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Abstract 
Electric vehicle is the trend and direction of future automobiles development. It 
causes no pollution during use phase. but the energy consumptions and pollutions 
during electrical vehicles’ manufacturing still cannot be eliminated. Since battery is 
the core of electric vehicles, it is important to analyze the environmental impacts of 
batteries. The purpose of this report is to collect the battery technologies and their 
Life Cycle Inventory data, then find out the data gaps. data gaps must be filled up in 
future studies should also be identified as well. Batteries technologies are divided into 
current batteries (Lead Acid Battery, Nickel-based Battery, Lithium-ion Battery, 
ZEBRA Battery) and emerging batteries (Li-metal Battery, Li-air Battery, Solid-state 
Lithium Battery, Zinc-air Battery). After analyzing their LCI data, it is obvious that 
there is no LCA for emerging batteries. Technology data for Nickel-based Battery and 
ZEBRA Battery must be updated. The data for battery recycling in waste management 
stage is missing. the transportation is always excluded and the geographical boundary 
is poor documented. Further researches about the recycling data and emerging battery 
LCA is suggested in this report. Acquiring New technology data is also necessary. 
 
Keywords: Electric Vehicle, battery, LCA, data gap 
 
 
 
 

Sammanfattning 
Elektrisk fordon är trenden och riktningen för framtida utveckling av bilar. De orsakar 
ingen förorening under användningsfasen, men energiförbrukning och föroreningar 
under tillverkningen av elbilar kan fortfarande inte elimineras. Eftersom batteriet är 
centralt för elbilar är det viktigt att analysera miljöpåverkan av batterier. Syftet med 
denna rapport är att beskriva batteritekniker och deras livscykelinventeringsdata (LCI 
data) för att sedan identifiera dataluckor. Dataluckor som måste fyllas i framtida 
studier ska också identifieras. Batterier indelas i nuvarande batterier (blybatteri, 
nickelbaserat batteri, litiumjonbatteri, ZEBRA-batteri) och nya batterier 
(Li-metalbatteri, Li-luftbatteri, Solid State Litiumbatteri, zinkluftsbatteri). Efter att ha 
analyserat deras LCI data är det uppenbart att det saknas LCI för nya batterier. 
Tekniska data för nickelbaserat batteri och ZEBRA-batteriet måste uppdateras. Data 
för återvinning av batterier i avfallsfasen saknas. Transporter är alltid utesluten och 
den geografiska systemgränsen är dåligt dokumenterad. Ytterligare undersökningar 
om återvinningsdata och nya batterier föreslås i denna rapport. Det är också 
nödvändigt att skaffa nya tekniska data. 
 
Nyckelord: Elektriska fordon, batterier, LCA, uppgiftslucka 
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1. Introduction  

With the significant energy-saving and emission reduction advantages, electric 
vehicles have become the direction of the future automotive industry. Many countries 
in the world are committed to promoting the electric vehicle industry product 
development (Lu, 2014).Electric vehicle development in America is rapid due to the 
legislations. There are various preferential policies supporting the electric vehicle 
developments in Japan. In Europe, the electric vehicle development is named as green 
career in France (Xin, 2015).Additionally, the development of electric vehicles is one 
of the important measures to reduce fuel consumption and reduce vehicle exhaust. 
Therefore, the electric vehicle market share will have a substantial growth within the 
current automobile developing tendency (Lu, 2014). Electric vehicle is also an 
efficient solution for the environmental and sustainable aims (Wu, et al., 2016). As 
the key component of electric vehicles, power battery is the determinant which 
decides the sustainable development of electric vehicles. It is vital for new emerged 
batteries to become lower natural influential, meanwhile higher power density. 
 
various traditional batteries coexist is the current battery industry’s pattern, with the 
emerging batteries are still under researching and developing process.. Traditional 
battery is widely used in daily life. It includes lead-acid batteries, alkaline batteries 
and lithium ion batteries etc. While emerging battery, also named future battery, is 
proved to have better properties than the traditional battery. However, such proving is 
still experimental and theoretical, not practical proved. Emerging battery covers fuel 
cells, super capacitors, liquid flow redox battery etc. (Battery University, 2017). The 
battery industry occupies a non-substitutable position in the world economy industry. 
The growing trend of environmental protection also has further promoted the 
prosperity of the electric vehicle battery industry (Lu, 2014). 
 
People’s focus on the environmental performance of the products has gradually 
extended to the scope of the product lifecycle with the sense of sustainability in recent 
years. And a comprehensive understanding of life cycle environmental risk and 
impacts is also scheduled. By improving the manufacturing process and promoting 
natural resource usage, the environmental impact of a product is reduced to a 
minimum. The sustainable relationship between human and nature can be achieved 
(Lu, 2014). 
 
power battery technology has also developed rapidly, in coherent to the development 
of electric vehicles. But there are a series of problems in the process of development 
due to the restrictions from resources and technology. It has affected the environment 
and resources, and also has certain influence on the sustainable development of 
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battery. The environmental impact is through the exploitation of raw materials, 
transport, use and waste treatment of the battery life cycle due to the growing demand 
for power batteries, Complex environmental impacts include the consumption of 
greenhouse gas emissions, acid rain, fossil energy consumption, mineral resources 
consumption and eutrophication emission etc. (Lu, 2014). Therefore, improving the 
battery efficiency and life time, saving energy and resources and reducing pollutant 
emissions in its whole life cycle is definitive, from the long term perspective of 
electrical vehicle developments. The development of power batteries must be 
coherent to environment protection, in order to achieve the goal of sustainable 
development (Lu, 2014; The Phoenix Car, 2016). 
 
The usage air pollution of electrical vehicles can be regarded as extremely low, but it 
is still not zero emission. Therefore, the battery of electric vehicle acts as an important 
role which influences the environmental impacts, from life cycle perspective 
(Hawkins, et al., 2012). On this occasion, comparing these battery technologies and 
have a deeper understanding of how well the batteries of electric vehicle are modelled 
in Life Cycle Assessment (LCA) is obviously necessary and essential. In this project, 
the different types of electric vehicle battery technologies will be mapped to help 
realizing this aim, and the data gaps in LCI will also be identified.  
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2. Aim 

The main research question of this project is: 
How well are batteries of electric vehicle modelled in LCA? 
 
The purpose of this thesis is to make an overview of the different types of electric 
vehicle batteries in LCA and find the data gaps. This project is important for the 
further researches of electric vehicle battery, because it could identify what necessary 
research is needed.  
 
In order to answering the main research question, specific research questions are set 
up, 
 
• For what battery types are there published LCA data? 
• Are the LCI data representative of the batteries on the market today? 
• For each battery type, what impact categories are covered, which are missing? 
• What are the different types of LCI data sources? 
• For each battery type, how well is the geographical boundary defined? 
• For each battery type, what important assumptions are made for LCI data? 
• For each battery type, what stages in the life cycle that are covered, and what 

stages are missing? 
 

To realize this overall aim, the following objectives will be done: 
• Collect data about the battery types (those currently in use and emerging battery 

types). 
• Collect published LCI data about different battery types. 
• Systematically review and analyze the collected LCI data to describe the scope, 

identify data gaps, and analyze that future research needs. 
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3. Background 

The background contains four subchapters. The first subchapter introduces the basic 
knowledge of electric vehicles. The next gives the overview of current and emerging 
battery technologies, as well as the objects applied to this project. The following 
subchapter establishes an understanding about LCA, since it is the foundation of this 
master thesis. The last subchapter identifies the system boundary. 

3.1 Electric vehicles 

Electric vehicles are mainly powered by batteries, while the propulsion is provided by 
one or more motors (Electric Vehicle News, 2010). Different from the traditional fuel 
cars, the electric automobiles can get the energy from various sources such as solar 
power (Brownstein, 2015). In general, electric vehicles are divided into three types: 
Pure electric vehicle (PEV), Hybrid electric vehicle (HEV), and Fuel cell electric 
vehicle (FCEV). Among these types, PEV and HEV use storage batteries, while 
FCEV utilizes fuel cell as power source. (Larminie & Lowry, 2012). 
 
• Pure Electric Vehicle 
Pure electric vehicle is also called battery electric vehicle (BEV). The driving energy 
is entirely provided by storage batteries, for example, Lead Acid battery, Lithium-ion 
battery, etc. The structure of pure electric vehicle is showed in Figure 1. A set of 
batteries supplies energy to electric motor, so that the car can drive. The battery is 
recharged via a plug at EV charging station (Larminie & Lowry, 2012). The character 
of pure electric vehicle is that it is realize zero emission in its use phase. It does not 
rely on gasoline or diesel. Instead, wherever electricity is available, it can be 
recharged (Wang & Bai, 2015). 

Figure 1 The structure of Pure electric vehicle (Haldeman, et al., 2015) 
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Pure electric vehicle is now as a commercial product on the market, such as the 
Mitsubishi MiEV and the Nissan Leaf (Larminie & Lowry, 2012). However, since the 
requirement about battery is really high, battery prices are expensive, leading to the 
high price of cars (Wang & Bai, 2015). 
 
• Hybrid Electric Vehicle 
Hybrid electric vehicle is able to get power from both the fuel engine and the battery. 
The structure is presented in Figure 2. When in the congested traffic, the battery can 
be used as propulsion without consuming fuel, in order to causing zero pollution 
(Wang & Bai, 2015). Hybrid electric vehicle grows rapidly on the market in recent 
years. For example, Toyota Prius is a normal Hybrid electric vehicle, and Chevrolet 
Volt is the represent of Plug-in electric vehicle (Larminie & Lowry, 2012). Despite all 
this, Hybrid electric vehicle is not a long-term object. Compared to conventional cars, 
it only reduces the fuel consumption, but cannot address the reliance on increasingly 
expensive fuels and the requirement for lower emissions (Wang & Bai, 2015). 
 
• Plug-in Electric Vehicle 
An alternative is called Plug-in electric vehicle (see Figure 2). The only difference 
from normal Hybrid electric vehicle is that Plug-in electric vehicle uses rechargeable 
batteries. Plug-in electric vehicles usually use larger batteries so that the battery can 
provide more effective energy when working alone (Larminie & Lowry, 2012). 
However, using fuel can achieve high speed than using battery (Wang & Bai, 2015).  

 
Figure 2 The structure of Hybrid electric vehicle (Haldeman, et al., 2015) 
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• Fuel Cell Electric Vehicle 
The principle of Fuel cell electric vehicle is almost the same as Pure electric vehicle, 
but using fuel cell as power source instead of rechargeable battery. Fuel cell is a 
device that converts chemical energy into electrical energy. Hydrogen fuel like 
Gasoline, Methanol can be as fuel cells. However, since it is not convenient to refuel 
and the cost is much high, Fuel cell electric vehicle is not an applicable technology 
(Wang & Bai, 2015). Ford Motor company and General Motors gradually abandon 
the research of Fuel cell electric vehicles, because they do not think Fuel cell electric 
vehicle could be a commercial product at present technical stage (Ford Motor 
Company, 2008; Peter, 2009). 
 

3.2 Overview of current and emerging battery technologies 

An electric vehicle battery is an on-board device for the conversion and storage of 
energy, which converts chemical or physical energy into electrical energy through 
different reactions. As the driving force energy of electric vehicles, it can provide 
power to the air conditioning system, lighting and signal system, entertainment and 
communications equipment and other facilities at the same time (Lu, 2014). Since the 
battery is the power source of the electric vehicles, it plays a decisive role not only for 
the costs, but also for the driving mileage (Zhao2, 2016). Therefore, the technologies 
of electric vehicle battery are the main difficulties for the electric vehicle 
development (Zhao1, 2015). 
 
There are several factors that can influence electric vehicle battery, including specific 
energy, specific power, life time, cycle times, safety, environmental adaptability, 
environmentally-friendly and price. In order to having high safety and good dynamic 
performance of electric cars, it is great for battery to satisfy the following conditions 
(Zhao1, 2015; Zhao2, 2016): 

• High specific energy: high specific energy means that the battery has more 
energy so that the electric vehicle can drive more mileage per cycle time.  

• High specific power: The electric vehicle can have nice dynamic 
performance and high speed with high specific power. 

• Long life time and cycle time: The more cycle time and life time are, the 
longer the battery can be used. Thus, the cost of the cars can be low. 

• High safety: A qualified battery should ensure not to burn or explode during 
driving, or even under abnormal conditions such as crash.  

• Strong environmental adaptability: The battery is required to be able to 
work well in different extreme environment, like high or low temperature. 

• Environmentally-friendly: During the manufacturing, use and recycling, the 
electric vehicle battery is able to cause no pollution. It is better to recycle 
and reuse the raw martials. 
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• Low price: A lower price for the battery can decrease the cost of the electric 
vehicles, so that it is easier to be accepted by the public. 

 
There are large differences between the parameter requirements of batteries for 
different electric vehicle types. For example, pure electric vehicle batteries focus 
more on specific energy, in order to ensure that the battery can store more energy, and 
improve the automobile mileage. On the other hand, for hybrid electric vehicle 
batteries, more attention is paid to the specific power, because it determines the 
acceleration and maximum speed of vehicles. It has a direct impact on the dynamic 
performance of electric vehicles (Lu, 2014). 
 
Table 1 presents an overview of current and emerging battery technologies, indicating 
market share and which ones are used for electric vehicles. At present, most of the 
power batteries for electric vehicles are Lithium-ion batteries, Lead-acid batteries, and 
Nickel-based batteries. Lithium ion battery is the main development direction of 
electric vehicle batteries. Lithium ion battery has many advantages, such as high 
specific energy and specific power, long storage and cycle life, low environmental 
pollution, and wide operating temperature range (Lu, 2014). As for 
Sodium-nickel-chloride battery is another power battery used for electric vehicle 
today. It is also named ZEBRA battery, which means Zero Emission Battery Research 
Activity. It is a development based on Sodium sulfur battery. This battery also has 
high specific energy and specific power. It is popular to use for electric vehicles 
because of its long life time and quick charge. One special characteristic of ZEBRA 
battery is that it is maintenance free because of its fully sealed structure, so that there 
is no influence of environmental temperature (Shanghai Silcate Research Institute, 
2013). 
 
Among the emerging battery types, there are four types which could be used for 
electric vehicles. Lithium-metal batteries could be emerging battery for electric 
vehicle due to its high specific energy, but some issues like long-term safety are still 
remained. Solid-state lithium battery is similar with Lithium-metal battery. However, 
the problem of Solid-state lithium battery is the short cycle times. Lithium-air battery 
could store more energy than Lithium-ion battery. Since it may have low specific 
power and cycle times, it has not been widely used for electric vehicles (Battery 
University, 2017). As for Zinc-air battery, it is a potential electric vehicle battery due 
to its high specific power, while the drawback is its low capacity (Othman & Saputra, 
2013).  
 
Other kinds of batteries, such as zinc-carbon batteries and alkaline batteries are not 
used for electric vehicles, but for low power equipment like Mp3 and cameras. In this 
report, the batteries which are not used for electric vehicles are all excluded. 
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Table 1 Overview of battery types and market shares (Frost & Sullivan, 2009) 

�  Type Classification 
Market 
Share 

Applications 

Current 

Lead Acid (Pb-acid) 
Battery 

—— 33% EVs 

Nickel-based Battery 

Nickel-Metal-Hydride 
(NiMH) Battery  

3% EVs 

Nickel-Cadmium (NiCd) 
Battery 

2% EVs 

Lithium-ion (Li-ion) 
Battery 

Lithium Titanate 
(Li4Ti5O12) 

37% 

Electric 
powertrain/H
onda Fit EV 

Lithium Nickel Cobalt 
Aluminum Oxide 

(LiNiCoAlO2) 

Electric 
powertrain/T

esla 

Lithium Manganese 
Oxide (LiMn2O4) 

Electric 
powertrain 

(EVs) 
Lithium Nickel 

Manganese Cobalt Oxide 
(LiNiMnCoO2 or NMC) 

EVs 

Zinc-carbon Battery —— 6% 
Low power 
equipment 

 
Sodium-nickel-chloride 

battery (ZEBRA) 
—— �  EVs�  

Alkaline —— 15% 
Low power 
equipment 

Other —— �  �  

Emerging 

Lithium-metal 
(Li-metal) Battery 

—— �  EVs�  

Solid-state Lithium 
Battery 

—— �  EVs�  

Lithium-air (Li-air) 
Battery 

—— �  
potential for 

EVs 
Zinc-air Battery —— �  EVs�  

�

3.3  Life Cycle Assessment (LCA) 

According to The International Standards Organization (ISO) (2006), Life Cycle 
Assessment (LCA) is a technique and method used to assess the environmental 
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impact of a product over its entire life cycle, from raw material acquisition, product 
production, and to the use of the product. It also refers to the compilation and 
evaluation of input, output, and the potential environmental impact of a product 
system in its life cycle (ISO 14040, 2006). LCA includes four steps which are used in 
an iterative manner: Goal and Scope Definition, Life Cycle Inventory, Impact 
Assessment and Interpretation of results (Curran, 2015).For a long time, the core idea 
of the EU's integrated product policy (IPP) is life cycle perspective. LCA is regarded 
as the best way to evaluate the environmental impact of the product system and is 
widely used in various policies and decrees (Sun, et al., 2000).  
 
This project concerns the availability of Life Cycle Inventory (LCI) data for batteries 
for electric vehicles. Inventory analysis is the process of setting up a list for input and 
output data in the system under study. Inventory analysis includes data collection to 
quantify the relative inputs and outputs in the product system. Firstly, the life cycle 
model is set up according to the research scope defined in the target and scope 
definition stage, and the data collection preparation is carried out. Then, the unit 
process data is collected and calculated according to the data collection to obtain the 
inventory results of the product life cycle. LCI is the compilation of each phase unit in 
the life cycle (Curran, 2015). 
 

3.4  System Boundaries 

This report is looking at the availability of LCI data for the full life cycle of batteries 
for electric vehicles, that is, cradle-to-grave data from raw material acquisition to 
waste management. Meanwhile, the LCA of electric vehicle battery which analyzes 
certain life cycle stages is excluded. Raw material acquisition is the process that 
involves the acquisition of resources and raw materials from nature, including mineral 
extraction and raw material refining. Manufacturing refers to the process that makes 
raw materials into the power battery. Battery usage is the using process of battery in 
electric vehicles. And waste management means disposal, recycling or reutilization of 
the used electric vehicle batteries. 

�
����	�����	��
	�����	��
����	�	������	���	�����	���
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3.5  Previous Study 

Romare & Dahllöf (2017) is a literature review study of Li-ion batteries for electric 
vehicles, focusing on energy consumption and GHG emissions. This report 
summarizes several literature reviews about LCA of Li-ion batteries. The life cycle 
stages concentrate on Raw material acquisition, Material process, Manufacturing and 
Recycling. The data of energy consumption and GHG emissions for each life cycle 
stage are listed and analyzed. The result shows that manufacturing phase mainly 
influences the energy consumption and GHG emissions. Besides, this study mentions 
about the data gaps, that the data is not transparent enough and the more primary data 
is needed.  
 
Although this study mostly focuses on the analyzing about energy consumption and 
GHG emissions, data gaps and further researches are also identified. They are 
relevant to the aim of this thesis. Besides, Romare & Dahllöf (2017) provides 
literatures which are used in this thesis.  
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4. Method 

This project is based on large amount of literature review about the life cycle 
assessment of electric vehicle batteries. The literatures are mainly in English and 
Chinese. The English literatures are collected from: 
• Science Direct 
• SpringerLink  
• KTH library database 
• Google 
While the literatures in Chinese are searched from Chinese National Knowledge 
Infrastructure (CNKI). This is China Integrated Knowledge Resources Database 
including journals, reports, patents etc. (CNKI, 2012). 
 
All the LCI data in this project are from 2007 to 2017. Other relevant literature data 
about electric vehicle batteries is from 2000 until now. 
 
The search terms were centered on the following words, 
• Electric Vehicle Battery 
• Life Cycle Assessment/ LCA 
• Lead Acid Battery/ NiMH Battery/ NiCd Battery/ Li-ion Battery/ ZEBRA 

Battery/ Li-metal Battery/ Solid-state Lithium Battery/ Li-air Battery/ Zinc-air 
Battery 

 
According to the objectives, there are several steps to finish this project. The first one 
is to collect general data on current and emerging batteries. Current batteries focus on 
what are already used for electric vehicle in recent years, while emerging batteries 
refer to the batteries that are possible to use for electric cars in the future. It could 
have batter properties than current batteries. Based on literature reviews, Table 1 is 
made to identify the batteries that suits for this project. They are Lead Acid Battery, 
Nickel-based Battery, Lithium-ion Battery, ZEBRA Battery, Li-metal Battery, Li-air 
Battery, Zinc-air Battery and Solid-state Lithium Battery.  
 
Next step is to collect LCI data for each battery. This step requires a large number of 
literature studies. This report looks into different life cycle stages such as raw material 
acquisition, battery manufacturing etc. To summarize the LCI data, Table 3 is needed. 
 
Analyzing the LCI data and finding the data gaps are the final step. Comparing the 
dataset for different batteries, not all the LCI data covers the whole life cycle stage. 
This could be improved with more detailed literatures in further research. Matrix 
analysis is an essential method for qualitative data analyzing. A matrix is organized 
by rows and columns where representative data fields. The intersection between the 
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row and column is a cell (Nadin & Cassell, 2004). By matrix analysis, the data can be 
compared to explore the relationships. Generally, each row figures a case while 
column represents a theme whose data is going to be compared (The University of 
Sheffield, 2012). In this report, Table 2 and Table 3 are both used for matrix analysis. 
Important information such as geographical boundary, study purpose, impact category 
and data source is listed in Table 2. It helps to answer the specific questions. In Table 
3, each row are the literatures of different batteries, while each column represents the 
life cycle stages, and every intersection cell is the data quality assessment. According 
to this, the data gaps can be identified. For example, the lack of LCI data for emerging 
batteries is a large data gap. 
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5. Results 

This chapter gives an overview of different electric vehicle batteries with normal 
information and LCI data, so that the data gaps could be identified. Subchapter 5.1 
and 5.2 introduce the current and emerging battery technologies, including the 
information about batteries’ working process and applications. LCI data of each 
battery is described in subchapter 5.3. By analyzing these data, the data gaps in LCA 
are presented in subchapter 5.4. 

5.1 Description of current battery technologies 

In this subchapter, the general knowledge of four current battery technologies (Lead 
Acid Battery, Nickel-based Battery, Lithium-ion Battery, and Sodium-nickel-chloride 
Battery) is presented.  

5.1.1 Lead Acid (Pb-acid) Battery 

Lead acid battery is the oldest rechargeable battery which was created in 1859. Its 
electrode is mainly made of lead and its oxide. The electrolyte of the battery is 
sulfuric acid solution. When under the charge state, the main component of positive 
electrode is Lead Dioxide (PbO2), and the main component of negative electrode is 
Lead. On the other hand, the main element of both positive and negative electrode is 
Lead Sulfate (Zhao1, 2015). The reaction equation is present in Equation 1 (Zhao2, 
2016).  
 
2"#$%& + 2()% ⇌ "#%) + "# + 2()$%&	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (1)	
 
The reaction equation represents the charging process from the left to the right, while 
the discharging process is expressed from the right to the left. In the discharging 
process, the electrolyte concentration in the battery is decreasing because of the 
constant consumption of sulfuric acid, and the reaction of the battery to produce water 
(H2O). However, the charging process is just the opposite. The lead sulfate at both 
positive and negative poles reacts to form lead dioxide and sponge lead respectively. 
At the same time, sulfuric acid is generated continuously, so that the electrolyte 
concentration in the battery rises (Wang, 2006).  
 
In the transportation, communications, military, navigation and aviation fields, 
lead-acid batteries have played an indispensable role. Besides, it is one of the most 
common battery used for electric vehicles (Zhao1, 2015).  
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5.1.2 Nickel-based Battery 

• Nickel-Metal-Hydride (NiMH) Battery 
Nickel hydrogen battery is composed of hydrogen ion and nickel metal. When the 
battery is charged, the hydrogen ion (H+) in the potassium hydroxide (KOH) 
electrolyte will be released, which will be absorbed by these compounds to avoid the 
formation of hydrogen (H2), in order to maintain the pressure and volume inside the 
battery. When the battery is discharged, the hydrogen ions will return to the original 
place by the reverse process (Kopera, 2004, Zhao2, 2016). 

 
/( +01%%( ⇌ / +01(%())	 	                                           	 	 	 	 (2)	

 
NiMH batteries are mainly used in hybrid electric vehicles. In 2011, this battery 
accounted for 56% in the HEV market. Besides, NiMH battery can also be used in 
laptop, camera etc. because of its high energy (China Industrial Research Report, 
2013). 
 
• Nickel-Cadmium (NiCd) Battery 
Rechargeable Nickel-Cadmium Battery has been widely applied thanks to its superior 
performance and comparative low use-cost in specific conditions. The application 
environments of rechargeable NiCd Batteries various from lightweight portable power 
to standby power. Nickel-Cadmium Battery is similar to NiMH Battery, but the 
negative electrode is cadmium instead. Normally, marketed rechargeable NiCd 
Batteries are sealed, which indicates that no battery maintenance required, and long 
life cycle acquired. An ordinary rechargeable NiCd battery can serve more than 500 
cycles of discharge, and life time can reach 7 years. Operating temperature range from 
-40 to 50� (Carcone, 2002).    
 
Under the charge state, cadmium performs as negative electrode and nickel 
oxyhydroxide as the positive, together with potassium hydroxide performing as an 
electrolyte solution. The overall NiCd battery charging equation is (Carcone, 2002), 
 
23(%()) + 201(%()) ⇌ 23 + 201%%( + 2()%                        (3) 
 
During both charged and discharged process, the electrode materials will change their 
oxidation status, but remain their physical solid states. Both electrode materials will 
not dissolve, the electrolyte will keep its concentration level (Carcone, 2002). 
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5.1.3 Lithium-ion (Li-ion) Battery 

Lithium-ion battery is a rechargeable battery, and it mainly depends on the lithium ion 
moving between the positive and negative to work. Lithium ion batteries use an 
embedded lithium compound as an electrode material. The lithium ion battery is also 
made up of three parts: a positive electrode, a negative electrode and an electrolyte. 
The positive electrode materials can be a lot of choices, but the current mainstream 
products use lithium iron phosphate (Thackeray, et al., 2000). The negative electrode 
material is mostly graphite, and new research has found that Titanate could be a better 
material (Shehzad, et al., 2016). When the battery discharges, the lithium ion moves 
from the negative electrode to the positive, but when charging, the lithium ion is 
transfer from the positive electrode to the negative (Chinese Academy of Sciences, 
2014). 

 
This battery can be used in consumer electronics like camera, cellphone and laptop. 
From 2009, a huge new application of this battery is electric vehicles, and in the next 
few years, Li-ion battery will be more popular in electric vehicle industry (Reddy, 
2010). 

5.1.4 Sodium-nickel-chloride battery (ZEBRA) 

Sodium-nickel-chloride battery is also named ZEBRA battery, which is ‘Zero 
Emission Battery Research Activity’. This means that Sodium-nickel-chloride battery 
is non-pollution battery. The Ni powder and NaCl are used as the cathode material, 
while the Na is the anode material. NaAlCl4 is used as the liquid electrolyte, and the 
ceramic tube is the isolation film. When charging, the positive Ni loses electrons to 
generate Ni2

+, and combines with Cl- in the electrolyte to form NiCl2. At the same 
time, the Na+ in the positive electrolyte passes through the ceramic isolation plate to 
get the electrons in the negative electrode, and generates the element Na. During 
discharge, the Ni2

+ in the positive electrode obtains electrons, and the Ni element is 
generated. The Na in the anode element loses electrons, and the Na+ is generated 
through the ceramic isolating film, which is combined with the Cl- in the positive 
electrolyte to form NaCl (ESCN, 2017). 

 
ZEBRA battery is suitable to be used for electric vehicle because of its 
high-energy-density and long life. It can be stored for more than 5 years, and its 
charge-discharge cycle can be over 1000 times. Moreover, ZEBRA battery can be 
applied in Energy storage field (ESCN, 2017). 

5.2 Emerging battery 
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5.2.1 Lithium-metal (Li-metal) Battery 

Based on the special chemical attributes of Lithium, rechargeable lithium battery has 
shown both outstanding advantages and strict application limitations. Some typical 
advantages include (Reddy & Hossain, 2002): 
• High energy density (up to 150Wh/kg) 
• Long battery life (5 to 10 years) 
 
These superior characteristics partly result from low electrochemical weight of 
lithium, and high standard potential of Li-batteries (Reddy & Hossain, 2002).  
 
But like other alkali metals, lithium is highly reactive and flammable, which indicates 
that the usage of negative lithium electrodes can bring potential safety problems. 
Especially in rechargeable batteries, where lithium probably exists fivefold excess. 
Such excision is designed for a reasonable battery cycle life, and an essential 
high-surface-area lithium for cycling reactivity (Reddy & Hossain, 2002).   
 
Normal marketed Li-batteries only operate under ambient temperature, which means 
there is a strict temperature limitation influencing batteries’ performance. 
The specific performance of Li-batteries various enormously according to battery 
classification. Based on the physical state of electrolytes’ and electrode materials’ 
difference, it is easy to classify rechargeable Li-batteries (Reddy & Hossain, 2002), 
• Solid-cathode cells with metallic lithium negative electrodes, liquid organic or 

polymer electrolytes. 
• Lithium-ion cells, with intercalation compounds electrodes.  
• Inorganic electrolyte cells, with metallic lithium for negative active material.  
• Cells with lithium-alloy anodes (Mainly in small or coin cells.). 

5.2.2 Lithium-air (Li-air) Battery 

The lithium air battery is an energy storage system that converts the chemical energy 
to the electrical energy directly by using lithium metal and oxygen in the air. 
According to the calculation of the lithium metal mass, the theoretical energy density 
of the lithium air battery can be up to 11400W h/kg, closed to the energy density of 
gasoline (13000W h/kg). This is the source of its application in the power supply of 
electric vehicles. If also calculating the mass of reactant oxygen in the air, its 
theoretical energy density could be 3505W h/kg (Li2O2). The energy density that can 
be achieved is estimated to be about 600W h/kg, which can be used in electric 
vehicles to reach 500~800 km per charge (Zhang2, et al., 2016). 
 
Because of the limits of reaction principle and battery size, Lithium air battery is not 
suitable to use in small goods. Its high energy density makes it suitable to be power 
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batteries for electric vehicles. Because the air can be used directly as fuel, Lithium air 
battery has a greater advantage than the lithium ion battery and the fuel cell. 
According to the analysis of the current status of lithium air batteries, the biggest 
problems existing in lithium air batteries are catalysts. Looking for cheap and efficient 
oxygen reduction catalysts will become the key direction of the development of 
Lithium air batteries (Zhou, et al., 2017). 

5.2.3 Solid-state Lithium Battery 

The solid state lithium air battery consists of 5 parts: an anode, a negative electrode, 
an electrolyte, a collector and a shell. The key components are positive, negative and 
electrolyte. When discharging, the lithium metal negative electrode is oxidized to Li+, 
and at the same time the electrons are released. The Li+ passes through the battery 
electrolyte to the porous air electrode, and the electrons pass through the outer circuit 
to the air positive electrode. The Li+ and the electrons at the positive electrode 
combine with the external O2 reaction to form Li2O2; when charging, the Li2O2 reacts 
with the applied voltage, generates Li+ and releases the O2, enabling the battery to 
achieve reversible cycling (Zhang2, et al., 2016). 
 
Solid-state lithium battery is the best way to solve the challenges of an open and high 
specific energy system like the lithium air battery. Generally speaking, there are many 
challenges in the basic science and key technologies of lithium air battery research. 
However, the development of the solid-state lithium battery is very urgent. High 
specific energy solid state lithium battery is an important option for new energy 
electric vehicle power supply (Zhang2, et al., 2016). 
 

5.2.4 Zinc-air Battery 

Marketed Zinc-air Battery is kind of primary battery, which means it transforms 
electrochemical energy utilizing ambient atmosphere oxygen, with a single 
discharging process. Direct using metallic zinc, zinc/air technic provide highest 
available energy density among primary battery and a flat discharging voltage, with 
long shelf life. According to the low price of zinc raw material and its chemical 
attributes, zinc-air batteries can provide high usage safety and ecological benefits, 
together with low energy cost. But the oxidized discharging process requires Zinc-air 
Battery to be ‘unsealed’, which means Zinc-air Battery works independently with 
surrounding environment (Berder, et al., 2002).  
 
Zinc-air Battery normally takes potassium or sodium hydroxides as electrolyte. For 
example, manganese dioxide, mercuric dioxide or silver oxide. The general 
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discharging process, with metal oxide participated, can be illustrated as (Berder, et al., 
2002), 
MO + Zn → M+ ZnO                                           (4) 
 
From the equation, easily to point out that metallic zinc is consumed, specifically 
oxidized, and metal oxide transforms into metal or lower form of an oxide. In the 
zinc/air couple, from the general reaction view between zinc and oxygen, the overall 
battery reaction is (Berder, et al., 2002), 

Zn + :
) O) → ZnO                                              (5) 

Oxygen is unlimited served from surrounding atmosphere, with metallic zinc 
consumed as anode. Merging the two equation it can be generated that, metal oxide 
performs as electrolyte with no reduce, limited zinc is consumed as negative electrode. 
Unlimited oxygen performs as positive electrode (Berder, et al., 2002).  
 
In a word, an increased amount of zinc will provide an increased capability of zinc/air 
battery, but an equivalent increase in both cathodic and anodic materials is essential 
(Berder, et al., 2002). 

5.3  Compilation of battery LCI data 

5.3.1 Lead Acid Battery 

(Zhang1, et al., 2013) made an assessment about the Lead Acid Battery life cycle in 
China. The purpose is to fill up the data gap about waste management in China, since 
there is only assessment for Lead Acid Battery manufacturing. The raw materials of 
the production include aluminum antimony alloy, lead, sulfuric acid, 
copolymerization plastics and Rubber. In manufacturing phase, the considered energy 
is coal and electricity. The transportation phase only contains the distance from 
battery manufacturer to electric cars manufacturer, which is assumed 177km. The use 
of lead-acid batteries only considers the energy consumption. After use, waste 
lead-acid batteries shipped to the recycling plant and entering the dismantling stage. 
In the role of dismantling, compaction and gravity, the waste lead-acid batteries are 
divided into acid electrolyte, electrode paste, metal particles, Bakelite and 
Polypropylene. According to the results, the grid casting in manufacturing is the worst 
pollution process. During transport and use phase, CO2 is the main pollution which 
influence global warming. While in waste management, desulfurization process is not 
environmental friendly. For further development, it is important to considering these 
processes. 
 
(Sullivan & Gaines, 2012) reviews LCI data of five batteries (PbA Battery, NiCd 
Battery, NiMH Battery, Li-ion Battery, Na/S Battery) for cradle-to-gate stages. The 
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life cycle stages are divided into two parts, Battery material production and Battery 
manufacturing. In material production stage, the energy is assumed to be 16.9 MJ/kg, 
which is a 47/53 (recycled/ virgin) mix. In manufacturing phase, the energy is used to 
convert the materials to parts of battery, like grid, paste, plate and plastic. The energy 
for this stage is 9.6 MJ/kg. Lead Acid Battery is estimated to be about 95% recycled 
and the energy using is assumed 8.6 MJ/kg in accordance with literature. CO2 
emissions, criteria pollutants are two main emissions being tracked. Further, other 
emissions like air, water, and solid waste are also considered, but there is some data 
source missing. 
 
(Matheys, et al., 2009) compares the environmental impact of several electric vehicle 
batteries. The purpose is to identify the most environmentally friendly battery for 
electric vehicle use. Simapro and eco-indicator 99 help to find out the results. Only 
environmental impact analyze is present in this paper. In conclusion, Lead Acid 
Battery has the highest environmental impact.  
 
Ecological impact is analyzed in (Unterreiner, et al., 2016). To analyze Lead Acid 
Battery, the material composition contains Lead, Lead oxides, Polypropylene, 
Sulfuric acid, Water, Glass and Antimony. However, there is no detailed data listed 
for other phases. The impact is modelled by using ReCiPe 2008. In those eighteen 
impact categories, six categories highly influence the result, which are climate change, 
human toxicity, depletion of mineral resources, particular matter formation, 
agricultural land occupation and fossil fuel resources. The recycling material is 
assumed to be reused in the production as a closed loop. Therefore, the results show 
that the Lead Acid Battery recycling is very necessary to decrease the ecological 
impacts. 
 

5.3.2 Nickel-based Battery 

(Matheys, et al., 2009) and (Sullivan & Gaines, 2012)which are mentioned before 
compares the environmental impacts of Lead Acid Battery, NiMH Battery, NiCd 
Battery and Lithium-ion Battery. (Matheys, et al., 2009) states that Lead acid Battery, 
NiMH Battery and NiCd Battery have higher environmental impacts than other 
batteries by doing a series of experiment and sensitive analyze. There is a similar 
conclusion in (Sullivan & Gaines, 2012). Material production and manufacturing 
process influence the energy values. However, Lead Acid Battery and NiCd Battery 
use the lowest energy when comparing per kilogram battery. 
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5.3.3 Li-ion Battery 

(Liang, et al., 2017) focuses on the GHG emission of Li-ion battery. The material data 
is well present in this paper. Cathode material includes LiFePO4, Acetylene black, and 
Aluminum. Anode consists of Acetylene black, mesocarbon microbeads and Copper. 
Electrolyte is made of Ethylene carbonate, Ethyl methyl carbonate and LiPF6. Water, 
electricity and gasoline are assumed as the energy consumption. In production phase, 
these three energy are consumed, while in transport and use process, gasoline and 
electricity are used respectively. The result shows that improving the materials and 
manufacturing process could reduce GHG emissions. 
 
(Zackrisson, 2016) analyzes the LCA of a Li-ion Battery from cradle to grave. The 
specific energy of the battery is 250Wh/kg. The Cathode components include 
LiFePO4, PVDF, Carbon black, Aluminium foil, while the Anode is Lithium metal. 
Besides, the Electrolyte is made of LiPF6, Ethylene carbonate, Diethyl carbonate, 
Vinylene carbonate. The author makes a detailed assumption about transportation. 
22000km transport is material to manufacturer. Distance from manufacturer to use 
phase is assumed 6000km. At waste management stage, recyclable materials are 80% 
collected. To conclude, the discharge times and energy efficiency highly influence the 
climate impact. 
 
Two lithium iron phosphate batteries with different solvents are compared in LCA in 
(Zackrisson, et al., 2010). The function unit is a 10 kWh battery using for a plug-in 
hybrid electric vehicle, charge cycles is defined 3000 times when it is at 80% 
maximum discharge, and could use for at least 200 000 km during life time. The LCA 
data of battery materials are found in Ecoinvent database. Cathode is made of 
LiFePO4, Aluminum foil, Carbon black, and polyvinylidenefluoride; while the Anode 
consists of Graphite, Carbon black, Copper, polyvinylidenefluoride, Styrene 
butadiene latex. One battery is with NMP as solvent, and another one is with water. A 
short transportation from battery manufacturer to car manufacturer is assumed by 
truck. All the other transports are regards as long transportation which is 10% by boat 
and 90% by truck. Author calculates the energy loss based on other literatures. New 
recycling technologies for LiFePO4 is not available. This study confirms the Li-ion 
Battery with water is more environmentally friendly than another one. The 
environmental impacts are larger in manufacturing phase than in use phase. Therefore, 
improving battery manufacturing technologies is necessary for sustainable 
development. The materials contain 1/3 recycled material and 2/3 virgin material. 
 
In (Sullivan & Gaines, 2012), the energy in material production stage is assumed 
61Mg/kg. Around 30Mg/kg is for manufacturing process based on other literatures. 
Impact categories are chosen: CO2 emission, specific emissions and criterial pollution. 
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In this comparative LCA, Li-ion Battery has mix rankings with other batteries except 
Lead Acid Battery because of the different pollutants in air emissions. 
 
The purpose of (Ellingsen, et al., 2013) is to report the impacts of Li-ion Battery for 
electric vehicle. The function unit is one traction battery production. The battery 
manufacture is divided into four steps: battery cell, battery package, management, and 
cooling. In this report, the cathode material is Li(NixCoyMnz)O2, and the electrolyte 
material is mix of salt and LiPF6. The inventory data is from Ecoinvent database. 
Battery cell transportation is from East Asia to Grenland in Norway which includes 
road and sea freight. Thirteen impact categories of ReCiPe method are identified. The 
results show that the manufacturing process has high influence on environmental 
impacts.  
 
(Unterreiner, et al., 2016) also analyze the environmental impact of Li-ion Battery. 
The main materials using for Li-ion Battery are LiFePO4, Iron phosphate, Graphite 
and Li2CO3. Also, there are other materials like Polyethylene which occupies a small 
part of the composition. In conclusion, reusing the materials in Li-ion Battery could 
decrease the environmental impacts. However, recycling lithium only has a small 
influence. 
 
(Kim, et al., 2016) analyzes the GHG emission of Li-ion Battery using for electric 
vehicles in cradle-to-gate phase. 1 kWh battery energy capacity if the function unit of 
this study. Ecoinvent database is used for assessment. Detailed information about the 
battery materials is described but no data mentioned. It is also clear that the battery is 
produced in South Korea, while the pack is manufactured in Michigan. Therefore, the 
emission factors during the transportation is assumed to be road and sea freight. GHG 
emission is the only factor being evaluated. To conclude, this report confirms that 
BEV using Li-ion Battery is able to reduce GHG emission.  
 
(Ahmadi, et al., 2017) uses LCA to discuss the possibility of reusing Li-ion Battery 
pack to increase the material efficiency. In this report, there is a detailed flowchart 
about the process from manufacturing, use in EV, reuse in energy storage system, 
recycling. However, no data can be found for these phase.  
 

5.3.4 Sodium-nickel-chloride Battery 

(Longo, et al., 2013)presents a life cycle assessment of ZEBRA battery in Europe. 
The same as (Kim, et al., 2016), all the material data is based on the Ecoinvent 
database. The battery manufacturing data is collected by a questionnaire to the 
manufacturer and well described in the report, while the electricity consumption 
depends for batteries are tested by the authors. Transportation process to users is 



 22 

ignored because the energy is assumed negligible. Impact assessment is analyzed via 
five categories: Global Energy Requirement (GER), Global Warming Potential 
(GWP), Renewable Energy Requirement (RE), Non-renewable Energy Requirement 
(NRE), Ozone Depletion Potential (ODP). The result of this report is that the 
manufacturing process has the highest environmental impact. To decreasing the 
impact, using the energy from recycled sources is helpful. 

5.4 Analysis of battery LCI data  

This subchapter summarizes the LCI data of each battery type. The quality of LCI 
data is analyzed and the data gaps are identified by answering the specific research 
questions in Aim. Table 2 lists the geographical boundary, the purpose of each study 
and environmental impacts they focus on. Furthermore, the data source is also showed 
in Table 2. Table 3 lists the LCA literatures for each type of electric vehicle battery, 
as well as main LCI data of each stage. There are seven life cycle stages: Material 
Extraction, Transport of Raw Material, Material Processing, Manufacturing, 
Transport, Use phase and waste management. The quality of LCI data is evaluated by 
W, P, NM, M, which means Well documented, Poor documented, Not Mentioned, 
Missing data. The criteria are set up according to the processes description and LCI 
data lists. If the process in this stage is described clear and the data list is detailed, it 
marks as Well documented. For example, if the process of how to manufacture the 
battery is present and the data of how much materials are needed is listed, then it is 
Well documented. However, if the processes description or the data lists are ignored 
due to the text length restriction, secure data protocol or other reasons, it defines as 
Poor documented. Not Mentioned is that neither the processes nor the data in the 
stage is not mentioned in the report at all, so that it is difficult to evaluate the data 
quality. Missing data illustrates that data cannot be found for the author when doing 
the LCA, so it can be regarded as a data gap.
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Table 2 The literatures, geographical boundary, study purpose, impacts and data source of each battery type 

Battery Type Study 
geographical 

boundary 
Study purpose Impacts Data source 

Lead Acid Battery 

Matheys, et al., 
(2009) 

�  
Environmental impact 

of EV battery 
Energy loss 

Industry/ 
Commercially 

available database 
Sullivan & Gaines 

(2012) 
�  

Environmental impact 
of EV battery 

GHG emission/ Criteria 
pollutants/ Human toxicity 

Literatures 

Unterreiner, et al., 
(2016) 

�  
Ecological impact 
analysis of battery 

recycling 

Climate change/source 
depletion/Human toxicity/Fossil 

fuel source 
Literatures 

Zhang1, et al., 
(2013) 

China 
Environmental impact 

of PbA battery 
Source depletion Industry 

Nickel-based 
Battery 

NiMH 

Matheys, et al., 
(2009) 

�  
Environmental impact 

of EV battery 
Energy loss 

Industry/ 
Commercially 

available database 
Sullivan & Gaines 

(2012) 
� � � Environmental 

impact of EV battery�
GHG emission/ Criteria 

pollutants/ Human toxicity�
Literatures 

NiCd 

Matheys, et al., 
(2009) 

�  
Environmental impact 

of EV battery 
Energy loss 

Industry/ 
Commercially 

available database 
Sullivan & Gaines 

(2012) 
�  

Environmental impact 
of EV battery 

GHG emission/ Criteria 
pollutants/ Human toxicity 

Literatures 



 24 

Lithium-ion Battery 

Liang, et al., 
(2017) 

�  battery only GHG emission Laboratory tests 

Zackrisson (2016) �  
Environmental impact 

of EV and HEV 
battery 

Climate impacts/ Resource 
depletion 

Laboratory tests 

Zackrisson, et al., 
(2010) 

�  
Environmental impact 

of HEV battery 

GWP/ Acidification/ Ozone 
depletion/ Photochemical smog/ 

Eutrophication 
Laboratory tests 

Matheys, et al., 
(2009) 

�  
Environmental impact 

of EV battery 
Energy loss 

Industry/ 
Commercially 

available database 

Ellingsen, et al., 
(2013) 

�  Battery pack GWP/ GHG emission Industry 

Unterreiner, et al., 
(2016) 

�  Battery recycling ecological points Literatures 

Sullivan & Gaines 
(2012) 

�  
Environmental impact 

of EV battery 
GHG emission/ Criteria 

pollutants/ Human toxicity�  
Literatures 

Kim, et al., (2016)  �  
battery for Ford Focus 

Electric 
GHG emission/ Criteria 

pollutant emission 
Industry 

Ahmadi, et al., 
(2015) 

�  
Environmental impact 

of EV battery 
Energy Previous studies 
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ZEBRA Battery 
Longo, et al., 

(2013) 
(Europe) 

Environmental impact 
of EV battery 

Energy/ GWP/ Source depletion/ 
Human toxicity/ Acidification/ 

Ozone depletion/ Water resource 
depletion/ Land use/ Terrestrial 

eutrophication/ Freshwater 
eutrophication 

questionnaire / 
Laboratory tests 
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 Table 3 The life cycle stage and literatures of each battery 

Battery Type Study 

Life Cycle Stage 

Material 
Extraction 

Transport 
of Raw 

Material 

Material 
Processing 

Manufacturing Transport Use 
Waste 

Management 

Lead Acid Battery 

Matheys, et al., 
(2009) 

NM NM NM NM NM NM P 

Sullivan & 
Gaines (2012) 

NM NM W W NM NM M 

Unterreiner, et 
al., (2016) 

W NM W P NM NM W 

Zhang1, et al., 
(2013) 

W NM W W NM NM W 

Nickel-based 
Battery 

NiMH 

Matheys, et al., 
(2009) 

NM NM NM NM NM NM P 

Sullivan & 
Gaines (2012) 

NM NM W W NM NM M 

NiCd 

Matheys, et al., 
(2009) 

NM NM NM NM NM NM P 

Sullivan & 
Gaines (2012) 

NM NM W W NM NM M 

Lithium-ion Battery 
Liang, et al., 

(2017) 
NM NM W W W W NM 
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Zackrisson, 
(2016) 

W W W W W W W 

Zackrisson, et 
al., (2010) 

M W W W W W W 

Matheys, et al., 
(2009) 

NM NM NM NM NM NM P 

Ellingsen, et al., 
(2013) 

W W W W NM NM NM 

Unterreiner, et 
al., (2016) 

W NM W P NM NM W 

Sullivan & 
Gaines (2012) 

NM NM W W NM NM M 

Kim, et al., 
(2016)  

W NM W W W NM P 

Ahmadi, et al., 
(2015) 

NM NM W W NM W W 

ZEBRA Battery 
Longo, et al., 

(2013) 
W NM W W NM W M 

 
W: Well documented; P: Poor documented; NM: Not mentioned; M: Missing data
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• For what battery types are there published LCA data? 
Comparing Table 1 and Table 2, an obvious data gap can be identified as there is no 
Life Cycle Assessment for emerging batteries. From the information found, there are 
LCA literatures available on current batteries such as Lead Acid Battery, 
Nickel-based Battery, Li-ion Battery and ZEBRA Battery. Current assessments on 
emerging batteries are merely based on the general data and information, such as life 
time, cycle life etc. Consideration about the environmental impacts is unfinished. 
 
• Are the LCI data representative of the batteries on the market today? 
The years of Lead Acid Battery literatures are from 2009 to 2016, which means they 
are quite new. In Matheys, et al.(2009), the specific energy and energy efficiency are 
40 Wh/kg and 82.5% respectively. These data are updated in the other three reports. 
The energy efficiency can be set up as 90% in Unterreiner, et al.(2016). Besides, life 
cycles of Lead Acid Battery is developed from 500-1000 in Zhang1, et al.(2013) and 
(Sullivan & Gaines, 2012) to 2000 in Unterreiner, et al.(2016). Therefore, the LCI 
data of Lead Acid Battery is always renovated so that it can be representative on the 
market today. 
 
The specific energy, energy efficiency, and life cycle of NiMH Battery are listed in 
Matheys, et al.(2009), which are 70 Wh/kg, 70% and 1350 respectively. In Sullivan & 
Gaines (2012), the data on specific energy and energy efficiency has no difference 
with previous report. However, the life cycle times become shorter from 1350 to 
750-1200. The same situation appears on NiCd Battery. The life cycle times change to 
800, while the other two performance parameters are similar. Since the latest LCI data 
was reported in 2012, new data acquisition about Nickel-based Battery is needed.  
 
The LCA literatures of Li-ion Battery is from 2009 to 2017. In Matheys, et al. (2009), 
the battery specific energy and energy efficiency is 125Wh/kg and 90% respectively. 
These key data are always updated in relevant LCA reports. Until now, the specific 
energy develops to 250Wh/kg while energy efficiency keeps 90% in Zackrisson (2016) 
and Liang, et al. (2017). Since the report and the data are quite new, the LCI data can 
represent the Li-ion Battery technology. 
 
The only LCA of ZEBRA Battery selects a 48-TL-200 ZEBRA battery as research 
objective. The operating temperature ranges from -20 to 60℃ and the specific energy 
is 91Wh/kg. However, recent research indicates that ZEBRA Battery can work under 
temperature from -40 to 60℃. Cycle life can reach 4500 times and works for 15 years. 
Therefore, new data and more LCA are required to obtain more accurate results of 
environmental impacts. 
 
• For each battery type, what impact categories are covered, which are missing? 
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The impact categories of each battery type are summarized in Table 2. For Lead Acid 
Battery, impact categories mainly include GHG emission, GWP, energy loss, criteria 
pollutants, human toxicity and source depletion. Nickel-based Battery (NiMH Battery 
and NiCd Battery) has limited LCA literatures. Such literatures are analyzed merely 
in comparative LCA with other batteries. Impact categories covered are energy loss, 
GHG emission, criteria pollutants and human toxicity. Numerous reports can be 
acquired on Li-ion Battery for it is most common used in electric vehicles. These 
reports are mainly analyzed in GHG emission, GWP, source depletion, energy loss, 
criteria pollutants, human toxicity and several other ecological impacts. The impact 
categories about ZEBRA Battery are energy, GWP, Source depletion, Human toxicity, 
Acidification, Ozone depletion, Water resource depletion, Land use, Terrestrial 
eutrophication, Freshwater eutrophication. 
 
Although different impact categories are chosen for different batteries, it cannot be 
said that which categories are missing. The most important or most interested impact 
categories are selected. Since the emphasis of each battery differs, the category that 
has not been selected cannot be said to be missing, but can only be said that it is 
unnecessary.  
 
• What are the different types of LCI data sources? 
The LCI data sources of each battery are list in Table 3. Four LCA reports on Lead 
Acid Battery are based on previous literatures, industry and commercial available 
database, which are the same data sources with Nickel-base Battery. Besides these 
three data sources, Liang, et al.(2017), Zackrisson, et al.(2010) and Zackrisson (2016) 
also use laboratory test data to analyze Li-ion Battery. The LCI data of ZEBRA 
Battery is from a questionnaire to the manufacturer and laboratory tests.  
 
Most LCI data are from previous literature studies and industry, which means the data 
is secondary data. Only few reports of Li-ion Battery are based on laboratory test data. 
Primary data such as laboratory tests has higher accuracy than secondary data. Further 
LCA researches are suggested to use primary data to improve credibility. 
 
• For each battery type, how well is the geographical boundary defined? 
In Table 2, only two literatures define the geographical boundary which the 
assessments are taken in China. Sonia, et al., (2013) describes the analyze utilize 
Europe database. However, all the other resources do not mention about the 
geographical boundary. There are different databases when analyzing the batteries in 
different place, for example, when making the assessment in China, using Chinese 
Life Cycle Database can increase the accuracy and reality. For most reports, the 
geographical boundaries are unknown, so that it is hard to estimate the data gaps.  
 
• For each battery type, what important assumptions are made for LCI data?  
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When analyzing the LCA of Lead Acid Battery, an important assumption about 
recycling is made. In Matheys, et al.(2009), the collection rate after use phase is 
assumed 100% and 98.3% can be recycled. All recyclable materials are assumed to be 
use again in Unterreiner, et al.(2016). Moreover, Lead Acid Battery recycling is 
estimated about 95% in Sullivan & Gaines (2012). This situation shows that Lead 
Acid Battery recycling is lack of data. To make LCA results more reliable, an 
investigation or statistics is necessary. The same as literatures of Lead Acid Battery, 
recycling rate of Nickel-based Battery is assumed. The rate assumption is about 95%.  
 
The most important assumption of Li-ion Battery is also the battery recycling. In 
Zackrisson’s reports (2010, 2016), all materials are assumed to be recycled to the 
material extraction place. In other reports, similar assumptions are made, which is that 
the recycled materials are totally or partly reused as virgin materials. 
 
The maintenance of ZEBRA Battery is excluded in Longo, et al.(2013) because it is 
unnecessary. Besides, all the battery components can be recycled. 
 
• For each battery type, what stages in the life cycle that are covered, and what 

stages are missing? 
The summarize of life cycle stages of each battery is present in Table 3. For Lead 
Acid Battery, all life cycle stages are covered except transport stage, no matter from 
raw material to manufacturing factory, or from manufacturing to users. In these 
reports, transportation phase is always cut off since it is unnecessary. But to make the 
analyze reliable, it is important to consider the transport process. The use phase is not 
mentioned in these reports because electric vehicle batteries cause no pollution during 
use phase. Battery waste management phase always establishes assumptions about the 
recycling rate. There is an absence on battery recycled material of Lead Acid Battery. 
 
Only Material processing and Battery manufacturing are well documented on 
Nickel-based Battery. These are two main processes influencing environmental 
impacts for electric vehicle batteries. The LCI data of Nickel-based Battery faces the 
same problems with Acid Battery. Transportation stage is not included and data is 
missing in waste management stage. 
 
Since Li-ion Battery is the most used, there is plenty of information and literatures on 
this battery. In these LCA reports, most of the life cycle stages are well presented. In 
Zackrisson, et al. (2010), the data of polyvinylidenefluoride is missing. But in 
Zackrisson (2016), this data gap is fiiled up and the data can be found. However, the 
transportation stage is still ignored. Only Zackrisson’s both reports take it into 
account. Moreover, Zackrisson’s reports also discribe the recycling phase well. 
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Life cycle stages of ZEBRA Battery are well documented except transportation. In 
waste management stage, there is lack of data on the eco-profiles of recycling. 
 
Overall, to filling the data gaps, more researches should be taken. Since the battery 
technology data of Nickel-based Battery and ZEBRA Battery is old and inaccurate, 
further researches for new data are required. Including transportation process in the 
battery LCA can increase the accuracy and let the analyze close to the actual situation. 
Besides, waste management is an important process in environmental impact 
assessment of batteries. More experiments and researches on battery waste 
management data like recycling percentage should be carries out, for example, how 
much LiFePO4 could be recycled when dealing with the used Li-ion Battery. For 
emerging batteries, these is no LCA at all. It is necessary to evaluate the 
environmental impacts of emerging battery by LCA before putting the battery into 
market. 
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6. Discussion 

LCA is a tool for evaluating environmental impacts from products or services 
throughout the life cycle. But during the assessment, limitations are always placed 
such as assumptions of data, system boundaries etc. It is unachievable for the 
researchers and authors to collect the latest, the most comprehensive and precise data, 
because of the poor transparency and generality of data among different nations (Han 
& Jin, 2005). Therefore, data gaps cannot be eliminated in every evaluation.  
 
It can also influence the accuracy and reliability of results. In this report, the data gaps 
such as the missing of geographical boundary can reduce the reliability of electric 
vehicle LCA. Highly accurate and reliable results require less data gaps and more 
precise data. Poor LCI data could bring negative consequences both on technology 
development or on policy making due to its low reliability. For example, it may cause 
that inappropriate battery technology is chosen in industry since the actual 
environmental impacts are unknown. In addition, the policy makers cannot implement 
the most effective policies because of the poor LCI data and low reliable LCA results. 
Therefore, data gaps in LCA should be eliminated in future studies.  
 
The risk for decision making may lead to a faulty usage of LCA results. For example, 
the geographical boundary is not mentioned in most reports. Which means the results 
can be faulty used in another nation since there is no generality of LCI data between 
different nations. Besides, missing data can decrease the reliability of LCA. The 
recycling rate and materials for each battery is a large data gap, so assumptions are 
always made in this stage. Such assumptions show huge influence on environment 
impacts. Data accuracy is necessary and essential.  
 
Not all literature reviews are included in this report since the literature languages are 
mainly in English and Chinese. There would be more relevant literatures in other 
languages such as Swedish. But this limitation does not affect the result a lot. For 
example, lack of waste management data is one of the largest data gaps which is 
identified. There is little possibility that literatures in other languages have filled up 
this data gap. 
 
This report provides an overview of electric vehicle batteries and their LCI data. The 
most representative batteries are chosen in this study. The collected data show that a 
variety of batteries are market mature but still under researching and developing 
process, especially the emerging batteries. For current batteries, a better performance 
can be achieved via battery technology improvement. Furthermore, there can be 
plenty of possibilities to create new batteries applying to electric vehicles. Thus, the 
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results of this project can be regarded as a rough estimate about the data gaps for 
electric vehicle batteries. 
 
Electric Vehicles has been rapidly developed in recent years. At the same time, the 
corresponding facilities are under construction. However, Pure Electric Vehicles still 
cannot perform on a satisfying level, and fuel vehicles are still undefeatable at present 
stage. Electric Vehicle Battery technologies still need further development. Hybrid 
Electrical Vehicles can be regarded as an optimized choice in the transition from fuel 
vehicles to pure electric vehicles. Hybrid Electric Vehicles are not zero pollution, but 
its performance on pollution reduction and energy consumption is much better than 
fuel vehicles accordingly. The market share of Electrical Vehicles is gradually 
increasing in America, China and France, thanks to the legislation encouragements 
and motivations. In the future, Pure Electric Vehicles will be one of the most effective 
tools to solve the problem of fuel resources. It is reasonable to conclude that Electrical 
Vehicles and vehicle batteries have shown great potential space in future developing.  
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7. Conclusion 

The aim of this project is to give an overview of electric vehicle batteries, to find out 
the data gaps in their LCI data, and to suggest what is necessary and essential in the 
further study. 
 
The batteries for electric vehicles are classified into current batteries and emerging 
batteries. Current batteries include Lead Acid Battery, Nickel-based Battery, 
Lithium-ion Battery and Sodium-nickel-chloride battery. Li-metal Battery, Li-air 
Battery, Solid-state Lithium Battery, and Zin-air Battery represent emerging batteries 
for electric vehicles.  
 
By comparing batteries’ LCI data, data gaps can be identified. For example, there is 
no Life Cycle Assessment available for emerging batteries. All analysis about 
emerging batteries are based on their properties such as lifetime and lifecycle. But the 
evaluation on environmental impacts of emerging batteries is missing. Another data 
gap is the poor documentation of geographical boundary in many reports.  
 
transportation of Lead Acid Battery is always specifically ignored in the assessment. 
However, energy consumption in transportation phase is not negligible in actual 
situation, especially for long transport distance. Another strict data gap is the 
recycling data in waste management. It is normally difficult to identify the recycled 
battery materials. When evaluating the environmental impacts, assumptions are 
always made in waste management stage. Nickel-based Battery has the similar data 
gaps with Lead Acid Battery, which are transport phase and recycling materials. A 
specific data gap for Nickel-based Battery is that the documentation of battery 
technology should be refreshed. Eco-profiles of recycling for Li-ion Battery is lack of 
data. For ZEBRA Battery, there is only one LCA report can be found which is written 
in 2013. So the technology data and LCI data for ZEBRA Battery are relatively old.  
 
Further researches on battery recycling need to be discovered, so that the data gap of 
battery LCA can be filled up. Moreover, the environmental impacts are essential in 
emerging batteries’ evaluating, not only the batteries’ properties and performances. It 
is necessary to make Life Cycle Assessment before for the practical planting in 
electric vehicles. The new technology data for Nickel-based Battery and ZEBRA 
Battery is required. The data related to recycling materials deserve more attentions.  
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