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CHAPTER 9
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Abstract
Electric vehicles will play a dominant role in the transition to a low-carbon transportation system. As

we track and forecast this evolution, learning rates help to quantify the historical rate and pace of

change for emerging transportation options, the interaction of technology-specific and system-wide

changes, and the economics of different policy options. In this chapter, we review the leading issues

related to determining learning rates for electric vehicles and the potential scale-up for battery electric

vehicles worldwide. Globally, electric vehicle deployment has increased rapidly over the past decade.

Continued growth over the coming decade remains critical to achieve the level of ambition necessary

to decarbonize the transportation sector. Therefore further data on learning rates and studies on

innovation in battery electric vehicles are needed to enable and benefit from their decarbonization

potential. In addition, research on incentives to develop appropriate technologies and policies to

integrate electric vehicles into the existing electric grid infrastructure and transportation systems will

inform further policy options and cost-reduction targets.
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9.1 Introduction

The heightened global attention toward electrification of transport underscores the potential

disruption electric vehicles may have on transportation systems worldwide. Electric vehicles

offer the opportunity to shift a major source of air pollution from mobile sources in densely

populated urban areas to remote stationary power plants. This enables numerous benefits related

to improving public health by reducing tropospheric ozone formation or smog from gasoline

and diesel-powered vehicles. The shift from gasoline and diesel to electricity allows renewable

and other low-carbon electricity sources to reduce the overall carbon footprint and embodied

energy of transportation. Electric vehicles also offer the potential to provide distributed storage

on the electric grid via coordinated charging efforts, which may help in balancing large

penetrations of intermittent wind and solar generation. Though far from an environmental

panacea, electric vehicles offer the potential to shift the demand for power during peak load

periods for the electric utility (demand-side management). This way, they may systemically

help balance and thus integrate large shares of intermittent renewable electricity on the grid.

There are now more than 5 million electric vehicles that have been deployed globally

(Energy Revolution). Electric vehicles have reached 2% of new sales in the United States,

8% in The Netherlands, 7% in Ireland, 3% in Portugal, and 5% in China. In 2018, half of

the new vehicles sold in Norway were electric (BNEF EVO, 2019). They are becoming

affordable and available to larger segments of the population across Europe and in China.

Furthermore, cities, states, and countries are now adopting more ambitious policies to

encourage the adoption of electric vehicles. These strategies are becoming more widespread

and anticipate further growth and deployment. Many local and national governments around

the world have increased their efforts to introduce electric vehicles into the mainstream.

Several major European cities, such as London and Paris, have announced plans to ban

internal combustion engine (ICE) vehicles in their city centers by 2045. Amsterdam plans

to phase out internal combustion engines by 2030. More notable recent examples range

from Shenzhen’s full investment in electric city buses and taxis to Oslo’s high electric

vehicle ownership share. In California, policymakers set a target of 1 million electric

vehicles on the road by 2025. Deployment measures, through policies such as tax rebates,
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encourage further adoption. Large-scale plans to electrify transportation remain promising—

but further study is needed to understand the scale, rate, and pace of change in the cost of

electric vehicles and technological learning. For instance, many expect spillover effects

between steep cost declines from lithium-ion batteries in commercial and grid-scale battery

applications. These spillover effects may be difficult to quantify; however, they unlock a

unique opportunity to understand the rates of technological change across a variety of

applications that remain critical for a low-carbon energy transition. Emerging business

models are expected to drive innovation, reduce costs, promote battery waste management,

improve the life cycle footprint, energy efficiency of vehicles, and promote alternative

mobility plans including car sharingthat are intended to reduce private vehicle ownership.

Typically, technological learning curves have been applied to consumer electronics,

renewable energy technologies, and ICE vehicles (Rubin et al. 2015). Because electric

vehicles (EVs) comprise several different critical components that are all integral in

achieving cost reductions, much attention has been placed on the battery pack range, cycle

life, and cost. In 2018, the EV battery pack comprised about 35% of the total full EV price

(BNEF, 2019). The manufacturing of electric vehicles also requires new methods of design

and assembly—as the weight and density of batteries reshape manufacturing processes for

vehicle structures.

Future data needs for new experience rates require integration of a variety of electric

vehicle components—ranging from battery packs and chemistries to the power train,

material structure of the vehicle and the battery, and design process. There are few

comprehensive studies detailing the cost data for various aspects of the supply chain

including raw material cost, cell manufacturing, pack components, other EV components,

vehicle integration, and R&D. This type of aggregated information could inform cost

development, as some current electric vehicle market leaders, such as BYD, keep most

information proprietary to compete with ICE vehicles. Incorporating material or innovation

in the electric vehicle manufacturing process could also inform further learning rates that go

beyond total production volume or vehicle sales.

9.1.1 Description of technology

Electric vehicles broadly include any road-, rail-, sea-, or air-based vehicle that is at least

partially powered by electricity. Recent advancements in battery technology have led to an

expansion of the road-based electric vehicle market in the form of public transit such as

buses and personal or shared vehicles. Electric road transport is generally categorized into

three main types:

• Battery electric vehicles (BEVs) are fully powered by electricity. They make use of an

electric propulsion system and rely on energy delivered by a battery pack. The battery
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is charged externally at charging stations and by recovered braking energy, called

regenerative braking (Yong et al., 2015). The type of battery chemistry and design

varies across different BEV models, but lithium-based batteries are currently

dominating (EASE/EERA, 2017). BEVs have several advantages over the currently

dominating fossil fuel"combustion engines. Besides having no tailpipe emissions and

no direct reliance on fossil fuels, BEVs have higher vehicle efficiencies and better

acceleration (Pollet et al., 2012; Andwari et al., 2017). Disadvantages of BEVs include

high costs, low lifetime, safety concerns with flammable batteries, and relatively low

driving ranges compared to ICE vehicles (due to the low energy density of the batteries

that are currently available). In addition, few cities or regions have the infrastructure to

support many new charging stations compared to gasoline and diesel refueling stations

that are widespread globally. Based on annual sales, the weighted average battery

capacity of BEV is around 39 kWh (Tsiropoulos et al., 2018).

• Hybrid electric vehicles (HEVs) combine an electricity power source with any other

power source. Most commonly, an electric motor with battery storage is combined with

the conventional internal combustion engine and fuel tank. The electric motor and

combustion engine can be coupled in series, parallel, or series"parallel (Yong et al.,

2015). Lithium-based battery packs are common for HEVs, as with BEVs, but

nickel"metal hydride (Ni"MH) batteries are also used. However, the demand for new

Ni"MH is fading as the largest firm supporter of Ni"MH, Toyota, has started using

lithium (EASE/EERA, 2017). Plug-in hybrid electric vehicles (PHEVs) are

supplemented with an external charging system for the battery and can be plugged into

a power outlet, similar with BEVs. General HEV batteries are only charged by

regenerative braking and the internal combustion engine (Biresselioglu et al., 2018). As

PHEVs and HEVs both contain an internal combustion engine, they usually have

smaller battery packs than BEVs (IRENA, 2017). Based on annual sales, the weighted

average battery capacity of PHEVs is around 11 kWh (Tsiropoulos et al., 2018).

• Fuel cell electric vehicles (FCEVs), such as BEVs, rely solely on an electric propulsion

system, but with the main source of energy being a fuel cell. FCEVs also contain a

battery and are therefore hybrid vehicles, but the battery in FCEVs is much smaller

than in BEVs and mainly used for the application of regenerative braking (OECD/IEA,

2015). Fuel cells electrochemically convert a fuel, typically hydrogen, to produce

electricity and water as the only by-product, leading to zero tailpipe emissions. Fuel

cells are lighter and smaller than batteries, and the vehicle can be recharged quickly,

because a chemical fuel is used. However, FCEVs are currently more expensive than

BEVs (also due to the production costs of H2) and several components need to reduce

in price before they are competitive (Cano et al., 2018; Staffell et al., 2019). The most

common type of fuel cell in FCEVs is the polymer electrolyte membrane (Pollet et al.,

2012; Pollet et al., 2019).

148 Chapter 9



Fig. 9.1 shows examples of power train configurations for BEVs, HEVs, PHEVs, and

FCEVs. Note that not all possible configurations (series, parallel, series"parallel)

are shown.

9.1.2 Market development

Electric vehicles have been used for the past two hundred years, with several prototypes

developed in the late-1800s, but not until the 2000s were highway-ready options available

at widespread locations around the world. However, due to limited storage capacity in

batteries and improvements in the internal combustion engines, attention for electric

vehicles decreased. In the 1970s, oil crisis led to renewed interest in electric vehicles (Pollet

et al., 2012). From then onwards, electric vehicles have reappeared periodically, and since

the 2000s, the most recent and strongest growth is taking place (OECD/IEA, 2017c, see

also Fig. 9.2 for the global historical growth of lithium-ion battery sales in main market

segments). Battery electric vehicles now dominate the electric vehicle market. The

emergence of companies in the United States such as Tesla has facilitated greater market

penetration in addition to innovative vehicle models such as the Chevrolet Bolt and Nissan

Leaf. In addition, battery electric vehicles offer better fuel efficiency compared to internal

combustion engine vehicles, traveling further on less energy overall. The life cycle

Figure 9.1
Overview of typical power train configurations for personal (A) BEV, (B) series HEV, (C) series

PHEV, and (D) series FCEV. BEV, Battery electric vehicle; FCEV, fuel cell electric vehicle;
HEV, hybrid electric vehicle; PHEV, plug-in hybrid electric vehicle. Source: Based on Yong et al.

(2015); Das et al. (2017)
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greenhouse gas emissions of battery electric vehicles are less than that of internal

combustion engine counterparts. These characteristics bode well for further innovations in

battery electric vehicles. Alternatives to battery electric vehicles are under development as

well. By 2016 Hyundai, Toyota, and Honda had FCEV passenger models available. Several

other car manufacturers have announced their intention to develop FCEVs in the future

(Curtin and Gangi, 2017; Cano et al., 2018), while other major car manufacturers, such as

BMW, Daimler, and VW, thus far seem to solely focus on BEVs. Future FCEVs sales are

seen for heavy duty passenger and freight transport in niche applications.

The global market of electric vehicles has grown rapidly in recent years. Including electric

buses, there are more than 5 million electric vehicles on the road today. In the last years,

growth was mainly driven by China, whose fleet increased from 11,600 vehicles in 2012 to

350,000 in 2016 and over 2 million vehicles in 2019. China has a 2020 goal of 5 million

electric vehicles and is home to the world market leader for electric vehicle manufacturing

BYD, followed by Renault"Nissan (France"Japan), Tesla (United States), and BMW

(Germany) (REN21, 2017; BNEF, 2018a,b). The global annual sales exceeded 1 million

vehicles for the first time in 2017 (excluding non-plug-in HEVs Fig. 9.3). Globally, BEVs

represent two-thirds of electric vehicle sales. In specific markets, such as in Japan, PHEVs

have the lion’s share (two-thirds of new sales). In the European Union (EU), BEVs and

PHEVs are currently sold annually in roughly equal amounts.

The growth of the electric vehicle market is mainly due to the diffusion of BEVs and

PHEVs rather than fuel cell electric vehicles (OECD/IEA, 2017b). Despite rapid growth,

the market share of these vehicles, in terms of overall sales of passenger vehicles, remains

low in large markets, such as the United States (2%). Exceptions include Norway and

Iceland. In Norway, electric vehicles have obtained a market share of 39.2% in 2017,

followed by Iceland with a market share of 14.1% (EAFO, 2019). Norway’s high level of

Figure 9.2
Global historical growth of lithium-ion battery sales in main market segments. Source: Based on

Tsiropoulos et al. (2018).
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adoption has been the result of government subsidies and perks for electric vehicle

owners, by waiving import duties and sales taxes and allowing for the use of bus lanes

and no tolls. Within the EU, the countries with the largest market shares in 2017 were

Sweden (5.3%), Belgium (2.7%), Finland (2.6%), The Netherlands (2.2%), and Austria

(2.1%). In Sweden, Belgium, and Finland the majority of the vehicles are PHEVs,

whereas in The Netherlands and Austria, BEVs are dominating. For the EU as a whole,

the market share of electric vehicles was 1.4% in 2017 with similar shares of PHEVs and

BEVs (EAFO, 2019).

The market for FCEVs remains small, and now only some studies have reported its growth

(see Staffell et al., 2019 for recent database). Global sales of FCEVs represent only a small

percentage of total EV sales: 0.5% in 2016 (Cano et al., 2018). According to Bloomberg

New Energy Finance (BNEF), by the end of 2017, there were 6746 FCEVs, representing

only 0.25% of total sales (BNEF EVO 2018). The European Alternative Fuels Observatory

reported, in the first quarter of 2018, an FCEV fleet of 640 passenger cars, 85 buses, and

239 light commercial vehicles. The countries with largest FCEV deployment are the United

States (7200), Japan (3500), Germany (2300), and China (BNEF, 2018b).

Deployment of BEVs, HEVs, and FCEVs are mainly dependent on advancements in battery

or fuel stack technology (Cano et al., 2018). Prices for batteries have declined rapidly in

recent years. Average costs for battery packs in 2015 were less than 237h/kWh for PHEVs

and have dipped below 155h/kWh for BEVs (OECD/IEA, 2016b; BNEF, 2018a,b). It is

generally assumed that in order to compete with internal combustion engines, battery costs

should decrease further to around 88h/kWh (Nykvist and Nilsson, 2015; Kittner et al.,

2017; Tsiropoulos et al., 2018). A study by Nykvist and Nilsson (2015), by combining

results from different publications, show that this level is expected to be reached by 2025.

Figure 9.3
Total global electric vehicle fleet (excluding electric buses) in different regions in 2010"17. Note:
EU 28 represents the markets of Finland, France, Germany, The Netherlands, Portugal, Sweden,

and the United Kingdom. Source: Based on Tsiropoulos et al. (2018)
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For FCEVs, total vehicle costs are estimated at 53,000h (OECD/IEA, 2015). By 2019,

many BEV costs have decreased below 27,000h.

9.2 Methodological issues and data availability

Comparing electric vehicles across makes and models to assess the experience rate suffers

from a lack of standardization. There are no definitive methods or characteristics to define

or measure electric vehicle cost. Many studies focus on upfront capital costs, total cost of

ownership, battery pack costs, or cost per unit of distance traveled. However, electric

vehicles provide transportation as a service, so many simplifying assumptions are often

made. Assessing adoption and diffusion becomes more complicated, as owners of electric

vehicles could purchase multiple vehicles for their own household, and whether electric

vehicles serve as a direct substitute for conventional vehicles is yet to be determined. This

section discusses some issues related to the functional units for electric vehicles and battery

packs for electric vehicles in studies related to technological learning and cost reductions.

This section also reviews challenges in data collection and availability.

The functional unit to assess the cost reductions for electric vehicles varies widely due to

the nature of mobility services for electric vehicles. For instance, when focusing on cost of

the service of transportation, conventional vehicles often followed $/gallon, h/L, or $/L of

gasoline. More refined metrics based on kilometers traveled by the vehicle-incorporated

$/km or h/km. Attempts have also been made to standardize the impact and cost related to

the number of passengers in the particular vehicle. For BEVs a focus on the cost reduction

for battery technologies has mostly placed an emphasis on the power in the battery pack

(h/kW) or energy capacity (h/kWh) or even related to the mass of the vehicle in terms

of h/kg. Geographically and temporally, these units vary as well (Tsiropoulos et al., 2018).

Currency conversions also represent a methodological challenge when converting across

countries and dealing with costs and prices in changing market conditions.

The cost reduction of a technology is usually the performance indicator that is used. While

the cost required in producing a battery pack for an electric vehicle is an appropriate metric,

it may be less relevant for other applications of lithium-ion batteries, such as stationary

storage, due to the different services they provide to the system.

Previous studies have raised the issue of the challenges of using metrics such as total

cost of ownership, to compare the cost effectiveness of electric vehicles with

conventional counterparts (Nykvist and Nilsson, 2015; Nykvist et al., 2019). The

perception of BEV and willingness to pay for range and charging time are more

interlinked with the human behavioral aspects of choosing to use electric vehicles and

contributing to the decline in cost. This consumer perspective is important, but also

limited, to understand the overall developments across the entire electric vehicle market.

152 Chapter 9



In addition, energy use, cost, and CO2 emissions from electric vehicles are dynamic

processes changing over time based on available technologies and existing electric grid

infrastructure (Van Vliet et al., 2011).

Vehicle charging and grid integration costs are not often quantified in the learning rate

literature. However, these transaction costs on electricity markets could make an important

impact on the adoption and cost reduction potential for new vehicle technologies due to an

increased need for peak capacity.

Data availability remains an issue to quantify deployment and innovation in electric vehicle

technologies. However, with many electric vehicles varying across geographic regions, it

becomes difficult to fully understand global manufacturing output. For instance, China has

manufactured a majority of the electric vehicles to date, yet new vehicle registration data

and manufacturing exports are difficult to monitor across the global supply chain with

proprietary and state-owned data sources.

The basic learning curve methodology is based on the relationship between production and

cost of the technology; in this case, the cost of lithium-ion batteries depends on the global

manufacturing output. Mobility is the largest and growing segment that uses battery packs

and most studies have focused on passenger light duty electric vehicles to estimate learning

rates. However, there are several challenges around this:

• In 2018, more than 420,000 electric buses were reported to be on the road (BNEF,

2018d). While these heavy duty vehicles constituted only 10% of the global electric

vehicle fleet, due to their large battery capacity (60"550 kWh) (Gao et al., 2017), the

demand for lithium-ion batteries today is comparable. With future growth of passenger

EVs and saturation of e-buses (even with modal shift) the demand of LDEVs will

outpace that of HDEVs.

• Lithium-ion battery costs are also affected by the deployment of stationary systems

and not just the number of electric vehicles produced. Data on installed capacity of

stationary storage primarily reflect front-of-the-meter (e.g., industrial, commercial

scale) applications. However, lithium-ion battery manufacturing for behind-the-

meter storage (e.g., residential) accounted for about 20% of the total-production

output.

• For EVs, battery packs are about 35% of the cost of the vehicle, cost reduction of

remaining components (power train, car design) are also relevant, requiring the need for

multifactor learning curves to assess whole vehicle cost.

9.2.1 Data collection and methodological issues

The main issue related to the collecting experience curve datasets for electric vehicles is

that they do not refer to electric vehicles as a whole but rather describe the costs for just
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their battery packs or fuel cell stacks. Although the costs for the electricity storage

components currently represent the majority of the price differential between EVs and

conventional vehicles, it would be beneficial to gain insight into the price developments of

other components specific to EVs, such as the power train and battery management system.

It would also be beneficial to analyze in more detail the historical and prospective price

trends of these vehicles, and to have insight in the development of costs of complete

electric vehicles.

The cost of the battery pack referred in this chapter is given in h/kWh, as a function of

cumulative GWh of battery packs sold. Both units do not directly relate to electric vehicles,

hence, to estimate future costs of electric vehicles, assumptions need to be made on the

battery pack size per electric vehicle. Assuming larger battery packs would result in faster

price decline of the battery pack for the same number of electric vehicles sold. Thus the

battery pack size may play an outsized role in reducing the overall cost of electric vehicles

and affect other key parameters related to total range, time needed between charging

periods, and peak power output.

As with the energy storage datasets, spillover effects from other applications in the electricity

storage industry could likely affect BEV battery pack prices but are not taken into account

due to modeling complexity. Ideally, in a more complex experience-curve modeling

environment, separate experience curves should be used for lithium-ion cells, battery

management and power electronics, and other components. These issues can be scaled up

toward other components of EVs that are not represented in the batteries alone, including

manufacturing components, materials structure and composition, and vehicle design.

9.3 Results

Several prominent and recent studies in which the experience curve method is applied are

as follows:

• Nykvist and Nilsson (2015), who conducted a systematic review of historical lithium-

ion EV battery pack costs to determine learning rates

• Schmidt et al. (2017), who estimated cost trajectories of lithium-ion EV battery packs,

residential and utility-scale storage systems, in line with deployment that was derived

from energy storage diffusion curves

• Kittner et al. (2017), who analyzed the deployment and innovation of batteries using a

two-factor learning curve model

• BNEF (2019) that frequently reports estimate on learning rates of lithium-ion battery

packs

• Tsiropoulos et al. (2018), who reviewed different growth trajectories of electric vehicles

and stationary storage and based on literature-derived learning rates, estimate cost

trajectories of lithium-ion batteries for mobility and stationary storage applications.
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Other sources that have identified learning rates include the following:

• Weiss et al. (2012) and Weiss et al. (2019), who focused on electric mobility

• Gerssen-Gondelach and Faaij (2012), who apply learning rates from literature

• Sandalow et al. (2015), who report learning rates

The experience curves and datasets for the three vehicle types considered (BEVs, HEVs,

and FCEVs) are shown in Fig. 9.4. The data represent battery pack (or fuel cell stack) costs

per kWh as a function of cumulative GWh sold of each technology. Thus these curves

represent only the prime mover component of the respective vehicles. Other components of

electric vehicles also likely show learning effects, but since the energy storage packs

account for the majority of the cost difference between electric and conventional vehicles,

this chapter has examined only this component. The results indicate varying learning rates

for the different vehicle types. The highest learning rate is observed for fuel cell stacks

(18%), while hybrid EV batteries only have a learning rate of 10%. The data for BEV

batteries is taken together from two data sources with various differences between the costs,

resulting in a learning rate of 15.2%6 2.9%.

Historical costs of battery packs for electric vehicles are provided by Nykvist and Nilsson

and are summarized and complemented with more recent data in Fig. 9.5. In Europe,

observed costs of EV battery packs based on BNEF have decreased from about 870h/kWh

in 2010 to 170"215h/kWh in 2017. The simple mean of the reported values ranges about

6 60% compared with the volume weighted average of BNEF’s price survey and declines

Figure 9.4
Experience curve for vehicle battery packs and fuel cell stacks. Source: Based on Schmidt et al.

(2017); Nykvist and Nilsson (2015)
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over time (i.e., the variation is 6 15% in 2017). The lower end of the cost range of 2017

coincides with announcements of market leaders, such as Tesla, at about 170h/kWh

(UCS, 2018; Tsiropoulos et al., 2018).

There are several reasons that explain the variation of historical data in either direction

(higher or lower than the observed average):

• Announcements of market leaders that were typically lower than what the rest of the

industry reported

• Reported metrics not being always consistent, as these may represent either production

costs or market prices of battery packs (Tsiropoulos et al., 2018)

• Pricing strategies, firms which price their units either above costs (price umbrella) or below

• Different battery sizes (e.g., IEA mentions that a 70 kWh battery is expected to have a

25% lower cost per unit of energy stored than a 30 kWh battery, due to the higher cell-

to-pack ratio of the former) or battery chemistry (e.g., based on IEA, the cost of a

NMC-111 battery is about 5% higher than the cost of an NCA battery) (IEA, 2018)

• Cell quality, size, and format also affect the cost of a battery pack (e.g., an 18,650 cylindrical

cell being about 30% cheaper than a large prismatic EV cell) (Tsiropoulos et al., 2018).

9.4 Future outlook

The growth of electric vehicles is expected to continue. When including announced policy

plans, decreasing battery costs, increased charging infrastructure, and predicted trends in

gas prices, it is expected that the global electric vehicle sales will reach 106 and 277

million vehicles by 2030 and 2040, respectively, according to the World Energy Outlook

2017. Even Bloomberg forecasts 500 million electric vehicles with or without meeting

Figure 9.5
Reported lithium-ion battery pack costs for electric vehicles. Note: Observed average prices are
based on BNEF’s industry survey in 2018. Reported average is the simple average of the data

included in the graph. Source: Based on Tsiropoulos et al. (2018)
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climate targets (BNEF, 2018a,b). Furthermore, the global lithium-ion cell manufacturing

capacity is expected to increase sixfold by 2022 compared with 2017 (Tsiropoulos et al.,

2018, see also Fig. 9.6). China is expected to remain the main actor in the market,

accounting for 40% of global investments in electric vehicles. The global market share of

electric vehicles by 2040 is expected to reach at least 60% by some reports (Bloomberg,

2018). For larger market shares and for keeping global temperature increase under two

degrees, stronger policy support aimed at electrifying transportation is needed. Other

modeling frameworks support this growth motivated by meeting global climate targets or

through economic competitiveness alone. In a two-degree scenario, the global amount of

electric vehicles increases to 243 million in 2030 and 873 million in 2040, with a 40%

share of car stock in 2040 (OECD/IEA, 2017c). The IRENA two-degree road map shows a

lower total electric vehicle stock projection of 160 million by 2030 (IRENA, 2019). With

the current growth rate, electric vehicles are on track for the two-degree scenario (OECD/

IEA, 2017a). According to IRENA, a two-degree scenario shows over 1 billion electric

vehicles on the road by 2050, of which 965 million are passenger cars. In order to achieve

this number, nearly all passenger vehicles sold from 2040 onward need to be electric

(IRENA, 2018).These projections depend on the direction the world will take, for example,

on action against climate change, or on when and how steep costs will decline (Tsiropoulos

et al., 2018) (Table 9.1).

Figure 9.6
Projections of the global electric vehicle fleet over time (Tsiropoulos et al., 2018).

Table 9.1: Common assumptions in the high, moderate, and low scenarios.

Common across scenarios

Battery size—BEV (kWh) 40 52 60 60 60
Battery size—PHEV (kWh) 18 19 20 20 20

Lifetime—EV pack 10 years
Lifetime—storage 20 years

BEV, Battery electric vehicles; PHEV, plug-in hybrid electric vehicles.
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The global lithium-ion cell manufacturing capacity is expected to increase sixfold by 2022

compared with 2017 (Tsiropoulos et al., 2018, see also Fig. 9.6). In the longer term, future

outlooks project that up to 1 billion electric vehicles may be on the road by 2040, which is

about two to three orders of magnitude higher compared with today (see Fig. 9.7).

To extrapolate costs based on the learning curve method and estimate the cumulative

production of battery packs, three demand forecasts for electric vehicles and stationary

storage are selected. The high scenario is based on BNEF and sees the highest deployment

of electric vehicles (BNEF, 2018b) and stationary storage (BNEF, 2018c), assuming that in

the longer term, market forces drive decisions based on technology costs (Table 9.2). The

moderate scenario is focused on CO2-emission reduction. It sees a strong growth of electric

vehicles to decarbonize the transport sector; yet lower than in the high scenario, possibly

due to the role of biofuels in reducing road transport emissions. In the power sector the role

of stationary storage is less pronounced compared with the high scenario. The moderate

scenario is based on the 2017 IEA Energy Technology Perspectives 2DS scenario (IEA,

2017) (Table 9.3). In the low scenario the world is at a standstill when it comes to further

action against climate change. As a result, sales of electric vehicles and stationary storage

Figure 9.7
Electric vehicle deployment projection. Source: Based on Schmidt et al. (2017).

Table 9.2: Deployment of electric vehicles and stationary storage in the high scenario.

High scenario 2020 2025 2030 2035 2040

EVs (million EVs) 10 42 134 322 562
Stationary storage (GWh) 25 103 378 777 1 326
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are limited. This scenario is based on the 2017 IEA Energy Technology Perspectives

Reference Technology Scenario (IEA, 2017) (Table 9.4).

By 2040, almost 4 TWh would be sold annually in the high scenario, around 2 TWh in the

moderate scenario, and 600 GWh would be needed in the low scenario, compared with

about 60"70 GWh of annual sales in 2017. At these scales, next to anticipated

improvements in lithium-ion cell chemistries, optimization of manufacturing processes,

standardization of design and possibly vertical integration of plants, the costs of lithium-ion

battery pack for EVs, and stationary storage could fall drastically, as also implied by recent

literature.

The calculations show that lithium-ion EV battery pack prices could halve by 2030. By

2040 the cost could halve again, to ultimately 50h/kWh (see Fig. 9.8). These trajectories are

in line with most recent estimates of other studies.

Based on inventories and the historical average of commodity prices, materials for lithium-

ion battery packs may cost around 30h/kWh. In today’s cost structures, materials represent

Figure 9.8
Cost trajectories of lithium-ion battery pack costs for electric vehicles based on three deployment
scenarios. Note: Boxplots represent literature estimates. Source: Based on Tsiropoulos et al. (2018)

Table 9.3: Deployment of electric vehicles and stationary storage in the moderate scenario.

Moderate scenario 2020 2025 2030 2035 2040

EVs (million EVs) 23 74 160 274 410
Stationary storage (GWh) 4 6 8 30 51

Table 9.4: Deployment of electric vehicles and stationary storage in the low scenario.

Low scenario 2020 2025 2030 2035 2040

EVs (million EVs) 9 27 58 101 146
Stationary storage (GWh) 2 3 4 15 25
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between 60% and 75% of the total cost, which entails that lithium-ion battery packs may

ultimately cost 40"50h/kWh. As such, the lower bound of the cost estimated in this

analysis (i.e., 50h/kWh by 2040) seems feasible. Economies of scale could reduce capital

cost, standardization and automation could limit operating and labor costs, and improved

lithium-ion chemistries could further reduce the demand for materials, hence overall costs.

9.5 Conclusions and recommendations for science, policy, and business

Electric vehicles require a unique set of innovation and deployment tactics to compete with

internal combustion engine vehicles. Conventional vehicles have system inertia, which means

that behavioral shifts are necessary for consumers to substitute electric vehicles with previous

gasoline-powered cars. Policies and incentives could ease the burden on customers. In

addition, as part of a comprehensive climate policy toolbox, electric vehicles could

significantly displace gasoline and diesel consumption that is generally based on fossil fuels.

The future of electric vehicle deployment will likely be tested in China. Cities, such as

Shenzhen, have rolled out massive public investment campaigns to electrify public buses

and taxis. They are also enabling charging infrastructure for personal electric vehicle use.

Hotspots, such as Shenzhen, will likely contribute to the global diffusion and sales of

electric vehicles in ways that are difficult to quantify in a technological learning study as

the effect of knowledge spillovers, innovation diffusion, and unique geographies are poorly

represented in the current modeling toolkits.

China will play a large role in future electric vehicle cost reductions, but there are windows of

opportunity for the United States and the EU to also lead in terms of innovative policy

deployment and manufacturing capacity. Examples include Tesla’s investment in electric

vehicle manufacturing within the United States and Audi and Volkswagen group’s investment

in transitioning their available vehicle fleet to fully electric vehicles. In Europe, the share of

global cell manufacturing capacity may increase from 3% to 7%"25% before 2030,

depending on whether planned announcements materialize (Tsiropoulos et al., 2018). The

private sector is contributing to advanced competition for mobility as a service. Battery

performance will play a large role in driving down the cost of electric vehicles, as range and

degradation remain some of the key technical challenges facing electric vehicles when

compared with conventional alternatives. Therefore, a majority of the learning rate studies

have thus far focused on the cost-reduction potential for battery cells, packs, and modules that

can be used in vehicles. Integration costs should be further studied and included into the

learning rate models.

With the anticipated strong growth in uptake, our chapter suggests that by 2040, the cost

could drop an additional 50% from today’s level, ultimately reaching 50h/kW h. Such

trajectories are feasibly based on costs of new lithium-ion cathode chemistries and other

battery pack materials that are estimated at around 30h/kWh (other additional costs are
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estimated at around at 10"20h/kWh). Meeting policy goals such as the EU’s Strategic

Energy Technology Plan (SET Plan) cost target of 75h/kWh is feasible in both high and

moderate growth scenarios (which entail fast ramp-up of lithium-ion manufacturing

capacity, of about 300"400 GWh globally per year until 2030). This result, based on

experience rates, indicates that aggressive targets may not be so difficult to meet, which can

help as a decarbonization transportation strategy.

Further experience rate studies that go beyond total cost of ownership, battery pack costs,

and cost per the kilometers traveled by the passenger will help better understand diffusion

and adoption of electric vehicles. These include system-integration studies and costs of

charging infrastructure required to enable electric vehicles on the grid. Furthermore, it

requires behavioral change and utility company support to allow for fast-charging and cost-

effective plans for customer rollout.

The main messages to take away from this analysis are the following:

• Widespread deployment of electric vehicles could enable a rapid decrease of lithium-

ion battery costs in the near term.

• China is outpacing Europe and the United States in terms of electric vehicle

deployment and innovation, but there are windows of opportunity for the United States

and Europe to step in.

• European manufacturing of lithium-ion battery cells will increase its share in global

production, provided that the announced plans materialize. Supplying domestic demand

may prove challenging if capacity does not ramp up after 2025.

• Fuel cells are more expensive than battery packs and cannot match the rate of cost

reductions, increasing uncertainty on the future of fuel-cell EVs in light-duty

applications.

References

Andwari, A.M., Pesiridis, A., Rajoo, S., Martinez-Botas, R., Esfahanian, V., 2017. A review of battery electric
vehicle technology and readiness levels. Renew. Sust. Energ. Rev. 78, 414"430.

BNEF, 2018a. Electric Vehicles Data Hub. Bloomberg New Energy Finance (BNEF).
BNEF, 2018b. Long-Term Electric Vehicle Outlook 2018 (EVO 2018). Bloomberg New Energy Finance

(BNEF).
BNEF, 2018c. New Energy Outlook 2018 (NEO 2018). Bloomberg New Energy Finance (BNEF).
BNEF, 2018d. Cumulative Global EV Sales Hit 4 Million.
BNEF, 2019. Long-Term Electric Vehicle Outlook 2019 (EVO 2019). Bloomberg New Energy Finance (2019).
Biresselioglu, M.E., Kaplan, M.D., Yilmaz, B.K., 2018. Electric mobility in Europe: a comprehensive review of

motivators and barriers in decision making processes. Transport. Res. A: Pol 109, 1"13.
Cano, Z.P., Banham, D., Ye, S., Hintennach, A., Lu, J., Fowler, M., Chen, Z., 2018. Batteries and fuel cells for

emerging electric vehicle markets. Nat. Energy 3 (4), 279.
Curtin, S., Gangi, J., 2017. The Business Case for Fuel Cells: Delivering Sustainable Value. Argonne National

Lab.(ANL), Argonne, IL (United States) (No. ANL-17/08).
Das, H.S., Tan, C.W., Yatim, A.H.M., 2017. Fuel cell hybrid electric vehicles: a review on power conditioning

units and topologies. Renew. Sust. Energ. Rev. 76, 268"291.

Electric vehicles 161

http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9003
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9003
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9003
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref1
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref1
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9004
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9004
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9004
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9006
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9006
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9007
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9007
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9009
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9009
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9009


EAFO, 2019. Vehicle Stats.
EASE/EERA (2017). European Energy Storage Technology Development Roadmap. https://eera-es.eu/wp-

content/uploads/2016/03/EASE-EERA-Storage-Technology-Development-Roadmap-2017-HR.pdf
Gao, Z., Lin, Z., LaClair, T.J., et al., 2017. Battery capacity and recharging needs for electric buses in city

transit service. Energy 122, 588"600. Available from: https://doi.org/10.1016/J.ENERGY.2017.01.101.
Gerssen-Gondelach, S.J., Faaij, A.P.C., 2012. Performance of batteries for electric vehicles on short and longer

term. J. Power Sources 212, 111"129. Available from: https://doi.org/10.1016/j.jpowsour.2012.03.085.
IEA, 2018. Global EV Outlook 2018 (Towards Cross-Modal Electrification). Organisation for Economic Co-

Operation and Development (OECD), International Energy Agency (IEA). Available from: , https://
webstore.iea.org/download/direct/1045?filename5 globalevoutlook2018.pdf. .

IEA, 2017, Energy Technology Perspectives 2017 Catalysing Energy Technology Transformations, Organisation
for Economic Co-operation and Development (OECD), International Energy Agency (IEA), Paris, ISBN:
978-92-64-27597-3, pp: 1"443.

IRENA, 2017. Electric Vehicles: Technology Brief. International Renwable Energy Agency, Abu Dhabi.
IRENA, 2018. Cost of Service Tool V1-0. IRENA.
IRENA, 2019. Global Energy Transformation: A Roadmap to 2050. International Renewable Energy Agency,

Abu Dhabi.
Kittner, N., Lill, F., Kammen, D.M., 2017. Energy storage deployment and innovation for the clean energy

transition. Nat. Energy 2, 2017125. Available from: https://doi.org/10.1038/nenergy.2017.125.
Nykvist, B., Nilsson, M., 2015. Rapidly falling costs of battery packs for electric vehicles. Nat. Clim. Change 5

(4), 329"332. Available from: https://doi.org/10.1038/nclimate2564.
Nykvist, B., Sprei, F., Nilsson, M., 2019. Assessing the progress toward lower priced long range battery electric

vehicles. Energy policy 124, 144"155.
OECD/IEA, 2015. Technology Roadmap: Hydrogen and Fuel Cells. International Energy Agency (IEA),

Paris, France, Retrieved from: https://www.iea.org/publications/freepublications/publication/
TechnologyRoadmapHydrogenandFuelCells.pdf.

OECD/IEA, 2016b. World Energy Outlook 2016. International Energy Agency (IEA), Paris, France.
OECD/IEA, 2017a. Energy Technology Perspectives 2017. International Energy Agency (IEA), Paris, France.
OECD/IEA, 2017b. Global EV Outlook 2017. International Energy Agency (IEA), Paris, France, Retrieved from

https://www.iea.org/publications/freepublications/publication/GlobalEVOutlook2017.pdf.
OECD/IEA, 2017c. World Energy Outlook 2017. International Energy Agency, Paris, France, Online tool

viewed April 4, 2018 on https://www.iea.org/weo/; Executive summary retrieved from https://www.iea.org/
Textbase/npsum/weo2017SUM.pdf.

Pollet, B.G., Staffell, I., Shang, J.L., 2012. Current status of hybRid, battery and fuel cell electric vehicles: from
electrochemistry to market prospects. Electrochim. Acta 84, 235"249.

Pollet, B., et al., 2019. Current status of automotive fuel cells for sustainable transport. Curr. Opin. Electrochem.
16, 90"95.

REN21 (2017). Global status report. http://www.ren21.net/gsr-2017/.
Rubin, E.S., Azevedo, I.M.L., Jaramillo, P., Yeh, S., 2015. A review of learning rates for electricity supply

technologies. Energy Policy 86, 198"218. Available from: https://doi.org/10.1016/j.enpol.2015.06.011.
Sandalow, D., McCormick, C., Rowlands-Rees, T., Izadi-Najafabadi, A., Orlandi, I., 2015. Distributed Solar and

Storage " ICEF Roadmap 1.0. Innovation for Cool Earth Forum (ICEF), Bloomberg New Energy Finance
(BNEF).

Schmidt, O., Hawkes, A., Gambhir, A., Staffell, I., 2017. The future cost of electrical energy storage based on
experience rates. Nat. Energy 6, 17110. Available from: https://doi.org/10.1038/nenergy.2017.110.

Staffell, I., Scamman, D., Abad, A.V., Balcombe, P., Dodds, P.E., Ekins, P., et al., 2019. The role of hydrogen
and fuel cells in the global energy system. Energy Environ. Sci. 12 (2), 463"491.

Tsiropoulos, I., Tarvydas, D., Lebedeva, N., 2018. Li-Ion Batteries for Mobility and Stationary Storage
Applications " Scenarios for Costs and Market Growth. Publications office of the European Union,
Luxembourg. Available from:, https://doi.org/10.2760/87175. .

162 Chapter 9

https://eera-es.eu/wp-content/uploads/2016/03/EASE-EERA-Storage-Technology-Development-Roadmap-2017-HR.pdf
https://eera-es.eu/wp-content/uploads/2016/03/EASE-EERA-Storage-Technology-Development-Roadmap-2017-HR.pdf
https://doi.org/10.1016/J.ENERGY.2017.01.101
https://doi.org/10.1016/j.jpowsour.2012.03.085
https://webstore.iea.org/download/direct/1045?filename=globalevoutlook2018.pdf
https://webstore.iea.org/download/direct/1045?filename=globalevoutlook2018.pdf
https://webstore.iea.org/download/direct/1045?filename=globalevoutlook2018.pdf
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9005
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9014
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9014
https://doi.org/10.1038/nenergy.2017.125
https://doi.org/10.1038/nclimate2564
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref25
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref25
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref25
https://www.iea.org/publications/freepublications/publication/TechnologyRoadmapHydrogenandFuelCells.pdf
https://www.iea.org/publications/freepublications/publication/TechnologyRoadmapHydrogenandFuelCells.pdf
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9012
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9015
https://www.iea.org/publications/freepublications/publication/GlobalEVOutlook2017.pdf
https://www.iea.org/weo/
https://www.iea.org/Textbase/npsum/weo2017SUM.pdf
https://www.iea.org/Textbase/npsum/weo2017SUM.pdf
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9002
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9002
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9002
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref7
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref7
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref7
http://www.ren21.net/gsr-2017/
https://doi.org/10.1016/j.enpol.2015.06.011
https://doi.org/10.1038/nenergy.2017.110
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9
https://doi.org/10.2760/87175


UCS, 2018. Electric Vehicle Battery: Materials, Cost, Lifespan. Union of Concerned Scientists (UCS). Available
from: , https://www.ucsusa.org/clean-vehicles/electric-vehicles/electric-cars-battery-life-materials-cost.
(accessed 09.08.18.).

Van Vliet, O., Brouwer, A.S., Kuramochi, T., van Den Broek, M., Faaij, A., 2011. Energy use, cost and CO2
emissions of electric cars. J. power sources 196 (4), 2298"2310.

Weiss, M., Patel, M.K., Junginger, M., Perujo, A., Bonnel, P., van Grootveld, G., 2012. On the electrification of
road transport " learning rates and price forecasts for hybrid-electric and battery-electric vehicles. Energy
Policy 48, 374"393. Available from: https://doi.org/10.1016/J.ENPOL.2012.05.038.

Weiss, M., Zerfass, A., Helmers, E., 2019. Fully electric and plug-in hybrid cars " an analysis of learning rates,
user costs, and costs for mitigating CO2 and air pollutant emissions. J. Clean. Prod. 212, 1478"1489.
Available from: https://doi.org/10.1016/J.JCLEPRO.2018.12.019.

Yong, J.Y., Ramachandaramurthy, V.K., Tan, K.M., Mithulananthan, N., 2015. A review on the state-of-the-art
technologies of electric vehicle, its impacts and prospects. Renew. Sust. Energ. Rev. 49, 365"385.

Further reading

Avicenne Energy, 2018. Battery Market for Hybrid, Plug-in & Electric Vehicles. Avicenne Energy.
Avicenne Energy, 2018. The Rechargeable Battery Market and Main Trends 2017"2025: 100 Pages Update.

Avicenne Energy.
Belderbos, A., Delarue, E., Kessels, K., D’haeseleer, W., 2017. Levelized cost of storage—introducing novel

metrics. Energy Econ. 67, 287"299. Available from: https://doi.org/10.1016/J.ENECO.2017.08.022.
BNEF, 2017a. 2017 Global Energy Storage Forecast. Bloomberg New Energy Finance (BNEF).
BNEF, 2017b. Storage System Costs More than Just a Battery. Bloomberg New Energy Finance (BNEF).
Comello, S., Reichelstein, S., 2019. The emergence of cost effective battery storage. Nat. Commun. 10 (1),

2038.
Fraunhofer, I.S.E., 2015. Current and Future Cost of Photovoltaics Current and Future Cost of Photovoltaics.

Freiburg.
Gupta, M., 2018. U.S. Front-of-the-Meter Energy Storage System Prices 2018"2022. GMT Research. Available

from: , https://www.greentechmedia.com/research/report/us-front-of-the-meter-energy-storage-system-
prices-2018-2022#gs.LXJbdqE. .

Hocking, M., Kan, J., Young, P., Terry, C., Begleiter, D., 2016. Lithium 101 F.I.T.T. for Investors Welcome to
the Lithium-Ion Age. Deutsche Bank Market Research. Available from: , http://www.belmontresources.
com/LithiumReport.pdf. .

IRENA, 2016. The Power to Change: Solar and Wind Cost Reduction Potential to 2025. International
Renewable Energy Agency (IRENA).

Junginger, M., van Sark, W., Faaij, A., 2010. In: Junginger, M., van Sark, W., Faaij, A. (Eds.), Technological
Learning in the Energy Sector: Lessons for Policy, Industry and Science, 2012th ed. Edward Elgar
Publishing, Cheltenham and Northampton.

Lazard, 2017. Lazard’s Levelized Cost of Storage Analysis " Version 3.0. Lazard.
McKinsey and Company. A portfolio of power-trains for Europe: a fact-based analysis. In: The Role of Battery

Electric Vehicles, Plug-in Hybrids and Fuel Cell Electric Vehicles. Available from: , https://www.fch.
europa.eu/sites/default/files/documents/Power_trains_for_Europe.pdf. .

Sager, J., Apte, J.S., Lemoine, D.M., Kammen, D.M., 2011. Reduce growth rate of light-duty vehicle travel to
meet 2050 global climate goals. Environ. Res. Lett. 6.

Staffell, I., Jansen, M., Chase, A., Cotton, E., Lewis, C., 2018. Energy Revolution: A Global Outlook. Drax,
Selby.

Electric vehicles 163

https://www.ucsusa.org/clean-vehicles/electric-vehicles/electric-cars-battery-life-materials-cost
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9008
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9008
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9008
https://doi.org/10.1016/J.ENPOL.2012.05.038
https://doi.org/10.1016/J.JCLEPRO.2018.12.019
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9001
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9001
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref9001
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref15
https://doi.org/10.1016/J.ENECO.2017.08.022
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref17
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref17
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref18
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref18
https://www.greentechmedia.com/research/report/us-front-of-the-meter-energy-storage-system-prices-2018-2022#gs.LXJbdqE
https://www.greentechmedia.com/research/report/us-front-of-the-meter-energy-storage-system-prices-2018-2022#gs.LXJbdqE
http://www.belmontresources.com/LithiumReport.pdf
http://www.belmontresources.com/LithiumReport.pdf
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref20
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref20
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref21
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref21
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref21
https://www.fch.europa.eu/sites/default/files/documents/Power_trains_for_Europe.pdf
https://www.fch.europa.eu/sites/default/files/documents/Power_trains_for_Europe.pdf
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref23
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref23
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref24
http://refhub.elsevier.com/B978-0-12-818762-3.00009-1/sbref24


This page intentionally left blank




