quantity of raw material data were analysed using the SimaPro7.1.8. Finally, with the
Eco-indicators of each ingredient, the Eco-indicator distributions of secondary batteries with
influencing factors (cycle number, incineration rate and recycle rate) were obtained. For discarded
batteries, incineration and recycle were chosen to be the end-of-life treatment measures.
3. Results and Discussion
3.1. Cycle Performance Fitting
The cycle performance of the selected batteries is shown in Figure 3. Exponential decay fitting was
performed. The fitting equation of the red curves is as follows:
C NiMH  625.09e

C Liion  7.20e

(

 Ni

(

 Ni

 Ni
  39.64, R 2  0.99
 435.85e

2
.
60



(3)

 Ni
  155.87, R 2  0.74
 7.20e
7.0053


(4)

)
41.71

6.99842

)

Figure 3. Cycle performance fits of the selected Ni-MH battery & Li-ion batteries.

The results were obtained in accordance with the method described in Sections 2.1 and 2.4.
3.2. Comparison of Selected Batteries
3.2.1. Three-Dimensional Eco-Indicator Slices of the Two Selected Batteries
Three-dimensional Eco-indicator slices of the two selected batteries are shown in Figure 4. Here,
the three axes represent the cycle number, incineration rate and recycle rate of the corresponding batteries.
The Eco-indicator point of batteries is indicated by different gradient colours. The Eco-indicator point
of the selected Li-ion battery is significantly lower than that of the selected Ni-MH battery. For further
analysis of the influence of the three factors on the Eco-indicator of the two selected batteries,
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the Eco-indicator distribution in two-dimensional space composed by any two of the three factors were
drawn based on Figure 4.
Figure 4. Three-dimensional slices of eco-indicator of the two selected batteries.

3.2.2. Influence of Cycles and Incineration Rate on Eco-Indicator Distribution
The influence of cycles and incineration rate on the Eco-indicator distribution of two selected
batteries at a certain recycle rate (50%) is shown in Figure 5. As seen, the Eco-indicator points of the
two selected batteries decrease rapidly with the increase in cycles when the number of cycles is less
than 200, but its attenuation is less obvious after 200 cycles. Incineration rate has a greater impact on
the Eco-indicator point of the selected Ni-MH battery, and the impact increases after the incineration
rate reaches 50% or more. In Li-ion batteries, the Eco-indicator point is scarcely affected by the
incineration rate, as shown in the figure.
Figure 5. Influence of cycles and incineration rate on the Eco-indicator of the two selected batteries.

3.2.3. Influence of Cycles and Recycle Rate on Eco-Indicator Distribution
Figure 6 shows the influence of cycles and recycle rate on the Eco-indicator distributions of the two
selected batteries when the incineration rate is 50%. The Eco-indicator points decrease rapidly when
the cycle numbers are less than 200. The points of the two selected batteries decay with the increase of
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recycle rate, particularly when the rate is above 50%. The Eco-indicator point of Ni-MH battery has a
larger attenuation. The influence of recycle rate is more obvious, while the influence on the Li-ion
battery can be clearly observed when the recycle rate reaches 40%–50%.
Figure 6. Influence of cycles and recycle rate on the Eco-indicator of the two selected batteries.

3.2.4. Influence of Recycle Rate and Incineration Rate on Eco-Indicator Distribution
Figure 7 shows the effect of recycle rate and incineration rate on the Eco-indicator of the two
selected batteries when the cycle number is 100. As confirmed by this diagram, the Eco-indicator
points of the two selected batteries decay with the increase of recycle rate and incineration rate. These
two factors have a greater impact on the Eco-indicator of the Ni-MH battery than the Li-ion battery;
in contrast, their impact on the Li-ion battery is small, and the Eco-indicator point of the Li-ion battery
is nearly unaffected by the incineration rate.
Figure 7. Influence of recycle rate and incineration rate on the Eco-indicator of the two
selected batteries.

In summary, to reduce the environmental impact of selected batteries, the charge-discharge cycle
number during the use stage should be at least 200. Battery incineration has a greater impact on the
Eco-indicator point of the Ni-MH battery, while its impact on the Li-ion battery is small.
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Battery recycling can reduce the battery’s environmental impact, particularly for Ni-MH batteries, and
the incineration has little effect on reducing the environmental impact of Ni-MH batteries.
3.3. Uncertainty Analysis
Based on the laboratory battery test conditions, the charge-discharge cycle numbers of the batteries
and the masses of raw materials were the input data of the LCA. According to the quality
standardisation of the raw materials’ masses, the cycle number of the batteries was assumed to be
normally distributed under 95% confidence interval. The distributions presented the impact of uncertainty
data. For the Ni-MH battery, the Eco-indicator point ranges from 0.5 × 10−4 Pt to 2.0 × 10−4 Pt when
the charge-discharge cycle number ranges from 0 to 1,000. For the Li-ion battery, the Eco-indicator
point ranges from 0.1 × 10−4 Pt to 1.0 × 10−4 Pt when the charge-discharge cycle number ranges
from 0 to 1,000. According to the results, if the battery has a short use phase, the environmental impact
will increase. If secondary batteries are under unsteady use conditions, they always have a short use
phase and short charge-discharge cycles. Since the cycle numbers are related with energy
consumption, the uncertainty of energy consumption in battery use phase has larger impacts on the
Li-ion battery. Improving the cycle performance of the Li-ion battery can efficiently reduce the
environmental impact.
4. Conclusions and Policy Implications

In this paper, an assessment framework was applied to conduct an environmental impact and
end-of-life treatment analysis for secondary batteries based on the Eco-indicator 99 system.
This applied model comprehensively evaluated the cycle, recycle and waste (for example, incineration)
stages of secondary batteries. The analysis of the end-of-life treatment is helpful to improve some
extant policies concerning secondary batteries. Two types of secondary batteries were studied by
means of life cycle assessment. The results show that: (1) The Eco-indicator points of the two selected
batteries decrease rapidly with the increase of the cycle number up to 200, but the attenuation is small
after 200; (2) the incineration rate has greater impact on the Eco-indicator point of the Ni-MH battery
than of the Li-ion battery, so policies and regulations concerning the disposal of the two kinds of
batteries should be different; (3) the Eco-indicator points of the two types of batteries decay with the
increase of the recycle rate, which means a strict recycle policy should be set; and (4) the influence of
the recycle rate on the Ni-MH battery is more obvious, while the influence on the Li-ion battery can be
clearly observed when the recycle rate is 40%–50%.
Due to the assessment of environmental loads about the selected secondary batteries, several policy
implications should be considered for reducing environmental impact of secondary batteries.
First, policy-makers should encourage the use of higher energy density batteries with better chemical
characteristics. Additional cycles in a longer service life will result in lower environmental loads.
To reduce the environmental impact of selected batteries, the charge-discharge cycle number during
the use stage should be at least 200. In other words, according to the assessment, a policy should be
proposed to require a minimum of 200 cycles for secondary batteries.
Second, secondary batteries should be sorted out from refuse because their contents and properties
are different from those of common household garbage. For instance, most batteries contain heavy
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metals, such as cobalt and nickel, as well as some organic pollutants. Environmental risks will increase
if secondary batteries are buried or combusted with mixed municipal waste.
Third, end-of-life treatment policies for secondary batteries should be carefully selected. For example,
incineration measures should be put in place for Ni-MH batteries, and battery recycle can significantly
reduce the environmental impact of Ni-MH batteries. Additionally, the recycle of Li-ion batteries may
result in higher efficiency and lower environmental loads. In summary, the mechanism analysis tools
proposed in this paper can also be used to evaluate the environmental impact of other secondary
batteries, and the policies proposed in this paper may be useful in setting measures to reduce the
environmental impact of these batteries.
Acknowledgments

The authors would like to express appreciation for these funding sources: (1) The Fundamental
Research Funds for the Central Universities (No. YX2014-07); (2) National Natural Science
Foundation of China (No. 51104021, 41301636); (3) Beijing Natural Science Foundation
(No. 9122017); (4) National Key Technology Research and Development Program of the Ministry of
Science and Technology of China (No. 2012BAD15B05). Thanks are also due to Wang Jing and Su
Yue-feng for their help with the material synthesis and analysis.
Author Contributions

Yajuan Yu designed the research process and conceived the whole paper. Bo Chen and Kai Huang
analyzed the data and performed some of the figures. Xiang Wang programmed the codes. Dong Wang
performed some of the figures. Yajuan Yu wrote and checked through the whole paper. Yajuan Yu and
Kai Huang had full access to all of the data in the study and take responsibility for the integrity of the
data and the accuracy of the data analysis. Both contributed equally to the study and are
co-corresponding authors.
Conflicts of Interest

The authors declare no conflicts of interest.
References

1.
2.
3.

4.

Julien, C.M.; Mauger, A. Review of 5-V electrodes for Li-ion batteries: Status and trends. Ionics
2011, 19, 951–988.
Sullivan, J.L.; Gaines, L. Status of life cycle inventories for batteries. Energ. Convers. Manage.
2012, 58, 134–148.
Majeau-Bettez, G.; Hawkins, T.R.; Stromman, A.H. Life cycle environmental assessment of
lithium-ion and nickel metal hydride batteries for plug-in hybrid and battery electric vehicles.
Environ. Sci. Technol. 2011, 45, 4548–4554.
Xu, J.Q.; Thomas, H.R.; Francis, R.W.; Lum, K.R.; Wang, J.; Liang, B. Review of processes and
technologies for the recycling of lithium-ion secondary batteries. J. Power. Sources. 2008, 177,
512–527.

Int. J. Environ. Res. Public Health 2014, 11
5.
6.
7.

8.
9.

10.
11.
12.

13.
14.

15.

16.

17.
18.

19.
20.
21.

3197

Salhofer, S.; Tesar, M. Assessment of removal of components containing hazardous substances
from small WEEE in Austria. J. Hazard. Mater. 2011, 186, 1481–1488.
Bratt, C.; Hallstedt, S.; Robert, K.H.; Broman, G.; Oldmark, J. Assessment of eco-labelling
criteria development from a strategic sustainability perspective. J. Clean. Prod. 2011, 19, 1631–1638.
Wrisberg, N.; Udo de Haes, H.A.; Triebswetter, U.; Eder, P. Analytical Tools for Environmental
Design and Management in a Systems Perspective; Kluwer Academic Publishers: Dordrecht,
the Netherland, 2002.
Chang, T.C.; You, S.J.; Yu, B.S.; Yao, K.F. A material flow of lithium batteries in Taiwan.
J. Hazard. Mater. 2009, 163, 910–915.
Grubb, G.F.; Bakshi, B.R. Appreciating the role of thermodynamics in LCA improvement
analysis via an application to titanium dioxide nanoparticles. Environ. Sci. Technol. 2011, 45,
3054–3061.
Sebastien, H.; Vera, I.S.; Jerome, P. Terrestrial ecotoxicity and effect factors of metals in life
cycle assessment (LCA). Chemosphere 2007, 68, 1489–1496.
Monika, H. Perspective of the systematic and extended use of temporal and spatial aspects in
LCA of long-lived products. Chemosphere 1998, 37, 265–270.
Gandhi, N.; Huijbregts, M.A.; Meent, D.V.; Peijnenburg, W.J.; Guinee, J.; Diamond, M.L.
Implications of geographic variability on comparative toxicity potentials of Cu, Ni and Zn in
freshwaters of Canadian ecoregions. Chemosphere 2011, 82, 268–277.
Berg, S.; Lindholm, E.L. Energy use and environmental impacts of forest operations in Sweden.
J. Clean. Prod. 2005, 13, 33–42.
Rebitzer, G.; Ekvall, T.; Frischknecht, R.; Hunkeler, D.; Norris, G.; Ryberg, T.; Schmidt, W.P.;
Suh, S.; Weidema, B.P.; Pennington, D.W. Life cycle assessment: Part 1: Framework, goal and
scope definition, inventory analysis, and applications. Environ. Int. 2004, 30, 701–720.
Notter, D.A.; Gauch, M.; Widmer, R.; Wager, P.; Stamp, A.; Zah, R.; Althaus, H.J. Contribution
of Li-ion batteries to the environmental impact of electric vehicles. Environ. Sci. Technol. 2010,
44, 6550–6556.
Matheys, J.; Timmermans, J.M.; Mierlo, J.V.; Mayer, S.; den Bossche, P.V. Comparison of the
environmental impact of five electric vehicle battery technologies using LCA. Int. J. Sust. Manuf.
2009, 1, 318–329.
Zackrisson, M.; Avellan, L.; Orlenius, J. Life cycle assessment of lithium-ion batteries for plug-in
hybrid electric vehicles—Critical issues. J. Clean. Prod. 2010, 18, 1519–1529.
Longo, S.; Antonucci, V.; Cellura, M. Life Cycle Assessment of Storage Systems: The Case
Study of a Sodium/Nickel Chloride Battery. Available online: http://dx.doi.org/10.1016/
j.jclepro.2013.10.004 (accessed on 10 October 2013).
Carl, J.R. Environmental assessment of vanadium redox and lead-acid batteries for stationary
energy storage. J. Power. Sources. 1999, 80, 21–29.
Slack, R.J.; Bonin, M.; Gronow, J.R.; Van Santen, A.; Voulvoulis, N. Household hazardous waste
data for the UK by direct sampling. Environ. Sci. Technol. 2007, 41, 2566–2571.
Panero, S.; Romoli, C.; Achilli, M.; Cardarelli, E.; Scrosati, B. Impact of household batteries in
landfills. J. Power Sources 1995, 57, 9–12.

Int. J. Environ. Res. Public Health 2014, 11

3198

22. Dewulf, J.; Vorsta, G.V.; Denturcka, K.; Langenhove, H.V.; Ghyoot, W.; Tytgat, J.; Vandeputte, K.
Recycling rechargeable lithium ion batteries: Critical analysis of natural resource savings.
Resour. Conserv. Recy. 2010, 54, 229–234.
23. Environmental Management—Life Cycle Assessment—Principles and Framework. Available online:
http://www.ce.cmu.edu/~hsm/lca2007/readings/iso14040.pdf (accessed on 3 June 1997).
24. Bureau of Indian Standards (BIS). Environmental Management—Life Cycle Assessment—
Requirements and Guidelines; IS/ISO 14044; BIS: Delhi, India, 2006
25. The Eco-indicator 99: A Damage Oriented Method for Life Cycle Impact Assessment—
Methodology
Report.
Available
online:
http://www.pre-sustainability.com/download/
EI99_methodology_v3.pdf (accessed on 22 June 2001).
26. Goedkoop, M.; Schryver, A.D.; Oele, M. Introduction to LCA with SimaPro v2.0; PRe
Consultants: Amersfoort, the Netherlands, 2010.
27. Goedkoop, M.; Effting, S.; Collingo, M. The Eco-Indicator’99—A Damage Oriented Method for
Life Cycle Impact Assessment—Manual for Designers; PRe Consultants: Amersfoort,
the Netherlands, 2000.
28. Taoussanidis, N. Life Cycle Assessment of Combined Solar System. In Proceedings of the 4th
WSEAS International Conference on Heat Transfer, Thermal Engineering and Environment,
Elounda, Greece, 21–23 August 2006.
29. Sullivan, J.L.; Gaines, L. A Review of Battery Life-Cycle Analysis: State of Knowledge and
Critical Needs; Argonne National Laboratory: Argonne, IL, USA, 2010.
30. Ecoinvent Report v2.2. Available online: http://www.ecoinvent.org/fileadmin/documents/en/
00_summary_ecoinvent-v2.2.pdf (accessed on 14 April 2010).
31. Lupi, C.; Pasquali, M.; Dell’Era, A. Nickel and cobalt recycling from lithium-ion batteries by
electrochemical processes. Waste. Manage. 2005, 25, 215–220.
32. Clavreul, J.; Guyonnet, D.; Tonini, D. Stochastic and epistemic uncertainty propagation in LCA.
Int. J. Life. Cycle Assess. 2013, 18, 1393–1403.
©2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

