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1. Introduction 
Electric vehicles are a promising solution to decarbonization of personal transport. While the share of 
electric vehicles in the passenger vehicle fleet is still limited, it is anticipated that electric vehicles will 
lead to a phase out of internal combustion engine vehicles (ICEVs) by 2050 (Ruiz et al., 2016). In 
Sweden, the share of fully electric passenger vehicles was end 2015 0.1% (Bil Sweden, 2017), but is 
steadily increasing.  

Electric vehicles eliminate tailpipe emissions and reduce thereby greenhouse gas emissions (GHG 
emissions) in populated areas. However, even though electric vehicles have no tailpipe emissions, 
electric vehicles are not CO2 neutral. The manufacturing of the vehicle entails energy, resources, and 
emissions, and the generation of electricity needed to fuel the car results also in emissions in the 
upstream supply chain. Due to the shifted environmental impact of tailpipe emissions to upstream 
processes, the environmental impact over the whole lifespan of the vehicle should be assessed. A Life-
Cycle Assessment (LCA) of electric vehicles compared to conventional vehicles is therefore needed to 
determine the real environmental benefit of electric vehicles.  

Previous LCA studies on electric vehicles show a great variation in the estimated environmental 
impacts. A previous review of LCA studies on electric vehicles reported between 95 and 240 g CO2-eq 
per km depending on the boundaries and assumptions of the LCA study (Frischknecht and Flury, 2011). 
More recent studies show even larger variations. Faria et al. (2013) argue that the GHG emissions of 
the Nissan Leaf can vary between 13 and 243 g CO2-eq per km depending on the electricity mix, driving 
style and auxiliary equipment used. Messagie et al. (2014) showed between 40 and 250 g CO2-eq per 
km, mainly depending on electricity source. In terms of GHG emissions savings compared to 
conventional vehicles, it is estimated that electric vehicles save between less than 10% and more than 
60%, depending on the assumptions and system boundaries used in the LCA study (Abdul-Manan, 
2015). If even more extreme or perhaps unfair assumptions are made, the results can vary from 90% 
savings to al almost 37% increase in GHG emissions (Abdul-Manan, 2015). The many different 
assumptions and boundaries in the LCA studies has led to complexity and divergence (Nordelof et al., 
2014).  

While there seems to be consensus on that electric vehicles reduce in most instances the GHG 
emissions, electric vehicles might have a negative effect on other impact categories such as human 
health. For example, Shi et al. (2016) found a 43% increase in human health impact and a 67% in 
ecosystem quality impact. A broader view including the full environmental impact of electric vehicles 
is needed.  

The European Commission argues in a recent report that the current existing LCA standards are not 
specific enough to ensure comparable environmental claims across products with the same function 
(EC, 2016b). A methodological standard or guidelines is needed for a fair comparison of different 
powertrains against each other, including the full environmental impact of vehicles as well as impact 
on human health. Such guidelines would prevent untrustworthy and incomplete claims on electric 
vehicles.  

This report examines how electric vehicles in Sweden should be assessed to be able to determine if 
electric vehicles reduce GHG emissions and contribute to clean air and proposes guidelines for future 
LCA studies. It is anticipated that the guideline will help researchers in making a fair comparison of 
different powertrains and in turn help policy makers understanding the real environmental impact of 
electric vehicle.  
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1.1. Need for LCA guidelines on electric vehicles 
While electric vehicles are promoted to reduce GHG emissions, undesired consequences of electric 
vehicles should be prevented. A rigorous and scenario-based environmental assessment that go 
further than only tailpipe emissions should be conducted before the electric vehicles are widely 
implemented (Hawkins et al., 2012).  

Many LCA studies are based on the available eco-invent inventory data, including a life cycle inventory 
of a Golf A4 from the year 2000 (Helmers et al., 2015). A review on LCA studies have shown the urgent 
need for actual vehicles to improve the inventory data (Helmers et al., 2015). There is a clear need for 
LCA studies with real data from existing vehicles (Bickert et al., 2015), up to date and reliable data (Del 
Duce et al., 2016). According to Bickert et al. (2015), most of the existing studies refer to virtual electric 
vehicles. These studies need to be extended and reconsidered with data from electric vehicles on the 
market today.  

In addition to the lack of modern data, the data used by most researchers (eco-invent data v2) has a 
couple of issues (Del Duce et al., 2016): 

1. Only one specific vehicle (Golf A4) is included in the database.  
2. All materials, resources, and emissions are listed for the whole vehicle, not specifying which 

components contributes the most to these input or output data, treating it as black box.  
3. Only total exhaust emissions are reported, not differentiating between tyre, brake, or road 

emissions.  
4. Recycling of the vehicle at the end-of-life is not included. Only waste residues sent to 

incineration are reported.  

Using the database to create a virtuous vehicle that should represent an electric vehicle has created in 
some cases false and incorrect results. A new database (eco-invent v3) is prepared that include more 
vehicle components, such that is will be easier for researchers to adapt the life cycle inventory to their 
need (Del Duce et al., 2016). The components, defined per kg, make it possible to adapt to different 
weights of the vehicle under study. However, only compact class vehicles should be considered since 
other vehicle classes or cars with considerable more or less weight will have different glider / 
powertrain ratios (Del Duce et al., 2016). In addition, it should be kept in mind that the database values 
are best estimations, and good input data is lacking in many instances. Detailed calculations based on 
real vehicles and components is still lacking.  

Del Duce et al. (2013) developed LCA guidelines for electric vehicles. The purpose of their work was to 
“create a common framework concerning methodological choices and assumptions for LCAs of electric 
vehicles that will ultimately enhance the comparability of studies performed”. However, the guidelines 
do not specify input values as LCA practitioners need freedom to make their own choices to study 
specific scenarios, according to Del Duce et al. (2013). The authors also argue that “data for the 
material types and quantities, the energy inputs, and wastes and emissions outputs related to the 
production of the battery should derive from measurements at the specific production plant involved”. 
Unfortunately, most LCA studies make use of the database and assumptions to populate their model. 
Most LCA studies use simulated vehicle characteristics or use estimated values (Gao and Winfield, 
2012). There is a lack of consensus on various input parameters, leading to uncertainty in the output 
(Lucas et al., 2012; Messagie et al., 2013). Guidelines that help researchers in selecting and realistic 
and correct data is needed.  



 
 

 6 
 

In addition to the input data, better guidelines on the to be reported environmental impacts is also 
needed. The scope of the analysis and the analyzed emissions varies leading to ambiguous results 
(Szczechowicz et al., 2012). Guidance on which impact categories should be included in the LCA studies 
is therefore beneficial.  

Taken together, the differences in scope and method of the LCA studies makes it difficult to compare 
the results (Hawkins et al., 2012), and difference in assumptions and reported environmental impact 
categories worsen the situation. Using LCA studies to design electric vehicle policies is challenging if 
the LCA studies on the environmental impact of electric vehicle shave different scope, assumptions, 
and boundary conditions (Hawkins et al., 2012). A clear standardization is therefore needed.  

1.2. Comparing BEVs with ICEVs 
It is widely argued that the vehicles should be compared with a full Life Cycle Analysis (see for example 
Messagie et al., 2014). A full LCA of electric vehicles should include the direct and indirect emission 
related to the production, use, and end-of-life phase of the vehicles (Hawkins et al., 2012). This includes 
well-to-tank (WTT) and tank-to-wheel (TTW), vehicle production and assembly, maintenance, 
dismantling and recycling (Gao and Winfield, 2012). Well-to-wheel (WTW) includes both well-to-tank 
(WTT) and tank-to-wheel (TTW). WTT covers the production of fuel or electricity (including fuel 
extraction, refinery, distribution and storage of the fuel, or the production and distribution of 
electricity) while the TTW covers the tailpipe emissions. A full LCA includes besides the WTW emissions, 
also the extraction of raw materials, manufacturing of parts and components, assembly, and the end-
of-life treatment of the vehicle (Messagie et al., 2014).  

 

Figure 1: overview of Life Cycle stages of vehicles 

Moro and Helmers (2017) argue that a hybrid WTW and LCA assessment would be more suitable as it 
(according to the authors) simplifies the assessment while at the same time has a high degree of 
reliability. However, several differences between electric vehicles and conventional vehicles are 
neglected by the authors either due to inconsistency between various studies and therefore uncertain 
impacts, or due to a relatively low environmental impact (e.g. 3% over the whole life cycle). This clearly 
weakens their reliability of the approach. A full LCA approach is therefore chosen in this report.  

1.2.1. Functional unit and reference flow 
The majority of the LCA studies report the results per 1 km driven, followed by the results over the full 
lifespan of the cars. Some researchers specify the results per person km driven (for example Choma 
and Ugaya, 2015), or with a certain load (Bartolozzi et al., 2013).  



 
 

 7 
 

Even though the far majority reports the environmental impacts per km driven, the lifespan of the 
vehicles in terms of total km driven before it reaches its end-of-life is usually set equal for electric and 
conventional vehicles. Despite the many discussions on the actual lifespan of vehicles and in 
particularly the limited lifespan of electric vehicles compared to conventional vehicles, the estimated 
lifespan of the electric vehicle is often also assumed for the conventional vehicle without any further 
consideration. One exception is Ajanovic and Haas (2015) who base the assumed lifespan on the 
average distance driven per year in Europe per powertrain technology and the average lifetime of the 
particular car. The assumed lifespan of the vehicle has an important impact on the emissions per km 
(Lucas et al., 2012).  

The assumed lifespan of the vehicle varies significantly between the studies. The review of Nordelof et 
al. (2014) shows an assumed lifespan between 100 000 and 563 250 km. The eco-invent database v3 
include a conservative default value of 150 000 km (Del Duce et al., 2016). Canals Casals et al. (2016) 
assume an average driving distance of 12000 km per year in Europe and a usage period of 10 years for 
electric vehicles and argue that a lithium-ion battery would most likely not live much longer 
considering that batteries are no longer useful for electric vehicles when they have lost 20% of their 
capacity. The lifespan of electric vehicles is however not necessarily the same as the lifespan of the 
battery. Several researchers have argued that multiple batteries can be consumed over the lifetime of 
one vehicle. The lifespan of the battery will be further discussed in section 2.1.1.  

The lifespan of the vehicle not only varies between powertrain technologies, but also between 
different brands and vehicle classes. For existing vehicles that are longer on the market, end-of-life 
data can be retrieved from various databases. The average lifetime of vehicles is increasing. For 
example, in the UK it is estimated that diesel passenger cars lifetime increased with 33% from 2006 to 
2013 reaching 208 000 km (or 14 years) and petrol passenger cars increased with 6% in the same time 
period to 160 000 km (or 14.4 years) (Dun et al., 2015). Up-to-date information should be retrieved 
that represent the chosen vehicle accurately.  

Comparing vehicles with different powertrains which each other requires the selection of ‘equal’ 
vehicles. What can be considered as ‘equal’ vehicle is not easy to answer. Some argue that the vehicles 
should have equal mass-to-power ratio (Bhatia and Riddell, 2016; Lucas et al., 2012). Others argue that 
vehicles in the same class or vehicle segment (mini / urban, midsize / family car, sport / premium, etc) 
can be compared (see for example Ma et al., 2012 or Bauer et al., 2015). Drive range and volume are 
other factors that might impact the perceived similarity of vehicles. To show the complexity of factors 
that impact the comparability of an electric and conventional vehicle, the factors that should be 
considered when comparing two types of just one part of the electric vehicle (the battery) are shown 
in Table 1.   

Factor Explanation 

1. Number of batteries Need to be calculated based on lifetime of the vehicle and number 
of possible charge/discharge cycles 

2. Depth of discharge Equal depth of discharge must be assumed 

3. Lifetime distance Same lifetime distance should be assumed 

4. Additional 
consumption due 
battery mass 

When mass varies between vehicles, additional vehicle consumption 
due to higher mass should be included. 
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5. Battery efficiency 
losses 

Losses might differ between technologies and should be included.  

6. Energy content of 
battery pack 

Mass, energy content, or one-charge range of battery should be 
equal between BEVs to make fair comparison. However, one 
depends on the other, for example if batteries with equal range are 
chosen, mass might differ.  

7. Mass of battery 
pack 

8. One-charge range 
9. Number of cycles Will depend on other choices such as lifetime range and energy 

content 

Table 1: Parameters affecting functional unit (based on Matheys et al., 2007). 

Choosing the right functional unit and reference flow is even more difficult for complete vehicles 
(Matheys et al., 2007). The ISO-14041 standard specifies that the functional unit should be specified 
clearly, but gives no further detailed guidance even though the results depends strongly on the chosen 
functional unit (Matheys et al., 2007). Also, Del Duce et al. (2013) do not specify a recommended 
functional unit. More research to determine what a fair basis is for comparing different powertrains 
which each other is needed.  

1.1. Outlook of this report 
In this report, full battery electric vehicles (BEVs) are considered and compared against conventional 
internal combustion vehicles (ICEVs). Other types of powertrains, including hybrid, fuel cells, etc. are 
excluded.    

The extensive literature review has shown that there is an urgent need for research towards guidance 
and standardization of LCAs on electric vehicles. The quality of LCA studies can be increased if 
researchers are better advised on the system boundaries, assumptions, and input data. For example, 
the system boundaries of the LCA should include all aspects that has the potential to affect significantly 
the environmental impact of electric vehicles. Also, the reporting of the LCA studies can be made more 
consistent such that it will be easier for outsiders to draw conclusions from the various LCA studies. 
Rigorous and scenario based assessments will help in understanding the boundaries and conditions 
under which the electric vehicles are reducing the impact on the environment. Finally, there is an 
urgent need for actual vehicle data. Researchers should work together with car manufacturers to 
obtain modern vehicle data instead of relying on databases that do not present the current vehicle 
technologies. The findings of this chapter can be summarized as follows: 

è Different powertrains should be compared on full LCA basis 
è The assumed lifespan of vehicles should take into account variations between different 

powertrains and types of cars. Databases should be used to assess appropriate lifetimes.  
è The basis for comparing different powertrains should be further understood and harmonized 

between different LCA studies.  
 

This report will follow the LCA stages. The next chapter discusses the production phase and the related 
environmental impact. Chapter 3 looks at the use phase of the vehicles and answers in particularly 
how the energy consumption and related emissions should be calculated for electric vehicles. Chapter 
4 explores the effects of recycling the vehicle and its components at the end of life. Chapter 5 discusses 
the environmental impact categories that should be addressed in LCAs on electric vehicles and finally 
Chapter 6 concludes this report.   
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2. Production phase 
Many studies assume that the only difference between conventional vehicles and electric vehicles is 
the propulsion system and that the other components can be assumed equal (see for example Gao 
and Winfield, 2012 or Girardi et al., 2015). The glider entails all components that are not related to the 
propulsion technology and includes the chassis or body, tires and wheels, windshields and windows, 
suspension system, interior like seats and belts, safety devices, etc. (Del Duce et al., 2016; Notter et 
al., 2010). According to Hawkins et al. (2012), it is sufficient to assume equal vehicle components in 
both BEVs and ICEVs except for the following components: 

• the fuel tanks (which are replaced by batteries and temperature control systems),  
• fuel lines (replaced by wires),  
• internal combustion engine (replaced by an electric motor),  
• electronic combustion control system (replaced by electrical system controls),  
• tires (due to higher mass of electric vehicles other tire specifications are needed), 
• and the addition of the regenerative braking system.  

Most LCA studies make use of the eco-invent database which contains an old VW Golf A4 glider from 
the year 2000. The glider is usually assumed for both the conventional vehicle and the electric vehicle, 
although occasional adapted based on weight of the targeted vehicle. As discussed in section 1.1, 
researchers should be careful when relying on one set of data that is then adapted and extrapolated 
to a certain system under study. In this chapter, vehicle components are discussed and the differences 
and impact on the environment are highlighted.  

2.1. Powertrain 
The powertrain includes the electric motor or combustion engine, the drive shaft, transmissions, gear 
train and drive wheels (Faria et al., 2012). The powertrain generates and transmits the propulsive 
energy and include therefore the electric motor, battery and power electronics (converter, inverter, 
power distribution unit, and charger) in an electric vehicle, and the engine, gearbox, tank, and others 
for the conventional vehicle (Del Duce et al., 2016).  

Most research focuses on the battery of the electric vehicle. The manufacturing of electric vehicles 
entails higher GHG emissions than the production of ICEVs, which is mainly due to the battery 
production (Canals Casals et al., 2016). The other components are much less discussed and often 
assumed to be similar to the data in the Eco-invent database. More primary data on modern vehicles 
is needed to test whether the assumptions made in the LCA studies are reliable.  

2.1.1. Battery  
The most commonly used battery in electric vehicles is nowadays the lithium-ion battery (Ellingsen et 
al., 2013; Sierzchula et al., 2012 in Canals Casals et el, 2016), mainly because of the high power and 
energy density due to the low weight and high electrochemical potential of lithium (Notter et al., 2010). 
Lithium-ion batteries further have little self-discharge, have no memory effect, require little 
maintenance, and do not require scheduled cycling to prolong the lifetime of the battery (Notter et al., 
2010). However, despite the well accepted lithium-ion battery as main traction battery, many 
uncertainties in the resources and emissions associated with batteries accrue.  
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Batteries entails four main components (Canals Casals et al., 2016):  

1. Battery cell. 
2. Packaging, including module packaging, battery retention and battery tray.  
3. Battery management system (BMS), including the battery module boards, the integrated 

battery interface system, fasteners, a high-voltage system and a low-voltage system.  
4. Cooling system, mainly an aluminum radiator with glycol coolant, aluminum manifolds, 

clamps, fasteners, pipe fittings and sealing.  

The steps in the battery production are shown in Figure 2.  

 

Figure 2: System description of a Li-ion battery (Wang et al., 2017) 

Mainly the manufacturing of the battery cells, the positive electrode paste and the negative current 
collector (due to the copper used in the negative current collector) contribute to the environmental 
impact of battery production, between 56 and 87% depending on the impact category (Ellingsen et al., 
2013). Dunn et al. (2012) argue that wrought aluminum and copper (which accounts for about 33% of 
battery mass) contribute to 50% of the GHG emissions of the lithium-ion battery, the cathode material 
between 10 to 14%, and battery assembly around 6% of the GHG emissions. Battery production is an 
energy intensive activity. It is estimated that a lithium battery average production energy is between 
25 and 30 kWh/kg battery (Buekers et al., 2014).  

However, previous studies have shown that batteries cell production can require anything between 
3.1 to 1060 MJ per kWh, and better industry data is required (Ellingsen et al., 2013). Canals Casals et 
al. (2016) estimated between 586 and 2318 MJ per kWh battery cell capacity produced. The 
discrepancy is mainly coming from disagreement on the energy consumption in the assembly of the 
battery, not so much from the materials production stage (Dunn et al., 2015). Dunn et al. (2015) argue 
that that the assembly step is responsible for between 1 and 60% of the total cradle-to-gate energy of 
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lithium-ion batteries. The assumptions around the capacity used of the assembly plant have a high 
impact on the energy and emission per battery produced, since certain operations (like drying) take 
the same amount of energy regardless of the throughput (Dunn et al., 2015). Large-scale battery 
production would therefore lower the energy impacts. Assuming a full capacity use, battery assembly 
contributes with less than 10% to the total battery energy consumption.  

Majeau-Bettez et al. (2011) argued that li-ion batteries have generally a lower environmental impact 
than NiMH battery as more energy can be stored in the Li-ion battery during its full lifetime (i.e. lithium 
batteries have a greater lifetime expectancy). Lithium batteries contain further less nickel and almost 
none rare earth metals. This results in an environmental footprint of 19 g CO2-eq/km for NCM lithium 
batteries, and 14 g CO2-eq/km for LFP lithium batteries (based on a 0.5 MJ/km powertrain efficiency). 
The battery management system (BMS) contributes with 10 to 30% to most environmental impact 
categories. The positive electrode materials contribute with more than 35% of the GWP impacts. 
Copper that is used within the BMS and electrode substrates is responsible for 30 to 50% of ecotoxicity 
and toxicity impacts. The manufacturing process itself emits further a significant part of the life-cycle 
emission, contributing to 97% of the ozone depletion potential, and 14 to 15% of the GWP emissions. 
Shipping and the manufacturing of cell containers, separator material, module packaging, and 
electrolyte have only a minor impact on the environment, contributing to less than 10% in each impact 
category (Majeau-Bettez et al., 2011). The authors argue that the results above are underestimated 
due to lacking data for abiotic depletion for lithium or rare earth metals.  

FU: 50 MJ charge-discharge Lithium NCM battery Lithium LFP battery 

GWP100 (kg CO2-eq) 1.9 1.4  

Fossil Depletion (kg oil-eq) 0.45 0.37 

Freshwater ecotoxicity (kg 1,4-DCB-eq) 5.1x10-2 3.4x10-2 

Freshwater eutrophication (kg P-eq) 2.7x10-3 2.0x10-3 

Human toxicity (kg 1,4-DCB-eq) 4.1 2.7 

Marine ecotoxicity (kg 1,4-DCB-eq) 5.6x10-2 3.7x10-2 

Marine eutrophication (kg N-eq) 2.5x10-3 1.0x10-3 

Metal depletion (kg Fe-eq) 0.85 0.3 

Ozone depletion (kg CFC-11-eq) 1.1x10-5 7.5x10-6 

Particulate matter formation (kg PM10-eq) 3.6x10-3 2.1x10-3 

Table 2: environmental impact of lithium-batteries (adapted from Majeau-Bettez et al., 2011). 

A similar classification of components of traction batteries on various environmental impact categories 
is made by Wang et al. (2017) who assessed a L(R)NM battery. They also found that cathode 
manufacturing is responsible for a large part of the environmental impact. However, battery 
management systems contribute with nearly 70% to the aquatic eutrophication and with 80% to the 
aquatic ecotoxicity. In the future, lower emissions can be reached with further improving the energy 
capacity and energy density of the battery and by using less hazardous materials (Wang et al., 2017).  
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Notter et al. (2010) argued that the environmental impacts of li-ion batteries are mainly caused by the 
production of the anode (especially in terms of EI99), the cathode (especially for GWP, CED, and ADP), 
and the battery pack. The battery pack includes the cells, steel box, cables and printed wiring board, 
which together contribute about 20% of the total environmental impacts. Copper that is used in the 
anode for collector foil and in other components such as cables contribute to more than 43% of the 
EI99 impact. Aluminum foil that serves as collector of the cathode contributes to the greenhouse gas 
emission, cumulative energy demand, and abiotic depletion. “Single cell, separator, lithium salt, and 
solvents play a minor role” (Notter et al., 2010). Lithium only accounts for 0.007 kg per kg Li-ion battery 
and, if produced from brines, it will not cause considerable impacts to the environment (Notter et al., 
2010). For an average traction battery for a full electric vehicle this results in around 7.2 kg per 36 kWh 
battery (Oliveira et al., 2015). Several studies and environmental assessment characterization methods 
ensured that the lithium availability is enough to fulfill the demand in the electric vehicle industry 
(Oliveira et al., 2015). The lithium resource is estimated between 19.2 and 71.3 Mt and recycling can 
provide an additional source in the future (Oliveira et al., 2015). Other precious metals used in traction 
batteries, such as gold, silver, and tin, have a higher depletion risk (Oliveira et al., 2015).  

Oliveira et al. (2015) studied the environmental impact of LMO and LiPF6 lithium batteries. Their 
results are summarized in the table below.  

Impact 
category 

LMO (LiMn2O4) LFP (LiPF6) 

Climate 
change 

0.26 kg CO2-eq/kWh 

Mainly due to electricity used in the 
manufacturing process, production of 
electrodes and aluminum in battery parts. 

Material and energy consumption in 
recycling. Small saving due to recycling of 
aluminum.  

0.4 kg CO2-eq/kWh 

Due to production of materials for 
electrodes, the use of electricity in the 
manufacturing process, and 
production of cell container. 

Material and energy consumption in 
recycling. Small saving due to 
recycling of aluminum. 

Human 
toxicity 

1.5 kg 1,4 DB-eq/kWh 

mainly due to disposal of spoils from the 
mining of materials and the disposals and 
tailings of wastes ant mining sites of 
uranium, coal, lignite and copper needed 
for the electricity in the use phase.  

0.8 1,4 DB-eq/kWh 

Recycling benefits outweigh the 
emissions from recycling. Also low 
impacts during manufacturing 
compared to LMO.  

Particulate 
matter 
formation 

2.9e-4 kg PM10-eq/kWh 

Mainly from electricity generation (for use 
phase and in manufacturing), extraction of 
raw materials, and during recycling of cell 
container and electricity used in recycling. 
Small benefits due to recycling of copper, 
aluminum and steel. Further benefits from 
recycling manganese and copper.   

3.0e-4 kg PM10-eq/kWh  

Mainly from electricity generation 
(for use phase and in manufacturing), 
extraction of raw materials, and 
during recycling of cell container and 
electricity used in recycling. Small 
benefits due to recycling of copper, 
aluminum and steel.   
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Mineral 
resource 
depletion 

6e-02 kg Fe-eq/kWh 

Manganese is the main contributor for 
metal depletion. The positive electrode 
(manganese) and copper in wiring give a 
high impact in the manufacturing stage. 
Recycling of electrodes give positive effect.  

1.5 e-02 kg Fe-eq/kWh 

Copper and aluminum have a 
significant impact. Recycling of 
electrodes give positive effect. 

Table 3:environmental impact of two types of lithium batteries. Based on Oliveira et al. (2015). 

Kim et al. (2016) present a cradle-to-gate assessment of a commercial produced battery for the Ford 
Focus BEV using primary data. The 24 kWh lithium-ion battery with a total mass of 303 kg facilitates a 
range of 122 km. This resulted in 140 kg CO2-eq per kWh of battery. 45% of these emissions comes 
from the utilities consumption during the cell manufacturing. Cell manufacturing, together with cell 
components and battery enclosure, is responsible for 82 to 92% of the emissions (VOC, CO, NOx, PM, 
and SO2) (Kim et al., 2016). 

Emissions per kWh of capacity decreases with larger battery capacity. A large variation in emissions 
per kWh exists, ranging between 38 and 487 kg CO2-eq/kWh. The study by Ambrosse and Kendall 
(2016) estimate a 140-244 g CO2-eq/km (based on 660/970 g CO2-eq / kWh) in the USA. The largest 
share of these emissions (i.e. 80%) is consumed during the cell and pack assembly, resulting in 157-
475 kg CO2-eq / kWh. Oliveira et al. (2015) calculates 18.15 kg CO2-eq/kWh for LFP lithium batteries. 
On the other hand, Choma and Ugaya (2015) found higher impacts for all impact categories for larger 
batteries.  

The chemical content of batteries, electricity grid emissions (both in production and usage), battery-
to-wheels efficiency, climate impacts, causes and effects of battery aging and health, and uncertainty 
in the amount of km delivered over the lifespan of the battery all affect the full life-cycle environmental 
impacts of the battery and electric vehicle (Ambrose and Kendall, 2016). Various types of lithium-ion 
batteries exist using different cathode materials (Ellingsen et al., 2013). There is a lack of studies on 
life cycle inventories of traction batteries and there is a low degree of transparency (Ellingsen et al., 
2013). In a review on electric vehicles by Hawkins et al. (2012) they concluded that there is no 
consensus regarding the lifespan of batteries as it depends on uncertainties in use patterns and 
consumer behavior in charge/discharge cycles. For example, aggressive driving styles requires a higher 
number of cycles to drive the same distance as lighter eco-driving styles (Faria et al., 2014). In addition 
to the user behavior, the lifespan of batteries in terms of km driven depends on the powertrain 
efficiency (MJ/km), which influences how many charge/discharge cycles are needed (Ellingsen et al., 
2013). A better powertrain efficiency will improve the battery lifespan (Ellingsen et al., 2013). 
Overcharging, overdischarging, high depth of discharges (DOD), and high or low temperatures further 
leads to a faster decay of battery lifespan (Faria et al., 2014). In conclusion, the lifespan of the battery 
might depend on these and more factors which or not yet understood (Richa et al., 2014; Ruiz et al., 
2016).  

The lifespan of the battery (in vehicular service life) is assumed to occur when the battery energy 
storage capacity is reduced to 20% to 30% compared to the original capacity (Ambrose and Kendall, 
2016). Due to the lower lifespan of batteries compared to the glider, many studies assume a certain 
amount of batteries over the lifespan of the vehicle. Onat et al. (2015) argue that assuming twice the 
same battery is most likely not correct as technological innovation improves the battery rapidly and it 
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is therefore likely that the replacement battery has an improved energy intensity with lower GHG 
emissions.  

2.2. Infrastructure 
The infrastructure, and required changes in the infrastructure due to electric vehicles, are not often 
included in LCA studies, with the exception of Nansai et al. (2001) who included infrastructure in their 
LCA on electric vehicles in Japan and Lucas et al. (2012) who included infrastructure in their LCA on 
electric and conventional vehicles in Portugal. There is a clear need for better data on the associated 
energy use and CO2 emissions related to the infrastructure (Lucas et al., 2012).  

Conventional vehicles use refueling stations where refueling take a couple of minutes. Electric vehicles, 
on the other hand, require charging points where refueling can take up to eight hours. Home chargers 
serve only one car, while quick and normal charges on the site of the road can probably charge 
between 0.15 and 0.25 cars per day (Lucas et al., 2012). In the longer term, values between 0.5 and 
8.5 charges per day can be reached (Lucas et al., 2012). Lucas et al. (2012) include infrastructure in 
their LCA on electric and conventional vehicles and found that conventional infrastructure lead to 0.02 
to 0.05 MJ-eq/km and 0.6 to 1.2 g CO2-eq/km, while infrastructure associated with electric vehicles 
lead to 0.07 to 0.16 MJ-eq/km and 4 to 8.1 g CO2-eq/km. This means that while infrastructure of 
conventional vehicles only contributes up to 0.7% of the CO2 emissions over the lifecycle of the vehicle, 
electric vehicle infrastructure can be responsible for up to 7.9%. Infrastructure should therefore be 
included in the LCA studies.  

2.3. Conclusions 
Many assumptions are made regarding the production phase of the electric and combustion vehicle. 
A significant number of researchers have included the same car components in both vehicles and only 
marginally changed the specifications, e.g. changing the internal combustion engine with an electric 
motor and adding batteries. The assumption that vehicle components have the same specifications in 
both vehicles should be checked with car manufacturers or real vehicles. Only if changes in 
components and vehicles parts lead to none to non-significant environmental impacts, the differences 
can be omitted in the assessments. The findings in this chapter are summarized below:    

• There is only a limited amount of research done on vehicle components of electric vehicles 
other than batteries. Primary data from OEM manufacturers is needed to test the reliability of 
the assumptions taken in the LCA studies.  

• The environmental impact of battery is responsible for a significant part of the environmental 
impact of electric vehicles, however many uncertainties accrue in determining the 
environmental impact of batteries. More research is needed.  

• Infrastructure related to vehicles is often ignored in LCA studies, yet should be part of the full 
LCA on electric vehicles compared to conventional vehicles.  
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3. Use phase  
In the use phase, the fuel or electricity consumption needed to drive the vehicles should be included 
in the environmental assessment, as well as the impacts from repairs and maintenance. Many factors 
impact the energy consumption during usage, which is why we first discuss the energy consumption 
of drive cycles, followed by additional energy consumption under specific circumstances, including the 
effects of driving behavior, auxiliaries, and temperature. After establishing how the energy 
consumption of driving should be calculated, we assess the associated emissions linked to the fuel or 
electricity consumed. Finally, the impacts from repair and maintenance will be listed.   

3.1. Energy consumption of drive cycles 
While many LCA studies assume standard drive cycles for the energy consumption (for example 
Messagie et al., 2013; 2014; Notter et al., 2010; Tagliaferri et al., 2016), there is an increasing consensus 
that standard drive cycles do not accurately represent real energy consumption of vehicles. None of 
the existing drive cycles are a perfect representation of the real performance of electric vehicles when 
used on the road, which leads to lower driving ranges on the road than reached in the drive cycles 
(Noshadravan et al., 2015). Donateo et al. (2014) found a drive range between 70 to 126 km with an 
average of 108 km with a full battery, while the NEDC test showed 135 km for that particular type of 
electric vehicle. Also the energy consumption is higher than expected; between 13.1 and 30 kWh/100 
km compared to the 12.2 kWh/100 km in the NEDC (Donateo et al., 2015). On-road energy 
consumption of electric vehicles is measured between 15.5 to 20.9 kWh/100 km (Rangaraju et al., 
2015). Howey et al. (2011) report between 14 and 28 kWh/100 km among the 13 electric vehicles that 
participated in an on-road test. Lorf et al. (2013) measure an average of 14.4 kWh/100km during the 
Future Car Challenge road trip in England during which the goal was to minimize the energy 
consumption as far as possible. It is likely therefore that on-road use by normal customers is higher. 
Also for ICEVs it is argued that real-world fuel consumption is higher than the NEDC fuel consumption. 
Mock et al. (2012 cited in Noshadravan et al., 2015) showed an increase of 21% of on-road 
consumption compared to the values find in NEDC cycles.  

NEDC cycles do not include all factors that affect energy performance, such as various drying styles, 
weather conditions, traffic, and other terrains (Donateo et al., 2015; Rangaraju et al., 2015). Further, 
NEDC does not include path elevation profile, driving profile, or regenerative breaking (Faria et al., 
2013).  

The worldwide harmonized light duty driving test cycle (WLTC) will most likely replace the New 
European Driving Cycle (NEDC) (Bauer et al., 2015; Canals Casals et al., 2016; Hooftman et al., 2016). 
The WLTC cycle is created based on statistical analysis of average driving conditions in various countries 
including EU, India, Japan, Korea, and USA (Bauer et al., 2015). WLTC is considered as a more realistic 
drive cycle as it includes more changes in velocity (Bauer et al., 2015). It further includes ambient 
temperature, road load testing, and a more realistic weight categorization (Hooftman et al., 2016). 
Besides the dynamometer testing over the WLTC, the new EU limits will most likely also include on-
road testing of emissions via a portable emission measurement system (Hooftman et al., 2016). The 
differences between the NEDC and WLTC cycles are summarized in Table 4.  
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  NEDC WLTC 

Total distance Km 10.93 23.26 

Total time s 1185 1801 

Time standing % 24 13 

Average speed Km/h 33.24 46.50 

Maximum speed Km/h 120 132 

Average acceleration  m/s2 0.54 0.42 

Average deceleration m/s2 -0.79 -0.44 

WTW emissions for ICEV [average EU] gCO2e/km 132 144.15 

Energy consumption electric vehicle kWh/100 km 18.09 19.78 

Table 4: Drive cycle data (Canals Casals et al., 2016). 

Even though the WLTC is considered to be more realistic, it does not include energy consumption 
dependent on the driving behavior and conditions and hence does not provide insights under which 
circumstances it will be more efficient to drive an electric vehicle. For example, Ma et al. (2012) argued 
that electric vehicles can be best used in urban areas with low speed and light load of weight and 
auxiliaries. The effect of different driving conditions and behavior will be discussed in the next section.  

3.2. Effect of driving behavior and condition on 
energy consumption 
It is argued that the majority of the electric vehicles drive the most efficient at speeds between 20 and 
80 km/h (Canals Casals et al., 2016). More detailed experiments showed that the energy consumption 
per km driven is constant between 10 and 60 km/h, but grow steadily above 60 km/h to overcome the 
aerodynamic force (Faria et al., 2012). Under 60 km/h, the rolling resistance is relative larger than the 
aerodynamic force. On the other hand, on-road experiments in Italy suggested that the electricity 
consumption is almost constant over different speed ranges (Donateo et al., 2014). 

Besides the speed, start and stop driving conditions (which occur at higher frequency in urban settings) 
can have a large impact on the energy consumptions. Taken into account that most electric vehicles 
cannot recover regenerative braking energy when driving at low speeds, start-stop driving conditions 
can lead to high energy consumption (Guo et al., 2009). As a result, most electric vehicles drive most 
efficient in sub-urban driving conditions with less frequent start-stop conditions and no high speeds 
(Canals Casals et al., 2016). Helland (2009) argued that electric vehicles might be particularly suitable 
for rush hour driving. The study of Yuan et al. (2015) showed that long-distance driving on highways 
require remarkably higher energy consumption in electric vehicles, degrading the energy efficiency of 
electric vehicles. However, electric vehicles have a relatively low energy consumption in driving cycles 
with low average speeds and frequent stops. Also, Helmers et al. (2015) argue that electric vehicles in 
urban areas, with many start and stops and an average low speed, will have a larger range and lower 
energy consumption. The relative environmental benefit of electric vehicles compared to ICEVs will 
therefore depend on the usage, with urban / sub-urban conditions being more favorable than high-
way driving.  
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Aggressive driving styles are another large influencer of the driving range and energy consumption 
(Faria et al., 2012). Fast acceleration results in high amount of energy drained from the battery while 
heavy braking eliminates the use of regenerative braking (Faria et al., 2012). Aggressive driving reduces 
the drive range by 90 km due to a 47% increased energy consumption (Faria et al., 2013). On the other 
hand, Faria et al. (2012) also found that eco-driving behavior increases the range to a value above the 
range value given by the manufacturer. Also Noshadravan et al. (2015) concluded from an uncertainty 
analysis that driving aggressiveness can have a significant impact on the environmental friendliness (in 
terms of GHG emissions) of electric vehicles compared to conventional vehicles. 

3.3. Auxiliaries and energy consumption 
Most LCA studies on electric vehicles do not mention auxiliaries. Auxiliaries, such as heating and 
cooling, affect the driving range in real life applications and should be included in LCA studies 
(Jungmeier et al., 2013).  

Canals Casals et al. (2016) argue that auxiliaries such as air conditioning, cooling and heating, radio, 
light etc., can consume between 200 and 3000 W. Rangaraju et al. (2015) measured that auxiliaries are 
responsible for 21.6 to 40.1 % of the total energy consumption of electric vehicles, depending on the 
driver behavior. Especially in urban areas, the energy consumption of auxiliaries might be high 
compared to the total energy consumption at low speeds. Some recommend therefore to drive with 
the windows open at low speed instead of using the air conditioning (Faria et al., 2012). On-road 
experiments in Italy showed the following increase in electricity due to auxiliaries (Donateo et al., 
2014): 

Auxiliaries Worst case (kWh/100 km) Average (kWh/100 km) 

Summer driving: Air conditioning 13 (at 12.3 km/h) 4.5 

Winter driving: Heated rear window, 
cabin heating, and lights 

13 (at 30 km/h) 8.6 

Table 5: extra electricity consumption due to auxiliaries in electric vehicles (adapted from Donateo et al., 2014). 

The energy consumption due to auxiliaries have usually a limited impact for modern vehicles, except 
when driving in extreme weather conditions. Faria et al. (2013) argued that an eco-efficient driver in 
summer might have 24% increased energy consumption due to cooling the cabin, and driving in winter 
increases the energy consumption with 61% due to heating. Keeping the driving profile constant, 
heating increases the energy consumption between 5.2 and 6.2 kWh/100km and cooling between 2 
and 2.4 kWh/100 km (Faria et al., 2013). Helland (2009) calculated that one hour of heater usage in an 
electric vehicle at 5 degrees require 1.25 kWh, while at an outside temperature of -10 degrees result 
in a 4.0 kWh additional energy consumption. 

More research is needed to identify how the auxiliaries affect the electricity consumption in various 
conditions and driving cycles / behavior (Domateo et al., 2014).  

3.4. Effect of ambient temperature 
Besides the need for heating or cooling due to respectively low or high ambient temperatures, climate 
influences also the battery efficiency (Yuksel and Michalek, 2015). At cold temperatures, the battery 
efficiency, available energy, and discharge capability decreases, and battery internal resistance 
increases (which means decreasing power that can be drawn from the battery). On the other hand, 
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high temperature results in faster degradation of the batteries and increasing thermal management 
requirements. Simultaneously, ambient temperatures affect the demand for air conditioning for 
cooling or heating. Together, this might lead to a 40% decrease in drive range on cold days (-26 
degrees) and a 30% decrease on hot days (41 degrees). The effect is stronger for cold temperatures 
since heating requires more energy as cooling and batteries have a poorer performance at low 
temperatures. Yuksel and Michalek (2015) examined the real energy consumptions of electric vehicles, 
taking into account real driving behavior, and found that the average energy consumption can increase 
from 17 kWh/100km to 19.6 kWh/100km in colder areas. Temperature affects the CO2 emissions of 
electric vehicles in various ways (Yuksel and Michalek, 2015): 

• Decreasing battery efficiency at cold temperatures 
• Less available energy at cold temperatures 
• Lower discharge capability at low temperatures 
• Increased battery internal resistance at low temperatures 
• Fast degradation of battery at high temperatures 
• Higher demand for heating or cooling in hot or cold climates respectively 
• Increased charging duration due to higher energy consumption.  

Conventional vehicles also have an increasing fuel consumption during the cold-start phase with 
decreasing outside temperature, but the effect is not that large as with electric vehicles (Helland, 
2009). This means that the environmental benefit of electric vehicles might be lower in cold climates.  

3.5. Battery efficiency and charging 
Faria et al. (2014) argue that while a certain battery pack is able to store 24 kWh, only 19 kWh is 
available for the user. The available energy for driving depends on the vehicle specific energy 
requirements (kWh/100km), the charger efficiency (usually between 85-95%), and accessory load 
(Ambrose and Kendall, 2016). The charger efficiency can be further split in three contributing factors 
(Canals Casals et al., 2016): 

• Instant charger efficiency, usually around 95% but depending on the current intensity. 
Donateo et al. (2014) measured energy in charger and energy actually stored in the battery 
after charging and noted a difference of 10%, with a maximum of 14% energy loss. The losses 
occur due to battery cooling during recharging (Donateo et al., 2014). 

• Battery efficiency, usually around 95% and depending on current intensity. The efficiency is 
decreasing at faster charging speeds. Battery consumes a small amount of energy during 
discharging due to internal resistance which results in heat emitted (Majeau-Bettez et al., 
2011). Temperature control systems require energy and impacts therefore the energy use of 
electric vehicles (Hawkins et al., 2012). 

• Energy loss during standby mode / standstill. These losses depend largely on the battery 
technology and is estimated to be lower than 0.1 kWh/100km (Del Duce et al., 2013).  
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Figure 3: Efficiency of different components in an electric vehicle (Faria et al., 2013). 

 
In total, Canals Casals et al. (2016) estimated that this results in 80 to 95% efficiency. Others assume 
an energy efficiency of 90% for lithium-ion battery (Majeau-Bettez et al., 2011). Powertrain efficiency 
is the most important factor on the final energy consumption of the electric vehicle, followed by 
vehicle mass (Canals Casals et al., 2016).  

  Minimum efficiency (%) Maximum efficiency (%) 

WTT Transmission 98 99 

Distribution 91 93 

Fast charger 95 (Faria et al., 2012) 

91 (Faria et al., 2013) 

97 (Faria et al., 2012) 

94 (Faria et al., 2013) 

Standard charger 91 (Faria et al., 2012) 

95 (Faria et al., 2013) 

94 (Faria et al., 2012) 

97 (Faria et al., 2013) 

TTW Battery 93 (Faria et al., 2012) 

90 (Faria et al., 2013) 

99 (Faria et al., 2012) 

95 (Faria et al., 2013) 

Inverter 90 98 

Electric motor 85 96 

Drivetrain 87 93 

Table 6: system efficiency for electric powertrain, assuming lithium-ion battery (Faria et al., 2012; 2013). 

Losses in the transmission and distribution system of the electricity grid are around 9 to 10%, which 
means that around 17.6 kWh is needed to fully charge a 16 kWh battery (Faria et al., 2013). 

3.6. Calculating the vehicle energy consumption 
The energy consumption during usage depends on several factors including air resistance, rolling 
resistance, and acceleration. For electric vehicles, negative acceleration, or regenerative braking, 
reduces the overall energy consumption by recharging the battery (Canals and Casals et al., 2016). 
However, only a fraction of the energy can be recovered. Lorf et al. (2013) estimate that up to 32% of 
the energy consumption during use can be saved with regenerative breaking. Del Duce et al. (2016) 
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argued that a 20% reduction of brake wear emissions due to regenerative braking is appropriate. 
Renault argues that their electric vehicle has 20 km additional range on a NEDC cycle, and 30 to 40 km 
additional range in urban driving conditions (Renault, 2011). They measured the emissions increase if 
real driving is used instead of NEDC emissions for a petrol and electric car: 

 1.6 l 16v petrol engine Electric motor 

Abiotic depletion +13% +6% 

Primary energy demand +12% +9% 

Global warming potential +12% +6% 

Acidification +9% +5% 

Eutrophication +7% +4% 

Photochemical ozone potential  +11% +4% 

Table 7: increase in emissions when using real driving instead of NEDC (Renault, 2011). 

During the lifespan of the battery, the internal resistance and self-discharge rate increases which lead 
to a reduction of capacity (Faria et al., 2014). Electrochemical ageing due to use of the battery, calendar 
ageing due to time passing by, and mechanical ageing due to mechanical stresses such as vibration and 
shocks decreases the performance of the battery over the lifetime (Ruiz et al., 2016).  

Battery degradation is often not included in LCAs, leading to an overestimation of cycle lives. Gu et al. 
(2014 cited in Ambrose and Kendall, 2016) showed for example that LMO cells have 15 to 40% lower 
cycle lives than their theoretical estimated when considering automotive operating conditions. The 
interaction between battery aging and degradation is not studied and will most likely depend on the 
battery chemistry (Ambrose and Kendall, 2016). The depth of discharge (DOD) is reduced to 75-80% of 
the capacity to increase the cycle life by a battery management system (BMS). While this increases the 
battery lifespan it reduces the km span of the vehicles. “Battery service life is a function of battery 
degradation, often referred to as battery aging, and is characterized by gradual capacity fade and 
impedance growth, eventually resulting in the need for battery replacement or vehicle retirement. Both 
battery cycling and time cause battery aging, and battery aging is accelerated by the DOD and 
frequency of cycles, thermal conditions, and SOC [state of charge]/voltage conditions experienced by 
the battery” (Ambrose and Kendall, 2016). Ellingsen et al. (2013) argue that 100% DOD would mean 
that the battery lifespan is around 1000 cycles, while 50% DOD lead to 5000 cycles.  

chemistry Lithium nickel 
cobalt 
aluminum 
oxide 

Lithium nickel 
manganese 
cobalt oxide 

Lithium 
manganese 
oxide 

Lithium iron 
phosphate 

Lithium 
manganese 
with titanate 
oxide anode 

Chemistry 
group 

Nickelate NCA NMC Manganese 
spinel LMO 

Phosphate 
LFP 

Titanate 
LMO/LTO 

Voltage 
(nominal/max) 

3.6/4.2 3.6/4.2 3.6/4.0 3.2/3.6 2.4/2.8 
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Energy density 
(W h/kg) 

100/150 75-170 100-120 80-115 45-100 

Estimated 
automotive 
cycles 

2000-3000 1000-2000 300-700 2000-3000 >5000 

Table 8: lithium chemistries for electric vehicle traction batteries (Ambrose and Kendall, 2016). 

The state of charge (SOC)1 has a negative effect, i.e. lower SOC levels lead to higher energy 
consumption due to the charge and discharge character of the battery (Zhang and Yao, 2015). Typically, 
the state of charge is operated around 20% which means that 80% of the energy is available and that 
a 250 kg battery with an energy density of 0.1 kWh/kg would lead to 20 kWh of energy that can be 
extracted (Del Duce et al., 2013). The energy consumption is related to the microscopic driving 
parameters such as speed, which depend on the braking and acceleration of the vehicle (Zhang and 
Yao, 2015). The authors argue that speed, acceleration, regenerative breaking, and battery state of 
charge (SOC) are the most important factors that influence energy consumption of the electric vehicle.  

The energy consumption of electric vehicles on road differ substantially from laboratory results (Yuan 
et al., 2015; Zhang and Yao, 2015). Unlike the energy consumption of ICEVs motors, the energy 
consumption of electric powertrains can be derived analytically. Electric powertrain energy 
consumption has “negligible idling energy consumption, negligible cold starts, uniform efficiency map 
of the electric motor, negligible additional energy consumption in dynamic conditions, and no gear 
shifting” (Yuan et al., 2015). Rolling coefficient, drag area, and battery energy density impact the 
energy consumption of electric vehicles as well as the weight of vehicle (Yuan et al., 2015). A larger 
driving range is associated with an increased battery mass and therefore increased energy 
consumption. Driving behavior and driving patterns also impacts the energy consumption. Drivetrain 
losses, electric motor and inverter losses further affect energy consumption (Yuan et al., 2015). Rolling 
friction losses are mainly impacting the energy consumption at low speeds. In the USA, the tolling 
coefficient of a new tire is between 0.007 and 0.014. Aerodynamic friction increases with higher speeds 
(Yuan et al., 2015).  

Instruction on how to calculate the vehicle energy consumptions are provided by Del Duce et al. (2016). 
They included average real-world consumption as the goal of the database is to describe average 
transportation with an electric vehicle. Deviations from these values can occur due to different 
assumptions in one of the many factors that impact vehicle energy consumption (e.g. battery 
efficiency, road type, driving behavior, auxiliaries, weather, etc). The suggested standard procedure is 
as follows: 

Step 1: calculate the “mechanical energy required to move the mass of the vehicle along the trajectory 
defined by the NEDC”. Also called the NEDC consumption at the wheels: 

 𝐹(𝑡)% = 𝑚(𝑎(𝑡) +
+
,
× 𝐶/ × 𝜌 × 𝐴 × 𝑣,(𝑡) + 𝐶3 × 𝑚( × 𝑔 

 where 

                                                             
1 State of charge is the inverse of depth of discharge. If depth of discharge (i.e. the percentage of battery 
capacity that is discharged) increases, the state of charge (i.e. the percentage of battery capacity present) 
decreases.  
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 𝐹(𝑡)% = 𝑓𝑜𝑟𝑐𝑒	𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑	𝑓𝑜𝑟	𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑜𝑓	𝑣𝑒ℎ𝑖𝑐𝑙𝑒 

 𝑚( = 𝑚𝑎𝑠𝑠	𝑜𝑓	𝑣𝑒ℎ𝑖𝑐𝑙𝑒 

 𝑎(𝑡) = 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

 𝑣(𝑡) = 𝑠𝑝𝑒𝑒𝑑 

 𝐶/ = 𝑎𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑒	𝑑𝑟𝑎𝑔	𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

 𝜌 = 𝑎𝑖𝑟	𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝐴 = 𝑓𝑟𝑜𝑛𝑡𝑎𝑙	𝑎𝑟𝑒𝑎 

 𝐶3 = 𝑟𝑜𝑙𝑙𝑖𝑛𝑔	𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

𝑔 = 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛	𝑑𝑢𝑒	𝑡𝑜	𝑔𝑟𝑎𝑣𝑖𝑡𝑦 

Step 2: multiply this value with the average efficiency of the entire powertrain, including the power 
electronics, internal charging and discharging efficiency of the battery and charger efficiency.  

Step 3: Multiply the value with a factor 1.15 to take into account real-world driving instead of NEDC 
driving.  

Step 4: Add energy consumption for auxiliaries. Standard default values are given in the eco-invent v3 
database: 3 kW for heating, 0.6 kW for air-conditioning, and 0.5 kW for lights, radio, etc. 
Heating is assumed to be switched on for 4 months (2 kWh/100 km), cooling also for 4 months 
(0.4 kWh/100km) and lights, radio etc, 33% of the time switched on (0.33 kWh/100km).  

The eco-invent database proposes a standard value of 19.9 kWh/100 km for the energy consumption 
of electric vehicles (Del Duce et al., 2014 in Helmers et al., 2015). Data in the eco-invent database has 
been reviewed and approved by scientific experts and has as purpose to provide more reliable data 
than what else would be assumed in LCA studies. However, the values need to be adjusted to obtain 
realistic inputs, taking into account real-world mileage (Helmers et al., 2015). Very often LCA studies 
replace the eco-invent data with the energy consumption provided by the manufacturers, which is 
usually the result of the NEDC test, and therefore lower than real on-road energy consumption.  

3.7. Electricity generation and associated emissions  
Once the energy and/or fuel consumption of the vehicle is determined, the emissions associated with 
this consumption will have to be determined. Several studies explored a fair attribution of emissions 
to the energy consumption of electric vehicles.  

It is widely argued that the electricity source has a substantial impact on the environmental impact of 
electric vehicles (Granovskii et al., 2006). The electricity source should therefore be justified.  Most LCA 
studies use average emissions of electricity mix in a particular country, while in practice the emissions 
of the electricity mix vary depending on when the vehicle is charged (Faria et al., 2013; Rangaraju et 
al., 2015). Four different assessment approaches are identified (Jochem et al., 2015): 

1. Annual average mix, mainly suitable for comparing countries on the environmental impacts of 
electric vehicles. This is the simplest way of calculating emissions from electricity generation 
often using historical data (Ryan et al., 2016). However, several researchers have argued that 
using annual average mix in the context of electric vehicles is conceptually incorrect or 
inappropriate to use, unless the focus is only on existing demand, i.e. attributional LCAs (Ryan 
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et al., 2016). More often, incremental increase is studied (i.e. consequential LCAs), which 
means that marginal emissions are more suitable (Ryan et al., 2016).  

2. Time dependent average mix. 
3. Marginal electricity mix. Arguably this would allow for the most precise analysis of the impact 

of electric vehicles on the energy system. Also Ma et al. (2012) and Tamayao et al. (2015) argue 
that marginal grid should be used as this measures the incremental electricity that is created 
to meet the energy demand from electric vehicles. Assuming renewable energy sources is 
often done without good justification and researchers should not assume renewable energy 
unless the renewable energy is generated specifically and additionally for charging electric 
vehicles (Jungmeier et al., 2013). Marginal electricity varies drastically over the time of day and 
can be generated with a wide variety of electricity sources (Ryan et al., 2016). Marginal 
electricity is often produced with fossil fuels since peaks in electricity demand must be met 
with flexible short-run electricity sources (Onat et al., 2015). One exception is (pumped-
storage) hydroelectric power generation.  

4. Balancing zero emissions: the increase in CO2 emission due to electric vehicles are reduced 
somewhere else within the EU Emission Trading System.  

No consensus is reached yet on which approach should be used for calculating the environmental 
impact associated with electricity generation (Ryan et al., 2016). Country boundaries should not be 
used in determining the electricity emissions since electricity is important and exported between 
political regions (Ryan et al., 2016). Even if the average electricity mix is chosen for charging electric 
vehicles, the electricity mix might change in the future (Faria et al., 2013). Galnan et al. (2013) argues 
that electric vehicles will increase the electricity consumption and thereby increases the potential to 
decarbonize the electricity generation. Future changes in the electricity network can significantly 
change the electricity emissions, and future-looking studies are therefore very sensitive to the 
assumptions taken in the study (Ryan et al., 2016). Using marginal emissions in LCAs of electric vehicles 
give better insights into the possibilities for improving the environmental impact of electric vehicle 
charging (Rangaraju et al., 2015). However, no good tool is available to calculate the marginal 
electricity emissions which makes it difficult to calculate reliable emissions of the use phase of electric 
vehicles (Ryan et al., 2016). A sensitivity analysis on the carbon intensity of the electricity network (as 
well as other emissions) is therefore needed.  

The loading profile of the electric vehicle also has an impact on the total emissions generated. Galnan 
et al. (2013) differentiate between ‘standard EV loading’ (as described in EPRI, 2007) and ‘least cost 
EV load’ that tries to minimize the generation costs. The latter one makes use of off-peak charging. 
However, it is unclear if off-peak charging lead to lower or higher emissions. Foley et al. (2013) argued 
that off-peak charging leads to lower CO2 emission and Rangaraju et al. (2015) reported that off-peak 
charging reduces the CO2-eq, SO2, NOx, and PM emissions with 10%. On the other hand, Weldon et al. 
(2016) argued that off-peak charging can lead to higher emissions than evening (peak) charging based 
on their assessment in Ireland. Also Tamayao et al. (2015) calculated that off-peak charging during the 
night are higher in most regions in the USA due to the “carbon-intensive marginal grid mix during 
nonpeak hours”. While coal-fired power plants might result in low cost electricity, it also leads to 
increased air pollution (Tamayao et al., 2015). The charging strategy will determine the electricity 
source used for charging the electric vehicles (Li et al., 2016). The authors argue that controlled 
charging lead to higher CO2 emissions than uncontrolled charging, with differences up to 58 g CO2/km 
in the Chinese case due to coal-based electricity generation used more frequently in this situation. 
However, despite the higher CO2 emissions, the authors argue that controlled charging is the way 
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forward as this increases the implementation of renewable energy sources and improves the power 
security.  

Besides the effect on emissions in electricity generation, controlled charging is needed for the stability 
of the future electricity grid assuming a high share of electric vehicles (Jochem et al., 2015). Controlled 
charging, where electric vehicle charging is automated and optimized according to the needs of the 
electricity generation, is nowadays implemented in most electric vehicles (Jochem et al., 2015). 
Uncontrolled home charging would lead to peaks in the early evenings that overlap with current peaks 
in energy consumption (Li et al., 2016). Assuming a higher uptake of electric vehicles in the future, 
uncontrolled charging would lead to a higher installed capacity to meet all electricity demand (Jochem 
et al., 2015) and consequently higher amounts of non-served load (Li et al., 2016). Controlled charging, 
on the other hand, would lead to a decreasing use of storage systems (Jochem et al., 2015).  

Weldon et al. (2016) compares the CO2 emissions during the use phase of an electric vehicle with that 
of a conventional car. They analyzed charging profiles of 1522 users of electric vehicles and estimated 
the CO2 emissions of the electricity on the particular times of charging the vehicle. The CO2 emissions 
per kWh of electricity varies constantly, but it was found that the i-Miev emit between 1 and 80 g 
CO2/km in the use phase, the Nissan Leaf between 80 and 100 gCO2/km, and the Tesla Model S 
between 100 and 130 g CO2/km. This shows that policy makers should include the upstream emissions 
in the vehicle classification as the tailpipe-emissions only show a part of the picture. When the 
emissions of charging are included, electric vehicles with higher energy consumption show the same 
emissions as ICEV emissions (Weldon et al., 2016).  

Vehicle-to-grid charging is another possibility where vehicles dispatch electricity back into the grid 
during high energy demand (Felgenhauer et al., 2016). Using electric vehicles to smoothen the 
electricity consumption by exchanging electricity both ways between the vehicle and the grid might 
provide significant benefits in terms of grid stabilization, but the effect on the lifespan of the batteries 
must be included in the assessment (Pina et al., 2014). It is estimated that vehicle-to-grid charging has 
a limited role in an environmental friendly electricity grid and lead to negative consequences due to 
battery degradation (Felgenhauer et al., 2016).  

Frischknecht and Flury (2011) posed the question whether additional renewable energy should be used 
to fuel electric cars or if it would be better to use the renewable capacity to replace coal power plants. 
This shows the difficulty in the LCA boundaries, electric vehicles have an impact on various aspects and 
the full consequences are not always overseen and cannot all be included in one LCA study.  

3.8. Maintenance 
Maintenance contribute significantly to the environmental impact of electric vehicles. Bartolozzi et al. 
(2013) calculates that maintenance is responsible for 20% of the global warming and abiotic depletion 
potential and 30% in the eutrophication impact category. Others argue that the maintenance only 
contribute to a small extend to the GWP (Hawkins et al., 2012). Faria et al. (2013) argue that electric 
vehicles have a lower need for maintenance than ICEVs, but the relative share of maintenance on the 
total greenhouse gas emissions is higher due to the low overall emissions. There is a clear need for 
studies looking into the environmental impact of maintenance (Hawkins et al., 2012).  
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3.9. Other emissions during the use phase 
Non-exhaust Particulate Matter (PM) emissions come from brake, tire and road wear, and from 
resuspension of road dust (Hooftman et al., 2016). Many studies do not consider these types of non-
exhaust emissions, while it can have a large impact on the human health.  

Electric vehicles have generally a higher weight, increasing the PM emissions, but brake less due to the 
use of regenerative braking which reduces the PM emissions (Hooftman et al., 2016). An early study 
suggested that up to 8.8 mg/km break wear emissions might be saved due to recuperation, although 
the number have to be verified with further studies (Warner et al., 2002 in Szczechowicz et al., 2012). 
In addition, Hooftman et al. (2016) argue that tire wear particles have a higher aerodynamic size and 
are therefore less harmful than brake wear particles. Hooftman et al. (2016) assessed the real-world 
non-exhaust emission of electric vehicles in urban areas, including heavy trace metals, polycyclic 
aromatic hydrocarbons (PAH), and ammonia (NH3). Assuming a 66% less wear on the braking pads due 
to energy regeneration systems, and 10% increase on tire wear due to increased weight, Hooftman et 
al. (2016) found that electric vehicles score better in human toxicity, photochemical oxidant formation, 
particulate matter formation, and human health impacts.  

16 to 55% of the generated PM+G emissions in urban areas due to passenger vehicles are brake wear 
particles, usually around 2.0 to 8.8 mg per km (Hooftman et al., 2016). Tire wear contribute with 
approximately 5 to 30%, having an emission factor of 3.5 to 9.0 mg per km. However, the amount of 
emissions from braking depend on the technology; disk brakes are more emissive than drum brakes 
(Renault, 2011).  

The impact of electric vehicles on these types of non-exhaust emissions are poorly understood. More 
research measuring these type of emissions is needed.  

3.10. Innovation 
Technological innovation in vehicles make an environmental assessment of vehicles challenging. 
Ongoing developments in technology require continuous updating of results to keep the insights up-
to-date and valid (Bickert et al., 2015). Especially when looking at the environmental benefit of electric 
vehicles replacing the conventional vehicles fleet in the future, innovation will affect the results. Both 
improvements in electric vehicles as well as in conventional vehicles should be included.  

The efficiency of ICEVs is not high compared to electric powertrain efficiency, 25-35% compared to 90-
99% efficiency respectively (Howey et al., 2011). Helmers and Marx (2012) estimate efficiencies 
between 10 to 25% for ICEVs compared to 59 to 80% for electric vehicles (taking into account charger 
efficiency), resulting in four times less energy than ICEVs. It is expected that combustion engines will 
improve in the future, increasing the energy efficiency and lowering the emissions. Several studies 
assume a continuous improvement in energy efficiency for ICEVs. For example, Choma and Ugaya 
(2015) assume a 0.7% increase in efficiency per year. Bauer et al. (2015) made an assessment of the 
environmental impacts of vehicles 15 years into the future (2030) and estimated the following 
innovation improvements: 

• Vehicle glider mass reduced by 0.5% per year 
• Aerodynamic drag and tire rolling resistance coefficient reduced by 0.5% per year 
• Powertrain component efficiencies increased 
• Energy and power of powertrain components (mainly batteries) improved 
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• Energy source changes 
• Other materials used 

Electric vehicles, on the other hand, have already a high energy efficiency in the powertrain and 
innovation is mainly expected in weight reduction or improved rolling resistance (Offer et al., 2010 in 
Girardi et al., 2015). On the other hand, Ellingsen et al. (2016) argued that a 50% reduction in electricity 
consumption of electric vehicles was reached between 2012 and 2016 and that more technological 
improvements that reduce GHG emission are possible in the future. Srinivasan (2008 cited in Richa et 
al., 2014) argue that the energy density of lithium-ion batteries increases with 5% per year, reaching 
now 200 Wh/kg and will most likely continue in the future. Li et al. (2014) discuss a novel new anode 
material; silicon instead of graphite. Silicon has a high specific capacity but also requires high amounts 
of energy to manufacture, need toxic chemicals in the manufacturing process, and generate large 
amounts of waste including nanowaste. However, the authors argue that even though the production 
phase lead to higher environmental impacts, the use phase of the battery lead to lower impacts due 
to the increased energy storage capacity, the extended driving range, and the reduced weight of the 
battery (from 360 to 120 kg assuming same power output of 43.2 kWh). Overall the environmental 
impact of the two technologies are comparable (Li et al., 2014). The power to weight ratio of lithium-
ion batteries might improve by a factor two between 2010 and 2020 (Helmers et al., 2015). Lithium 
batteries are nowadays seen as the mainstream technology for traction batteries for electric vehicle. 
However, Helmers (2015 cited in Moro and Helmers, 2017) argue that this might change after 2030.  

The participants of the LCA forum in 2011 argued that the possibility of electric vehicles to reduce the 
environmental impacts of mobility is substantially overrated (Frischknecht and Flury, 2011). They argue 
that conventional vehicles can be improved substantially. By reducing the weight and power, 
improving the energy efficiency of combustion engines, and by reducing the demand for mobility, 
lower environmental impacts can be reached.  

Outward looking LCA studies (consequential LCAs) should therefore include both the expected 
innovation in electric vehicles as well as expected improvements in internal combustion vehicles.  

3.11. Conclusions 
Compared to the other parts of the vehicle life cycle, there is a relatively good knowledge about the 
energy consumption of electric vehicles. A procedure is established to determine a realistic energy 
consumption of electric vehicles (Del Duce et al., 2016) and on-road energy consumption can be 
collected to test the variance in the energy consumption. Due to the simple and detailed instructions 
provided by the procedure, the calculation can be easily adapted to certain areas or conditions under 
study. For example, the effect of low temperatures on the energy consumption of electric vehicles can 
be included in the calculations.  

Despite the detailed instructions, several researchers still include the NEDC energy consumption in 
their study (overwriting the more realistic value in the eco-invent database). The available guidance 
on estimating and calculating realistic energy consumption should be spread more widely among 
researchers.  

More difficult is the determination of the exact emissions created due to the electricity consumed in 
the vehicle. There is a debate ongoing on what type of electricity mix should be included, which is 
partially depending on the charging strategy. The more advanced options, using marginal electricity 
mix, provide the most accurate estimations, but is also the most difficult to calculate. In any case, 
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purely renewable energy sources should not be used unless there is a clear link between the electric 
vehicle and the renewable energy sourced used.  

The findings can be summarized as follows:  

• Drive cycles are not a good representation of on-road energy consumption. Auxiliaries, 
ambient temperature, regenerative breaking, driving behavior, etc. should be included in the 
assessment 

• Non-exhaust emissions must be included in the LCA studies of electric vehicles versus 
conventional vehicles.  

• More research is needed on the maintenance of the vehicles and its associated environmental 
impact.  

• Marginal electricity should be used, but it is unclear how these emissions can be calculated.  
• The role of innovation should be included in consequential LCAs.  
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4. End-of-life 
Due to the low environmental impacts of the end-of-life operations, the end-of-life is often excluded 
from LCA studies (see for example Bickert et al., 2015; Hawkins et al., 2012). However, recycling might 
offset environmental impacts incurred during production of the vehicle by recycling and reusing 
materials. It is estimated that recycling can off-set up to 50% of the battery production and 11% of the 
ICEV full life cycle impacts (Hawkins et al., 2012). Because of these potential large impacts on the full 
life cycle impacts of the vehicle, the European Union has mandated battery collection and recycling, 
despite the current economic inefficiencies (Hendrickson et al., 2015). It is therefore expected that a 
larger percentage of traction batteries will be recycled in the future, reducing the full life cycle impacts 
of electric vehicles.  

End-of-life recycling options have a high degree of uncertainty and some have argued that more 
research is needed (Bauer et al., 2015). When offsetting the recycled materials against the materials 
used in production, the feasibility and potential degradation of the recycled materials should be 
included in environmental assessments (Hawkins et al., 2012). Currently, not all materials can be 
(economically) reused and downcycling occurs regularly. If materials are used in applications that could 
have been produced with material that have less environmental impacts than those for electric 
vehicles, the question arise how it should be calculated (Hawkins et al., 2012). The feasibility of battery 
recycling further depends on the quantity (Hawkins et al., 2012). Constant developing technology of 
lithium batteries makes it difficult to maximize recycling efficiency (Hendrickson et al., 2015).  

If recycling is included in the LCA study, very often efficient recycling of the electric vehicle is assumed, 
while recycling (and the efficiency of it) are not yet common practice for lithium-ion batteries (Nordelof 
et al., 2014). Besides that, not all vehicles are recycled as many vehicles exit the EU borders and end 
up at landfills in developing countries (Tagliaferri et al., 2016). Better and more realistic assumptions 
are needed. “The choice of how the materials contained in batteries are handled at the end of the 
battery’s useful life, recycling, downcycling, or disposal is an important factor in determining 
environmental impact” (Hawkins et al., 2012). 

4.1. Amount of recycled material at the vehicles’ 
end-of-life 

The new eco-invent v3 database include end-of-life processes of vehicles in Europe and the USA (Del 
Duce et al., 2016). A manual dismantling facility is assumed that separates hazardous substances from 
re-sellable parts and components that have enough value to go through dedicated recycling facilities 
(such as the powertrain). The glider usually ends up at a shredding facility. The suggested recycled 
quantities of materials in the new eco-invent database can be found in Table 9.    
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 Quantity per kg 
shredded glider 

Quantity per kg 
dismantled BEV 
powertrain 

Quantity per kg dismantled 
internal combustion engine 

Aluminum scrap 4.2 g 270 g 409 g 

Copper scrap 6.6 g 125 g 5.7 g 

Ferrous scrap 654 g 411 g 299 g 

Plastic 155 g - 135 g 

Residue 180 g - 153 g 

Electronic 
component scrap 

- 194 g  

Table 9: recovered fractions per kg of dismantled glider and powertrain (adapted from Del Duce et al., 2016). 

The few studies that looked into the recycling of lithium-ion batteries argue that mainly nickel and 
cobalt is recovered from batteries (Dewulf et al., 2010; Dunn et al., 2012). The recovery of lithium is 
energy intensive and currently economically unfavorable, which means that lithium often ends up in 
slag (Dunn et al., 2012). Besides this, it is estimated that lithium supplies are sufficient even if electric 
vehicles are widely used (Gaines and Nelson, 2010 cited in Dunn et al., 2015). A rough first estimated 
showed that the recycling all wrought aluminum reduces the energy consumption of electric vehicle 
production by 33%, while recycling of the cathode material, aluminum, and copper leads to a 50% 
reduction in energy consumption of the batteries (Dunn et al., 2012; 2015). In addition, SOx emissions 
can significantly be reduced by battery recycling (Dunn et al., 2015). 42% of the battery’s weight can 
be recycled, including aluminum, cobalt, copper, nickel, steel, and iron (Richa et al., 2014). 10% of the 
weight are coming from two high value materials, manganese and lithium, which might be recycled in 
the future (Richa et al., 2014). Other materials, are not recycled and will most likely not be recycled in 
the near future to the lack of secondary markets for these materials, including graphite, carbon black, 
mixed plastics, etc. (Richa et al., 2014). These materials make up about 48% of the battery’s weight.  

4.2. Recycling processes and its environmental 
impact 

Lithium-ion batteries have a variety of materials in each cell and have active materials in the form of a 
powder, which makes recycles difficult and complicated (Wang et al., 2017). At the moment, there are 
two main recycling methods for lithium batteries:  

• Hydrometallurgy recycling: chemistry specific leaching intensive process that recovers lithium, 
aluminum, and other higher-value metals (Hendrickson et al., 2015). Oliveira et al. (2015) 
argue that 100% of lithium and cobalt can be recovered with the hydrometallurgical recycling 
method. Besides this, 75% of the iron and steel, and 94% of the nonferrous materials can also 
be recycled. Tagliaferri et al. (2016) estimate much lower recovery rates (see Table 10).  

• pyrometallurgy recycling: flexible process using a kiln firing process followed by leaching that 
recovers high-value materials such as nickel, cobalt, and copper, as well as slag that can be 
sold as cement supplement. Due to the flexibility of this process and the consequent ability to 
process many different battery chemistries, pyrometallurgy recycling is suitable for processing 
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the constantly changing lithium batteries due to innovation. However, the pyrometallurgy 
recycling process requires high amounts of electricity, mainly in the recovered slag processing, 
and might result in higher air pollutant and GHG emissions than hydrometallurgy recycling 
(Hendrickson et al., 2015).  

 Hydrometallurgy recycling Pyrometallurgy recycling 

Co 13.6% 7.7% 

Cu - 9.6% 

Steel 6.6% 10.8% 

Ni 6% - 

Table 10: estimated recovery rated for different metals in the hydrometallurgical and pyrometallurgical recycling processes 
(Tagliaferri et al., 2016). 

The uncertainty in recycling of lithium batteries and the associated environmental impact is high 
(Hendrikson et al., 2015; Richa et al., 2014). It depends on the timing and volume of batteries in the 
future, their quality, and variability of materials in the battery (Richa et al., 2014). A combination of 
hydro- and pyrometallurgy recycling is probably the most efficient way of recycling lithium-ion 
batteries. After dismantling and separating the battery, certain parts can go through a 
hydrometallurgical treatment to ensure high recycling rates while other parts that require more 
flexibility due to the constant changing chemical content can go through a pyrometallurgical 
treatment. This is schematically shown in Figure 4.   

 

Figure 4: process flow chart for disposal of lithium-ion batteries (Tagliaferry et al., 2016).  

4.3. Second-use batteries 
Typically, batteries reach its end-of-life as traction battery for electric vehicles if the capacity is reduced 
to 70% of its original value (see discussion above under lifespan of battery). A second-life where the 
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battery is utilized until the capacity is dropped further can be realized. The most discussed option is 
the use of second-life batteries as stationary power backup. Faria et al. (2014) considers second-life 
battery feasible for a household energy storage system if the battery capacity is between 80 and 50% 
of its original value. Depending on the household energy requirements, the battery can have a second 
life between 1.8 years (assuming load shifting) up to 3.3 years (peak shaving). Faria et al. (2014) argue 
that even though the battery loses energy between charging and discharging (22% in the specific case 
the authors considered), shifting energy consumption from peak to off-peak hours can be beneficial 
for the environment (depending on the countries environmental impact of electricity generation).  

Some qualitative claims are made about how post-vehicular use of batteries as stationary power 
backup systems would reduce the environmental impact of electric vehicles. However, the value and 
storage capabilities of batteries in this function are uncertain which makes it difficult to allocate 
environmental impacts to downstream uses (Hawkins et al., 2012). Each alternative use should be 
compared against alternatives for the same function, for example using pumped hydro to store energy 
in off-peak hours to be used in peak-hours (Hawkins et al., 2012). Especially in countries (such as 
Sweden) where a large share of the electricity is generated by hydropower plants (Jochem et al., 2015), 
the use of second-hand batteries to store energy might not be optimal from an environmental point 
of view. To prevent this problem of allocation in LCA of electric vehicles, other research projects argue 
that the eventual second-life of batteries must be treated as a bonus and all emissions over the 
lifecycle of the battery should be attributed to the vehicle (L. Dahllof, presentation LCA and vehicles 
25-4-2017). However, second-life of batteries might influence the battery specification during design 
and production and can also have an impact on policy measures related to vehicles. It is therefore 
unclear if potential second-use of batteries can be excluded from the LCA.    

4.4. Conclusions 
Recycling of end-of-life vehicles can partly offset the environmental impact of vehicle production via 
the recycling and reuse of materials. Assumptions regarding recycling can be made based on the data 
in the LCA databases. However, for batteries, the chemical content and recycling processes are still 
evolving, resulting in a lack of accurate data. This while batteries have a relatively large share in the 
environmental impact of electric vehicles and a potential 50% of this can be offset. Further, second 
use of batteries can impact the environmental footprint (depending on the allocation). More research 
is needed here.  
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5. Impact categories 
The most commonly used indicators are energy consumption, greenhouse gas emissions (GHG), 
criteria air pollutants, among others (Onat et al., 2016). Other reported emissions include NOx, 
precursors to smog, CO, SO2, PM, N2O, HC, VOC, and CH4 (Hawkins et al., 2012). Metal emissions and 
mid-point indicators, including acidification potential, human toxicity potential, and eutrophication 
potential, are only reported by a few studies (Hawkins et al., 2012). In addition to emissions, resource 
use is considered by various studies, with most often energy and fuel use, followed by metal use which 
include various rare earth metals used in batteries (Hawkins et al., 2012).   

Choma and Ugaya (2015) argue that while BEVs reduce the global warming potential, many other 
impact categories are not measured while potentially has a worse effect than ICEVs, including human 
toxicity, fresh water aquatic ecotoxicity, eutrophication, and mineral resource depletion. The higher 
impacts are mainly due to the treatment of sulfidic residues, larger amount of printed wiring boards 
and integrated circuits in electric vehicles, the lifecycle of copper, and ethene emissions during the 
maintenance of electric vehicles (Choma and Ugaya, 2015). Other impact categories are impacts on 
agriculture, materials and buildings, biodiversity loss due to acidification, eutrophication, or land use, 
emissions to air of heavy metals, emission of radioactive substances, risks of waste disposal, accidents, 
and noise and visual impacts (Buekers et al., 2014). Renault (2011) showed in their assessment of 
petrol, diesel, and electric cars in the EU that electric cars are beneficial in terms of abiotic depletion, 
global warming potential, and photochemical ozone creation potential, but that petrol cars score 
better in eutrophication potential and diesel cars in acidification potential (Renault, 2011).  

An assessment by Bauer et al. (2015) showed that electric vehicles increase human toxicity potential, 
mainly due to toxic substances in coal and metal mining needed for the vehicle glider and battery 
production and power transmission and distribution grid. The emissions during electricity production 
with coal further leads to high acidification and PM formation, but replacing the electricity source with 
hydro, nuclear, wind, (etc.) diminish these emissions leading to an improvement compared to gasoline 
vehicles (Bauer et al., 2015). The authors argue that it is important to assess the environmental impact 
of personal cars not only on CO2 or GHG emission, but also on other environmental and health impact 
categories. Also Girardi et al. (2015) found that electric vehicles will increase the human toxicity and 
eutrophication potential, mainly due to battery manufacturing.  

Health implications due to air pollution are mainly coming from PM2,5 mass, although coarse particles 
from tire and break wear also contribute to negative health effects (Buekers et al., 2014). Human 
health is further affected by air acidification, oxidant formation, and greenhouse gas emissions (Girardi 
et al., 2015). Notter et al. (2010) found that electric vehicles will increase PM10, NOx, and SO2 
emissions, mainly in the operation phase but also due to higher emissions during the production of the 
battery and drivetrain. These emissions are however located in industrial areas, away from dense 
populations. Abiotic depletion, global warning, cumulative energy, and the ecoindicator 99 all show 
better results for electric vehicles.  

Del Duce et al. (2013) argue that at least the following midpoint and endpoint impact categories should 
be included in LCAs on electric vehicles: 

• climate change 
• (stratospheric) ozone depletion 
• Human toxicity 
• Respiratory inorganics 
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• Ionizing radiation 
• (ground-level) photochemical ozone formation 
• Acidification (land and water) 
• Eutrophication (land and water) 
• Ecotoxicity 
• Land use 
• Resource depletion (metals, minerals, fossil, nuclear and renewable energy sources, water) 
• Noise 
• Human health endpoint / damage to human health 
• Natural environment endpoint / damage to ecosystem diversity 
• Natural resourced endpoint / resource scarcity 

The spatial effects of emissions are often not included in the LCA studies. Nevertheless, it is important 
to remember that the emissions of the electric vehicle are mainly in electricity and vehicle production, 
both which take place outside urban areas (Girardi et al., 2015).  

5.1. Water  
Water issues related to electricity and production are found to be higher for electric vehicles, yet not 
often included in the LCA studies (Hawkins et al., 2012: Kim et al., 2015). Water withdrawal is the water 
“removed from the ground or diverted from a surface-water source for use” (Kenny et al., 2009 in Kim 
et al., 2015). Water consumption refers to the amount of water evaporated, included in the product 
and waste streams of the product, and discarded into sea after use (Pfister et al., 2009 in Harto et al., 
2010). Water consumption is not returned to the resource from which it came and can therefore be 
seen as a resource depletion. “Water consumption is the difference between water withdrawal and 
water discharge” (Kim et al., 2015).  

In ICEVs, water is consumed during refining (1-2.5 liter of water per liter fuel), petroleum production 
(0.32 to 0.75 gallon of water per gallon fuel), and during distribution of fuel through pipelines (0.65 to 
2.67 gallon of water per gallon fuel). This result in 0.04 to 0.13 gallons of water per mile not taking into 
account the vehicle production (Harto et al., 2010).  

Water consumption in electricity production is calculated between 0.07 and 0.19 gallon per kWh of 
solar photovoltaic electricity consumption, between 0.87 and 1.12 for concentrated solar electricity 
production, and between 0.57 and 1.53 for electricity production based on coal with carbon 
sequestration (Harto et al., 2010). The authors acknowledge however a high degree of uncertainty in 
these values. Thermoelectric power generation is responsible for 49% of the fresh water withdrawal 
in the USA and it prevents others from using the water for other purposes (Noori et al., 2015).  

In the production of vehicles, ferrous metals are used. Ore mining, transport, drilling, grinding, cooling 
and rinsing all requires water. Also, the chemical processes in vehicle production requires water, as 
chemical reaction medium, for cleaning, and for cooling. During assembly, water is required for 
paining, cooling and cleaning. The authors estimate that the production is responsible for 49% of the 
water withdrawal and 82% of the water consumption for conventional vehicles, resulting in 531 m3 
water withdrawal and 131 m3 water consumption. For electric vehicles, the authors find that 
production is responsible for 92% of the water withdrawal and 85% of the water consumption, 
resulting in a total of 3770 m3 water withdrawal and 170 m3 water consumption. This means that the 
electric vehicle withdraws up to 7 times more than ICEVs due to large amount of cooling water used in 



 
 

 34 
 

thermoelectric power plants. However, the authors acknowledge that these numbers are uncertain 
and argue that fundamental questions about the water life cycle assessment should be addressed (Kim 
et al., 2015). For example, allocation of water consumption in hydroelectric power generation and the 
interpretation of water withdrawal and consumption in local and regional water scarcity context (Kim 
et al., 2015).  

Noori et al. (2015) estimate between 1127 and 406 thousand gallons of water depending on the 
location over the lifetime of the electric vehicle, which is much higher than the water footprint of ICEVs 
which is estimated between 80 and 170 thousand gallons.  

5.2. Reporting  
Single-point estimates are not very informative for policy making and many researchers suggest 
providing the range that describes the environmental impact of vehicles. Monte Carlo simulation can 
be used to show the sensitivity of the results (Abdul-Manan, 2015; Noshadravan et al., 2015; Onat et 
al. 2016). However, the lack of data for electric vehicles make the value ranges and underlying 
distribution uncertain. 

In addition to uncertainty in one type of car, policy makers will have more use in average emissions 
involving several different types of cars. Range-based modelling is therefore suggested by Messagie 
et al. (2014), where different vehicle groups (based on segment, technology, and euro standard with 
different weights and fuel consumption), are included in a Monte Carlo simulation. They argue that 
the segment has a large impact on the results, and similar cars (that can substitute each other) 
should be compared against each other (Messagie et al., 2014).  
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6. Conclusions 
This report reviewed LCA studies on electric vehicles conducted between 2000 and December 2016. In 
total, 103 paper and articles were reviewed, leading to an overview of the status and knowledge 
regarding environmental assessment of electric vehicles compared to ICEVs. This document 
summarizes the learnings and provided the first (preliminary) guidance for future LCAs. It also 
highlights the areas where more research is needed in order to provide relevant guidance that leads 
to more trustworthy environmental assessments.  

Electric vehicles have usually higher embedded emissions than conventional vehicles due to the 
emissions associated with battery manufacturing. These emissions are later in the lifecycle 
compensated by the lower emissions during the use phase. Ellingsen et al. (2016) estimated that the 
GHG emissions break-even point occurs between 44 000 and 70 000 km, depending on the vehicle size 
class. This is based on average European electricity mix and even lower break-even points are achieved 
if the electric vehicles are recharged with renewable energy sources. Canals Casals et al. (2016) found 
that Sweden is in a good position to change to electric vehicles due to their low CO2 emissions in 
electricity production. 

However, CO2 emissions are not the only environmental burden a vehicle might have, and more 
attention should be paid to other environmental impact categories.  

Next steps in this research project are: 

• To assess the environmental impact of electric vehicles currently on the road in Sweden. In 
particular energy consumption which will then be compared to the theoretical findings.  

• To identify reliable input data for the Swedish situation. 
• To provide detailed guidelines to test the environmental impact of electric vehicles in phase 2.  
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Appendix 
Standard values used in the eco-invent v2 database 

Parameter Default value 

Vehicle life 150 000 km 

Vehicle mass without battery 

   Glider mass 

   Electric drivetrain mass 

918 kg 

   838 kg 

   80 kg 

Battery mass 262 kg 

Battery energy density 114 Wh/kg 

Battery lifespan 100 000 km 

Total mass vehicle (including driver with 75 kg 
weight) 

1250 kg 

Vehicle energy consumption 0.199 kWh/km 

Range 120 km 

Table 11: default values and assumption eco-invent v3 database (Del Duce et al., 2016). 


