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Automobiles are the main sources of pollution; decarbonization of road transport is a major objective
around the world. The electric vehicle (EV) technology is mature and somehow competitive with the
development of lithium-ion (Li-ion) batteries. Affordability, performance, and the range are the first
criteria that attract drivers to invest in EVs. Countries with the same objective of EVs to represent 100%
of new registrations witness different progress, depending on the context and policy, and Norway and
Iceland are currently leading. Countries with the highest EV penetration are almost systematically those
with the highest cost of ownership of internal combustion engine (ICE) vehicles and those with most
important subsidies. In this paper, the interplay between context, policy, and technology to drive EV
transition is presented. Acquisition and operation cost, a combination of technology and policy,
represent the factors that will guarantee the sustainability of EVs as the next generation of vehicles. For
EVs to be more affordable it will largely depend on battery cost. Batteries are key in the performance,
reliability, competitiveness, acquisition, and operation cost of EVs. Despite the undeniable progress, for

EVs to match the performance of ICE vehicles in the range and lifespan, current battery technology
Received 18th October 2023

Accepted 3rd January 2024 needs to be improved. As novelties introduced in this field, along with a non-subsidy approach to the

development of EVs, in this paper an upgraded diffusion model of EV technology based on the
DOI: 10.1039/d3va00322a traditional S-curve is presented. An analysis of a potential secondhand market that is necessary to

rsc.li/esadvances guarantee a full and sustainable EV transition is also presented.

Environmental significance

Electric vehicles present better environmental benefits than their internal combustion engine counterparts. These vehicles are known for their zero tailpipe
emissions, so no direct emissions of greenhouse gases and less air pollution even if their carbon footprint needs to be considerably improved. Other major
advantages include positive impact on climate change and reduced waste through recycling and repurposing materials, particularly batteries. The universal
adoption of electric vehicles still requires important technical progress and policy reforms around the world.

consumption® as represented in Fig. 3. Diesel and gasoline
engines have dominated the road transport market since the

1 Introduction

Over 100 years ago, road transport was revolutionized by the
replacement of horses with automobiles resulting in the rise of
oil. The next revolution is currently taking place with oil being
progressively replaced with electricity. In fact, electric cars were
very popular in the early 1900 [Fig. 1], and it was around 1910
that the electric car was gradually replaced due to main devel-
opments in ICE vehicles. As an illustration, by 1912 a Ford
Model T [Fig. 2] was sold for barely 40% of the price of an
electric car. The progress in ICE vehicles was combined with the
development of road networks beyond urban areas, the ease to
install gasoline stations and the discovery of new oil sources
made fuel relatively affordable. This caused electric automo-
biles to be archaic around 1935.

Presently, about 1.5 billion ICE cars operate around the
world"* corresponding to almost 45% of the global fuel
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first automobile revolution without any credible alternative.
Crude oil is affordable and engines more and more performant.
Road transport makes an important contribution to air

Fig. 1 Fritchle electric car 1910.
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Fig. 2 Ford model T 1921.
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Fig. 3 Breakdown of oil usage in different sectors.?

pollution, greenhouse gas emissions and consequently global
warming.

There is a need for alternatives for economic and environ-
mental considerations, and there are different offers with
different levels of integration in industrial production.** In the
early 2010s, EVs witnessed an important second revolution with
the development of Li-ion batteries with improved power and
energy densities allowing better performance and range.>”
Since 2010, there is a steady progression of electric car sales
around the world reaching over 10% of new car registrations
globally in 2022 (ref. 8) out of a total of 66.2 million new vehicles
on the market.® On the other hand, since the 1970s, the price of
crude oil has experienced immense periodic variations directly
affecting the price of fuel. The variation of the crude oil price
was primarily the decision of oil producing countries (OPEC)
that control the production, as in the oil shock of 1973 [Fig. 4].°

EVs are supposed to take the lead in the global vehicle
market by 2040 [Fig. 5]." For various motivations, such as
environmental, economic, political, etc., governments establish
different electric mobility policies.

In this paper, we present our research related mainly to the
non-subsidy drivers of the EV market. We compare ICE vehi-
cles to EVs with the performance of the latter essentially driven

© 2024 The Author(s). Published by the Royal Society of Chemistry
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by the present battery technology and its future requirements,
challenges, and the necessity of more research with a top-
down approach. In the second place, we will present EV
market penetration criteria with leading countries and the
different variables that show how ready or prepared they may
be to guarantee 100% EV transition: cost of ICE vehicle
ownership, cost of electricity, density of population, Gross
Domestic Product (GDP) per capita, rate of urbanization or
percentage of renewable energy in their energy sources. An
upgraded diffusion model of EV technology based on the
traditional S-curve equation, the challenges of a potential
secondhand EV market and the future of oil and lithium
resources are presented.

2 EV vs. ICE vehicles, lithium the
driver of EV technology

The first non-institutional driver of the EV market, along with
price, is the combination of performance and safety that should
match the standards of ICE vehicles.>” In that regard, the
battery plays a major role. Presently, around the globe, for
equivalent models on the catalog, EVs cost more than their ICE
counterparts, in some cases the difference can be
substantial. Depending on countries, subsidies play an impor-
tant role in setting off the total cost of ownership or acquisi-
tion." Table 1 below compares an EV and ICE Kia Ray."?

A conventional ICE vehicle can generally last between 200
000 and 300 000 miles. It corresponds to a total of 10 to 15 years.
On the other hand, EV batteries last 10 to 20 years in theory.

The average cost of an EV battery is between 30% and 60% of
the vehicle's total value. Replacing the battery will be from free
of charge to $20000 on average, depending on the warranty.

The demand for Li-ion batteries driven by the electric auto-
mobile industry will continue to grow to reach 4.7 TW h by
2030." The continuous drop of the battery price [Fig. 6] will pull
the EV total acquisition cost down, making it more affordable.
There is a decrease from $300 in 2015 to approximately $100 per
kWh currently and the cost of the kWh may be as low as $50 by

14-17

and

2040 as presented Fig. 6 below.

The EV Li-ion battery demand jumped from 330 GW h in
2021 to 550 GW h in 2022, 65% increment, corresponding to
55% increase in new car registrations made of EVs from 2021 to
2022.%

Obviously, the battery demand drives the basic material
needs to critical limits. In 2022, the lithium demand surpassed
the supply.” As a reference year so far, in 2022, 60% of the
available lithium on the market was for the EV industry, 30% of
cobalt and 10% of nickel. In a near future, lithium mining may
not keep up with the market demand to guarantee the progress
in EV transition."

Presently, the main cathode materials for the EV battery
industry are lithium nickel manganese cobalt oxide (NMC), 60%
of the market, followed by lithium iron phosphate (LFP), about
30%, and nickel cobalt aluminum oxide (NCA) with approxi-
mately 8% market share. Commercial LFP batteries have
a density of energy below 200 W h kg™, while for ternary
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Fig. 4 Crude oil prices react to many types of geopolitical events, from weather disasters to wars, revolutions and economic growth or

recessions.®

batteries (NMC), the energy density is between 200 and
300 W h kg '.2°

Sodium-ion (Na-ion) batteries are a credible alternative to Li-
ion technology. Among others, they present the advantage of
using lower cost materials, and even if their energy density (75—
160 W h kg™ ') is lower than that of Li ions (150-170 W h kg™),?°
they may make a good match with urban transit, that requires
a shorter range therefore smaller energy storage.

If we compare EVs and ICE vehicles, filling a gas tank takes 10
minutes at the most for an average vehicle, compared to about 6
hours at least of home charging for an EV or about 25 minutes
while using fast-public charging.*** One of the main drivers of
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Li-ion technology in electric transport is the range, correspond-
ing to the comparison between the gas tank and the battery
capacity. The development of Li-ion technology®** for the future
will include greater autonomy. Currently, fuel powered cars can
have an autonomy up to 731 miles on a single tank [Jaguar X20d
731 miles] for 56 liters, corresponding to 14.62 miles per liter;
meanwhile the best electric car range is about 500 miles on
a single charge [lucid air 531 miles] for a charging time of 13
hours under 240 V for 118 kW h capacity, 4.5 miles per kW h. To
bridge such a gap, it will be needed to have a breakthrough in the
battery technology. Table 1 gives an illustration with the com-
paration between an EV and ICE Kia Ray.

% EV % ICE

2030 2035 2040

Year

Fig. 5 Global share of total annual passenger vehicle sales by drivetrain.®®
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Table 1 EV vs. ICE Kia Ray*?
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Kia Ray EV ICE

Weight 1185 kg 998 kg

Capacity 14.6 kW h/330 V 38 liters

Range 138 km 400 km < r < 500 km

Max speed 130 km h™* 200 km h™*

Consumption 1.06 km kW~ h™'-10.5 kW h/100 km 7.6 liters/100 km - 9.4 liters/100 km
Charging time 6 h/220 V - 25 min fast charge

Cost* US $21000° US $11000”

“ At the current exchange rate $1 = 1300KRW. ? These are average prices for entry-level models. Vehicle prices change with options.
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Fig. 6 Li-ion battery price evolution.**

NMC as well as LFP batteries are used to power EVs because
of their safety and good energy density.>® To match the world
record of 731 miles range for a passenger car, it will be neces-
sary to have batteries with an energy density of about
400 W h kg, with obviously comparable safety guarantees,
lifespan, power density, etc. Such a density of energy is yet to be
achieved for batteries that can satisfy safety and lifespan
requirements in EV applications. This shows the necessity of
more investment and research in battery technology to make
them more affordable and with higher performance. The elec-
trolyte is a good direction for more research.

In fact, the electrolyte plays an important role in the battery
capacity, power density, life cycle and safety. Modern Li-ion
batteries use liquid electrolytes. Liquid electrolytes present
issues such as low boiling points and flashing points. These
batteries are prompt to catch fire or explode in case the liquid
leaks or heats up above a certain level. Also, liquid electrolytes
do not allow the use of high-voltage cathode materials and
consequently limit the battery energy density.

Solid-state lithium batteries are said to be next generation
batteries with a higher energy density and improved safety. They
use solid electrolytes and no separator [Fig. 7].>>*¢

It is very likely that lithium will continue to play a central role
in the EV industry. Car manufacturers have been working on
a rapidly emerging new battery technology such as solid-state

© 2024 The Author(s). Published by the Royal Society of Chemistry

2030 2035 2040 2045

Year

batteries. Solid-state lithium batteries use a solid material
rather than a potentially combustible gel. These materials are
neither volatile nor combustible. The higher energy density
would increase the range of EVs by between one-third and 50%.
Toyota has a solid state battery powered car prototype with
production expected in 2024.*

Energy storage for electric transport still needs a longer
lifespan, lower rate of degradation, higher energy density, less
sensitivity to high temperatures and temperature variations,
and less sensitivity to humidity as well. There is a significant
amount of research being conducted to improve battery quality
and performance based on experiment, theory, or
simulation.?®** The main orientations to reach such a goal are
design and heat management, material composition and the
structure.?**

3 Electric car market drivers

3.1. Electric car market drivers

It is a complex task to discuss the difference in incentives
between countries unless it is direct cash received by EV buyers.
Incentives can apply differently depending on countries; as an
illustration, in the UK buyers receive direct flat subsidies, in the
US they are based on the battery capacity, in France they eval-
uate carbon dioxide emission, and in China subsidies are range-
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based. In Norway, the objective of the government is to arrange
subsidies so that the acquisition of an EV will cost at the most
the same as its ICE vehicle counterpart. Norway has higher tax
incentives for EVs with all taxes waived, even if such an
approach is being scaled down.

What is the secret to leading the world to EV transition? The
leaders, Norway and Iceland [Table 2], have approached EV
incentives differently to many other countries and such an
approach started decades ago. Rather than important direct
subsidies to individuals, they created a context favorable to the
adoption of EVs including considerable tax breaks and infra-
structures as charging stations.**** Norway has a high taxation
on ICE cars, which makes it easier to incentivize EVs through
taxation benefits. All this combined with high fossil-fuel prices
compared to electricity and high urbanization makes it an ideal
market for EVs. Furthermore, Iceland and Norway have the

Table 2 Non-subsidy drivers of the EV market in the top 20 markets
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capacity to provide virtually 100% of their electricity from
renewable sources.

Table 2 shows the rate of penetration of EVs in different
markets along with Norway and Iceland. In 2022, they come far
ahead of any other nation, as shown in Table 2 with respectively
86% of new car registrations in Norway and 72% in Iceland. The
3rd country in the top 20, Sweden, comes far behind with “only”
43%. Out of the 20 countries that make the list, the 11 countries
that present the lowest rates are all under 20%, and 7 of those
are under 10% [Table 2].

The electric car sales are up to 14% of global sales in 2022
and some studies project electric car sales to reach 54% of new
cars on the market by 2040 (ref. 8 and 36) [Fig. 8] with projec-
tions to reach about 70 million EVs to be sold in 2040.

A survey” [Fig. 9] shows that ahead of any other criteria,
affordability is the first motivation for car buyers to acquire an

38 39 40 41 Energy sources?? %4 Density45 46
11 Gasoline 1 kw h GDP per
Country % of e-cars ($US) ($US) 111 kwWh capita Renewable Fossil Nuclear Pop/km® %Urban Cars/1000 people®”
Norway 86% 2.091 0.129  16.209 89154.30 96.7 3.3 0 43 84 634.33
Iceland 72% 2.242 0.146  15.356 68727.60 100 0 0 4 94 695.18
Sweden 43% 1.853 0.361  5.132 61028.70 55.9 2.4 40.2 60 88 544.53
Denmark 35% 2.066 0.576  3.586 68 007.80 40.2 575 0 352 88 546.03
Finland 31% 2.209 0.454  4.865 53654.80 32.8 27.5 31.6 43 86 577.57
Netherlands 30% 1.945 0.489  3.977 57767.90 11 83.3 3.7 520 93 589.33
Germany 26% 1.94 0.554  3.501 51203.60 20.5 60.1 179 605 78 633.46
Switzerland 22% 2.014 0.234  8.606 91991.60 66 1 34 545 74 603.77
Portugal 20% 1.778 0.293  6.068 24 567.50 57 44 0 289 67 648.40
United Kingdom 19% 1.806 0.412  4.383 46 510.30 41.9 39 19.1 715 84 639.14
France 19% 1.979 0.217  9.119 43 659.00 11.6 8.5 79.4 303 82 673.75
Belgium 18% 1.793 0.521  3.441 51247.00 20.5 60.1 17.9 985 98 591.19
China 16% 1.196 0.08 14.95 12 556.30 17 81.2 1.8 385 64 225.22
Italy 9% 1.959 0.576  3.401 35657.50 27.6 714 0 509 72 765.75
Spain 8% 1.702 0.369 4.612 30103.50 29.8 50.2 20 243 81 629.01
Greece 7% 1.984 0.272  7.294 20192.60 29 71 0 205 80 631.57
Canada 7% 1.3 0.119 10.924 51987.90 62.3 22.8 14.7 11 82 704.82
South Korea 6% 1.233 0.101 12.207 34997.80 1.5 68.7 29.8 518 81 457.80
United States 5% 1.011 0.18 5.616 70248.60 12.2 68.6 19.2 91 83 872.55
New Zealand 4% 1.622 0.193 8.404 48781.00 76 24 0 49 87 864.92
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Fig. 8 Annual global light-duty vehicle sales.*®

EV followed by the range and availability of public charging
stations. Most of the other criteria can be translated in terms of
affordability [Fig. 9]. The EV market is certainly impacted by
governments' policies visible in acquisition and operation cost,
particularly compared to ICE vehicles. Acquisition subsidies
can certainly guarantee affordability to get the industry pick up
but they are not sustainable in the longer run. The GDP per
capita, as a translation of average income, would rather be more
determinant.

Among the countries with the highest percentage of EV sales,
Norway and Iceland, respectively first and second markets in
percentage in the list of the top 20 countries with the highest
proportion of electric cars sold in 2022, rank respectively 2nd
and 4th highest GDP per capita in the list presented Table 2.
Government policies can be seen as well with the percentage of
renewable energy in their energy sources, with Norway and
Iceland coming respectively in the second and first positions
with 96.7% of renewable sources for Norway and almost 100%
for Iceland. This shows that these governments’ policies as well
as the potential they have in renewable energy make a good
match with the transition to 100% EVs.

These countries present as well other remarkable specific-
ities: the highest cost of gasoline and one of the highest ratios of
cost of gasoline to electricity. Norway is the country that pres-
ents the highest ratio, followed by Iceland. This shows that
without subsidies, the operation cost of an EV would be much
more beneficial in these countries compared to all the other
countries in the list.

Iceland presents the lowest density of population and Nor-
way comes in the 3rd position; they both have a high rate of

Affordability [30%
Range comparable to ICE cars
Availability public charging
Range

Free public charging
Affordability home ::harging setup
Improved subsidies

Faster charging time

Banning ICE cars

| 24%
|23%
22%

22%

20%
20%
[19%
17%
17%

Free parking
Cost effective ICE to EV change [14%
[13%

More eco-friendly battery fab.

Fig. 9 Motivations for EV adaption®
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urbanization. This gives a good indication about populations
having more chance to live in individual houses compared to
densely populated countries where people are more likely to live
in apartment complexes and count only on public charging
stations. Living in individual flats or villas makes much more
convenient recharging an electric car at home or even having
a personal solar charging station. It is worth mentioning that
a high urbanization rate is favorable for the adoption of an EV,
particularly for short commutes, provide obviously that
charging infrastructures follow. Iceland presents 94% of
urbanization and 84% for Norway (Table 2).

One liter of gasoline corresponds to an electric energy of 8.9
kW h. On average an ICE vehicle covers 12 km per liter in urban
areas, while a modern EV can run about 5 km on 1 kW h.
Therefore, if the ratio of the cost of one liter of gasoline to one
kwh of electricity is over the breaking point of 2.4, it is tech-
nically more advantageous to operate an EV than a gasoline car.
In Saudi Arabia for example, currently one liter of gasoline costs
$0.621 while one kWh of electricity is sold for $0.18 for house-
holds, the ratio is only 3.45 versus 16.21 in Norway and 15.36 in
Iceland. A Saudi driver needs a different motivation to buy an
EV compared to someone who lives in Norway or Iceland.

Non-subsidy variables are determinant in the adoption of an
EV than direct subsidies. This is almost perfectly illustrated by
the difference between Norway and Iceland compared to any
other country, particularly the top 20 countries which look to
propose very strong incentives. These indirect subsidies are
what will guarantee the sustainability of EVs. The question of
public charging stations can be technically solved by either
using on-grid or off-grid solutions. A better integration of
renewable energies looks to be an obvious option.

It is necessary to have a closer look at the automobile reality
in the different markets to understand the weight of cost of car
ownership [Table 3] in market drivers.

Out of the 20 countries with the highest EV penetration 13
are on the list of the 20 markets with the highest cost of ICE
vehicle ownership. Such markets have much more room to offer
tax rebates for EV buyers. Out of the other 7 remaining coun-
tries, Iceland, Switzerland, Belgium, Italy, China, South Korea,
and New Zealand, 5 are part of the list of top countries with the
highest direct incentives for the acquisition of an EV.**

The cases Switzerland and Iceland that are the only two
countries in none of the lists deserve attention. Switzerland has
applied, at least initially, exclusively a sanction policy based on
cars greenhouse gases emission level before including subsidies
and a heavy investment in public charging infrastructures.*

Iceland presents other specificities, such as a high urbani-
zation rate, 94%, small population and small country, high
density of charging stations and low cost of electricity.>**

The bottom line is that markets with the highest EV pene-
tration are those where the ownership of ICE vehicles is more
expensive and countries where subsidies are higher.

Most of the other variables are directly related to batteries
such as the cost of the vehicle, the performance of EVs, safety, or
lifespan. Based on market requirements, more research is still
needed even if EV technology has reached a competitive matu-
rity. In a longer run, more research is needed to develop higher
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Table 3 most expensive countries for car ownership (average cost in USD)*®
Annual tax Annual Annual
Annual Annual annual & maintenance Annual Annual toll Annual Fuel
Ranking Country depreciation insurance inspection registration cost fuel  parking fees washing  (liter) Licensing
1 Denmark $1809 $651 $125 $355 $794 $2892 $120 $62 $82 $2.07 $36
2 Germany  $1662 $717 $236 $217 $2045 $1717 $136 $41 $96 $1.89 $43
3 Finland $1481 $720 $75 $351 $2143 $1711 $149 $21 $109 $2.06 $27
4 UK $1336 $692 $110 $174 $2068 $1670 $167 $38 $67 $1.89 $39
5 Netherlands $966 $660 $177 $521 $1765 $1366 $107 $52 $55 $2.03  $41
6 Sweden $1517 $615 $33 $259 $2232 $1816 $221 $77 $116 $1.95 $25
7 Ireland $1261 $970 $81 $335 $632 $2042 $155 $186 $82 $1.82 $54
8 Norway $1699 $848 $249 $226 $608 $1519 $203 $417  $110 $2.16 $19
9 Canada $1455 $1316 $92 $88 $711 $1835 $223 $71 $85 $1.37 $66
10 USA $1613 $1018 $85 $151 $1931 $1525 $171 $139 $104 $1.06 $47
11 Australia $1250 $704 $147 $235 $2048 $1616 $132 $137 $87 $1.09 $40
12 Spain $1541 $519 $47 $123 $1835 $1505 $215 105 $57 $1.75 $24
13 Greece $934 $366 $56 $249 $1821 $1527 $81 $149  $73 $2.02 $18
14 Guatemala $853 $502 $160 $88 $1713 $1316 $237 $117 $109 $1.21 $65
15 Portugal  $1280 $346 $33 $111 $1493 $1237 $107 $217  $44 $1.83  $29
16 Ecuador $932 $581 $157 $278 $1476 $1202 $151 $189 $86 $0.63  $142
17 France $1416 $672 $66 $78 $1461 $1173 $144 $157 $57 $1.63 $29
18 Czech $1218 $425 $78 $42 $2379 $1908 $84 $77 $67 $1.75 $2
Republic
19 Uruguay  $419 $543 $71 $371 $2076 $1701 $170 $150  $94 $1.82 7
20 Poland $782 $366 $74 $25 $1591 $1392 $73 $64 $68 $1.45 836

performance batteries to be more competitive in cost, energy
density, lifespan, and complexity of materials for easier
recycling.

The full adoption of EVs will need to overcome a certain
number of challenges such as public charging stations and in
the immediate practical aspect, access to public charging
stations particularly for densely populated countries as South
Korea or Japan. Grid infrastructures are not designed to support
such an overload in production, transmission or distribution. It
is almost obvious that off-grid renewable energy solutions will
be needed. This may include more consideration of photovol-
taic chargers in EVs, in the form of foldable high efficiency solar
panels or even highly efficient photovoltaic paint that would
cover vehicles. Gas stations may be associated for an easier
integration of EV charging stations, as Shell company is already
doing [Fig. 10]. Such an initiative will help in the transition from
ICE cars to EVs in terms of infrastructures or employment.

3.2. EV diffusion model

The success of EV transition can somehow be measured by the
will of governments to fight pollution or limit dependence on oil
imports, particularly in the geopolitical context of the last 50
years. Table 4 shows the evolution of EV transition in the 20
most dynamic markets between 2013 and 2022.

EVs represent a new technology and they are still more
expensive than their ICE counterparts. Under the light of
statistics, the innovation EV market growth follows an S-curve®*
[Fig. 11].

The slope of the curve, representing how fast the technology
is adopted, will depend on the context of each market before
100% transition is eventually achieved. The pickup is slow
before an exponential growth and a slow down before saturation
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is eventually reached for a full transition, as in any S-curve®
characterized market penetration.

The major increase in new registrations for all countries
occurs at an inflection point as if there was a form of confidence
from buyers after pioneers open the game. There is then an
exponential growth till a certain level before a slow down to
convince the most reticent buyers. Once efficiency is proven and
a solid base of trust is built, the majority of buyers will invest in
what is supposed to be a new product. The last category of
buyers step in at a slow pace to complete the full EV transition.

Fig. 12 shows the market evolution of some countries with
a meaningful EV penetration. These markets are those with the
highest cost of ICE vehicle ownership.

Fig. 12 shows the curve of growth for some markets with
a meaningful EV penetration from 2013 to 2022.

The way an innovation is adopted follows a non-linear path;
the first stage is slow and the second is fast before the last stage

Fig. 10 Shell offering EV charging stations next to standard gasoline
stations.®2

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Passenger plug-in (battery electric and plugin hybrid) market share of total new car sales for selected countries and selected regional

markets since 2013 (ref. 53)

Year

Country 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Norway 6.1 13.8 22.4 29.1 39.2 49.1 55.9 74.7 86.2 87.8
Iceland 1.3 2.1 3.6 5.6 11.7 17.2 22.6 45.0 54.7 56.1
Sweden 0.71 1.53 2.62 3.5 5.2 8.2 11.4 32.2 43.3 56.1
Denmark 0.29 0.88 2.29 0.6 0.6 2 4.2 16.4 35.2 38.6
Finland — — — 1.2 2.5 4.7 6.9 18.1 30.8 37.5
Netherlands 5.55 3.87 9.9 6.7 2.2 6.2 14.9 24.6 29.8 34.9
Germany 0.2 0.43 0.73 1.1 1.58 1.9 3.0 13.5 26.0 314
Switzerland 0.44 0.75 1.98 1.8 2.55 3.2 5.5 14.3 22.5 25.9
Portugal — —_ — — 1.9 3.6 5.7 13.5 20.0 21.7
United Kingdom 0.16 0.59 1.07 1.37 1.86 2.53 2.9 10.7 18.6 22.9
France 0.83 0.70 1.19 1.4 1.98 2.11 2.8 11.2 18.3 21.6
Belgium — — — 1.8 2.7 2.5 3.2 10.7 18.4 26.5
China 0.08 0.23 0.84 1.31 2.1 4.2 4.9 5.4 15 30

Italy 0.07 0.08 0.09 0.08 0.1 0.26 0.6 4.3 9.3 8.8
Spain 0.07 0.08 0.09 0.08 0.1 0.26 0.6 4.3 9.3 8.8
Greece — — — 0.2 0.8 6.2 7

Canada 0.18 0.28 0.35 0.58 0.92 2.2 3.0 3.5 6.6 9.4
South Korea — 0.01 — — 1 2.5 2.8 3.4 — 6

United States 0.60 0.72 0.66 0.90 1.1 2.1 1.9 2.2 4.0 7.7
New Zealand — 0.1 0.2 0.6 1.2 1.9 2.8 2.8 3.6 13.0
Global 0.27 0.43 0.7 0.89 1.4 2.3 2.6 4.2 8.7 14

that corresponds to saturation. These curves are known as S-
curves** due to their shape.

The shape of the S-curve can be attributed to system feed-
back: economies of scale, social diffusion, and technological
reinforcement.

The S-curve model* can provide a description of these
markets. The curve gives the rate R(z) of market penetration of
the EV against time as eqn (1) below where each market can be
well represented by two output values « and k to be found by
adjusting the curve R(f) with the actual data. So « and k are the
outputs to be found by scanning through a range of values until
the graph R(f) matches the graph obtained from actual data.

1) = LA where >0 and k>0
[1 + exp(—at)]
and where 7 is the time,
Here are some significant markets and their characteristics:

Norway [Fig. 13] « = 0.29 and k = 11.

Sweden [Fig. 14] & = 0.25 and k = 30.

Global [Fig. 15] & = 0.12 and k = 11.

Based on these curves, it could be expected to have Norway
witness a full EV transition for new registrations around 2025
[Fig. 13] and 2030 for Sweden [Fig. 14], while globally [Fig. 15]
a full transition will not occur before 2050 when considering the

S curve: Trajectory of a Technological Revolution
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Fig. 11 S-curve as a typical trajectory of a technological transition.
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Fig. 12 Rate of EV penetration in expensive ICE vehicle ownership countries 2013 to 2022.

most common types of electric vehicles: battery electric vehicles
(BEVs), hybrid electric vehicles (HEVs) and plug-in hybrid
electric vehicle (PHEVS).

Each market is described by a couple («, k) that determines
the time for the technology to takeoff and the slope of the S-
curve that corresponds to the rapidity of growth.

3.3. Would the future of oil affect global EV market
penetration?

Crude oil is beyond a mere source of energy, and it became
a real strategic tool in the hands of oil producing countries
(OPEC) to play major political roles on the international scene.

From ICE to EVs, the dependence is switching from oil to
lithium. Countries around the world develop different

Market share of electric cars (BEV and PHEV) in
Norway from 2009 to 2022
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Fig. 13 Norway EV transition statistics and simulation.
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Fig. 14 Sweden EV transition statistics and simulation.

strategies to prepare for the EV transition. Presently, lithium
earth reserves are evaluated at 88 million tons,*® and with 8 kg of
lithium on average per car, there is potentially enough material
to guarantee 100% EV global transition even if the demand is
growing at a very high rate [Fig. 16].

The main questions that arise with the higher penetration
of EVs and their future market domination, despite the
potential of reserves, are the availability of enough lithium to
build batteries on the one hand, as stated above, and on the
other hand, what would be the impact of a high percentage of
EVs on the oil demand and price, knowing that the global

2026

2031 2036 2041 2046 2051

Year

—&— Sweeden (data)

transport sector accounts for almost 50% of the current oil
demand?

It is predicted that by 2025, 75% of all mined lithium will go
into EVs as presented Fig. 16. Lithium reserves may not present
any potential shortage but there are difficulties related to the
extraction of raw materials. Lithium supply shortage may be one
of the challenges that the manufacturing of EVs may face in the
near term as shown Fig. 17 unless there is a technological
breakthrough.

The development of EVs will undoubtedly lead to a lower fuel
demand, and oil supply will be higher than demand. In such
a case, with the steady increase of EV sales, predicted to reach

Global market share of electric vehicles within
passenger car sales between 2010 and 2022
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Fig. 15 Global EV transition statistics and simulation.>®
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54% of new registrations by 2040, it could be expected to have
a future oil price drop due to lower demand.

Surprisingly, analysts that predict prices increase for oil, due
primarily to more difficulties of oil extraction, less accessible
sources that would require more important investments, and
the growing demand from India and China. The direct conse-
quence is a price increase for fuels.

It can easily be predicted then that there will be an
increasing demand for EVs due to the higher price of oil.

3.4. Secondhand EV market

According to research released by AA cars, in total, almost 75% of
drivers in the US, as a reference market, purchased a used car as
their most recent vehicle. In most developing countries this rate
goes up to almost 100%. Sales of used passenger vehicles in the US
were around 38.6 million units in 2022. In 2027 the used auto-
mobile market is projected to reach over 1.5 trillion US dollars; it is
a considerable increase from 1.2 trillion in 2020, and it corre-
sponds to a growth of 3.2% across 7 years. These statistics show
that a successful EV transition should necessarily include
a dynamic secondhand market. Nevertheless, presently, the
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Fig. 17 Lithium demand vs. supply forecast.>®
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secondhand EV market faces two main problems: the rapid
depreciation of EVs and battery capacity loss that results in
a shorter range. Obviously, these two problems are related.
Incentives that bring EV prices down are part of the reasons why
used EV prices decline. As new EVs are affordable due to subsidies,
demand for used EVs decreases as well as prices. In addition, there
may be an important disparity in interest rates that can be higher
for used cars than for new vehicles. The height of the coronavirus
19 disease (COVID-19) was an unusual period; due to factories
lower activity there was a shortage of new cars, and demand on the
used market drove prices up.

Based on a Cox Automotive study, EV owners perceive that
EV batteries last about seven years on average, after that period
there is a sensitive range drop. The odometer only is not enough
to understand the state of health (SOH)* of the battery, and
a certain number of other parameters come into play in the
battery life of an EV: manufacturing variances, operation
conditions such as the cooling system, and charging conditions
such as fast or slow charging. The challenge is working out how
much charge is still available after a certain period of operation.
The best guarantee of good knowledge of the battery health is by

Lithium demand vs supply projections in different domains

Unplanned
new supply
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Fig. 18 Average EV battery degradation with time.®*

getting a diagnostic from the onboard diagnostics port of the
EV. While 90-95% of the original capacity is acceptable, below
80% should raise some worries. Tesla claims about 90% of
capacity left after 200 000 miles of use on models S and X, which
may not be accurate based on drivers' opinion. No other
manufacturer has made a report of such good battery and
management qualities. Such a claim is beyond expectations.
The reality for most manufacturers is 2 to 3% of capacity loss
per year and even worst when fast charging is used, one of the
worst stresses on a battery.

The secondhand market is presently indeed a major issue in
EV technology in contrary to ICE vehicles. Almost all EV drivers
buy their vehicles new and generally incentives apply exclusively
to new EVs, as a replacement of an ICE vehicle or as their first
vehicle. Despite the remarkable performance of EVs and their
competitiveness, they show some limits compared to ICE
vehicles as presented above. It is reported that the depreciation
of EVs is over 50% of their original value within the first three
years of ownership compared to less than 40% for ICE vehicles.
Due to the high price of premium EVs such a depreciation
corresponds to a loss of thousands of dollars for the original
owner. EV prices fall further down compared to their ICE
counterparts; meanwhile the EV premium can be over $10000
higher, and this gives more importance to their value loss. The
depreciation of EVs is also about a question of demand and
supply. It was common to be on a waiting list to purchase an EV,
while presently EV makers can keep up with the demand. A
third point is related to the battery lifespan as stated above. In
fact, due to the battery technology limitations, buyers wonder if
it is worth buying a secondhand EV as the range on a single
charge may be much shorter than for a new car.®

In the current state of technology, the battery does not outlast
the vehicle. Satisfying such criteria would have been a turning
point in the development of the second-hand EV market.

Fig. 18 below shows the average capacity loss of an EV battery
with the time of use with the average range dropped to about
80% after about 6 years of operation while considering 3%

© 2024 The Author(s). Published by the Royal Society of Chemistry

Year

—@— 3% per year

capacity loss per year and after about 10 years when 2% capacity
loss per year is considered® for the most common chemistries
used in EVs: NMC or LFP.

An ecological EV transition will necessarily go with
a sustainable secondhand vehicle market, and the conditions
for such a market have so far been missing. It should as well be
noted that EV transition in developing countries will most likely
strongly depend on a secondhand vehicles market as it is
already the case with ICE vehicles.

It is very likely that the concept of secondhand cars as known
with ICE vehicles will be replaced with that of refurbished
vehicles with a serviced battery and updated software.

The secondhand EV market is a good argument to illustrate the
need to build batteries with better performance, longer lifespan,
slower degradation rate and less susceptibility to fast charging.

5 Conclusion

The development of Li-ion batteries has been the main tool to
achieve the successful penetration of EVs in our societies, but
they as well remain the main threat to possibly limit the
expansion of EVs. Li-ion batteries will need to have higher
energy density to match the current standard ICE cars, and they
should allow faster charging without compromising their life-
span, and they should have lower cost to make EVs more
affordable and competitive compared to their ICE counterparts.
More research and development will be needed to produce the
battery for a global and sustainable EV transition, for acquisi-
tion, operation and recycling of batteries.

In the present situation, some countries seem to be in more
favorable situation for a successful EV transition. It is the case
of Norway and Iceland, due to their geography, energy policies
and obviously their economies that besides subsidies can
guarantee affordability to their populations. In some other
countries opting for EVs is still a luxury and the transition looks
to be not realistic in a near future.
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The approach of subsidies has certainly been proven effi-
cient to get the market started but in the longer run, local
policies should be able to prepare a more favorable context
without subsidies.

The main driver of the EV market is primarily cost before
environmental convictions. Strong willed governments conse-
quently have policies designed to deliver technically performant
EVs to buyers at a lower cost or a cost comparable to ICE vehi-
cles and make available a dense network of public charging
infrastructures. Such a situation is favorable when the cost of
ICE vehicle ownership is high and when subsidies are consis-
tent, and in both cases the transition to EVs corresponds to
saving money. The cost of EVs and range are the other main
drivers attracting car owners to EVs when charging infrastruc-
tures are available. The cost of EVs and range mainly depend on
the cost and performance of the battery. It can then be expected
that when Li-ion battery prices considerably drop the adoption
of EVs will be wider. Governments' policies may include an
important battery development approach to reduce its cost. The
development of sodium-ion batteries (Na-ion) is promising to
substantially drop battery cost without losing performance, so it
is for the development of solid-state batteries.

The diffusion of EVs obeys the S-curve that allowed the
extraction of parameters « and k specific to each country and
prediction of the period to reach 100% EV transition.

Oil dependence is changing to lithium dependence with the
demand surpassing already the supply due to the EV industry.

The present state of EV battery technology and subsidies are
the main barriers hampering the development of a meaningful
secondhand EV market.
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