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Abstract

The adoption of battery electric vehicles (BEVs) may significantly reduce greenhouse gas
emissions caused by road transport. However, there is wide disagreement as to how soon
battery electric vehicles will play a major role in overall transportation. Focusing on battery
electric passenger cars, we analyze BEV adoption across 17 individual countries, Europe,
and the World, and consistently find exponential growth trends. Modeling-based estimates
of future adoption given past trends suggest system-wide adoption substantially faster than
typical economic analyses have proposed so far. For instance, we estimate the majority of
passenger cars in Europe to be electric by about 2031. Within regions, the predicted times
of mass adoption are largely insensitive to model details. Despite significant differences in
current electric fleet sizes across regions, their growth rates consistently indicate fast dou-
bling times of approximately 15 months, hinting at radical economic and infrastructural con-
sequences in the near future.

Introduction

Climate change poses a major challenge to humanity in the near to midterm future [1]. It is
caused by anthropogenic emissions of greenhouse gases, predominantly carbon dioxide [2-4].
To combat climate change, global carbon dioxide emissions need to be reduced significantly
and rapidly. A major contributor to greenhouse gas emissions in general and to those of west-
ern countries in particular is the road transport sector [5], to a large degree due to passenger
cars propelled by internal combustion engines [6, 7]. In 2019, transportation caused 30% of
the greenhouse gas emissions in the United States of America (USA), and 18% in Europe, but
only 9% in India, and 7% in China [8]. Over the past decades, however, the transport sector
has failed to reduce its carbon footprint [9].

Mitigating carbon emissions from the transport sector requires the transition to carbon-
neutral powertrains, and thus the replacement of mineral oil as the underlying source of
energy. Today, the two most common options to achieve this goal are to either produce hydro-
gen by processing biomass or splitting water [10, 11], which is subsequently used to power an
electric motor by means of a fuel cell [12], or directly power an electric motor by means of a
rechargeable (often lithium-ion-based) battery [13]. For both electrolytic hydrogen and elec-
tric power, the carbon-neutrality hinges on the renewable generation of the electric energy.

Several related technologies are also under development. For instance, hydrogen [14] and
synthetic fuels, such as biofuels or electrofuels [15-18], may be used to power internal
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combustion engines. Moreover, batteries based on elements other than lithium are under
active development, most prominently sodium-ion batteries [19, 20].

The technologies required to refuel vehicles based on electric batteries, compressed hydro-
gen, cryogenic liquid hydrogen, and synthetic fuels have little technological overlap [21, 22]
such that several support infrastructure systems would need to be established for multiple
powertrain options to coexist. Transitioning from the current largely homogeneous infrastruc-
ture supporting vehicles with petrol- and diesel-based internal combustion engines to a hetero-
geneous infrastructure would likely incur substantially higher operational costs. Such
economic reasons may act as additional drivers to single out just one winning technology that
dominates the market.

With battery-electric powertrains currently being the most common carbon-neutral option
by far, this provokes the question whether they will succeed as the dominant technology, and,
if so, when this will happen.

Previous research primarily focuses on factors influencing and incentives driving the transi-
tion to electric vehicles. This includes investigating consumer preferences and adoption behav-
ior using surveys, discrete choice models and statistical analysis [23-25], evaluating adoption
obstacles, purchase incentives and the effect of policy support [26-29], as well as assessing
future technological advances and changes in mobility patterns [30]. Early-adopter electric
vehicle uptake has also been studied spatially, taking the effects of charging infrastructure and
socioeconomic and demographic characteristics into account [31, 32]. The existing literature
on consumers’ perception of EVs, adoption drivers, and adoption barriers has been extensively
reviewed in [33-36].

Electric vehicle fleet sizes have primarily been projected for specific regions, employing
detailed microscopic and scenario-based modeling to assess the impact of policy changes [37-
39]. Rietmann et al. have studied BEC adoption globally by fitting a modified logistic model to
past adoption trends [40].

We now strive to answer how soon electric vehicles will dominate passenger car fleets by
performing a purely data-driven analysis of the recent worldwide adoption of battery electric
cars (BECs), i.e., battery electric light passenger vehicles, create model-based projections of
future adoption, and put the results into perspective with regard to the total number of regis-
tered passenger cars (PCs).

Our analysis focuses on the major growing BEC markets of Europe and the USA, inten-
tionally excluding developing countries, such as China or India, which, while having large BEC
markets, at the same time experience rapid growth of their total passenger car fleets. For exam-
ple, in recent years, China’s and India’s PC fleets have sustained average annual growth rates of
15% and 9%, respectively [41]. It is unclear in which fashion this total fleet growth will continue
into the future, which places the BEC adoption process in these regions outside the scope of this
study. Bearing this uncertainty in mind, however, we still provide aggregate worldwide results.

We demonstrate that the observed recent adoption of battery electric cars has happened
exponentially. Based on this result, we describe the historic growth trends using three related
models: An exponential model, a logistic model and a Bass diffusion model. We then employ
these models to estimate a future transition point in the mobility landscape: The point in time
at which battery electric vehicles are expected to start dominating the passenger car fleet in a
country, i.e., to comprise 50% of the total fleet, should the current trend continue.

Data

Our analysis relies on worldwide historic BEC and PC registration data, now described in fur-
ther detail.
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Electric vehicle stock

Our data for the number of BECs across various regions have been provided by the Interna-
tional Energy Agency (IEA), an intergovernmental organization, accompanying their Global
EV Outlook 2022 [42]. This dataset provides information on the adoption of electric vehicles
and public charging infrastructure in 34 regions worldwide. It includes data from 30 countries
(Australia, Belgium, Brazil, Canada, Chile, China, Denmark, Finland, France, Germany,
Greece, Iceland, India, Indonesia, Italy, Japan, Korea, Mexico, Netherlands, New Zealand,
Norway, Poland, Portugal, South Africa, Spain, Sweden, Switzerland, Thailand, USA, United
Kingdom) and four aggregate regions (“Europe”, “Other Europe”, “Rest of the world”,
“World”). The dataset contains both year-resolved historical data, ranging from 2011 to 2022,
and scenario-based projected future data up to 2031, according to their Announced Pledges
Scenario (APS) and Stated Policies Scenario (STEPS). For several kinds of vehicles (buses, cars,
trucks, vans), and the respective powertrain technology (battery electric, plug-in hybrid), sales
and stock numbers are provided. The dataset also contains information on charging infra-
structure, namely the number of public slow and fast chargers. Finally, for select large regions,
values for mineral oil displacement and electricity demand of electric vehicles are provided
(China, “Europe”, India, “Rest of the world”, USA, “World”). Not all described data are avail-
able for all the countries contained in the dataset.

For our analysis, we extract the year-resolved historic data on the absolute and relative
number of battery electric passenger cars per region.

Passenger car stock

To model the total passenger car fleet, we combine vehicle registration data from several
sources.

The International Organization of Motor Vehicle Manufacturers (OICA) [41] provides
worldwide vehicle registration data, distinguishing between passenger cars, defined as motor
vehicles intended for passenger transport of a maximum capacity of nine persons, and com-
mercial vehicles, such as trucks, coaches, and buses. The dataset contains vehicle stock num-
bers for the years 2015 and 2020 and 63 countries. For Europe, this includes the categories
“EU 27 + EFTA + UK” (Austria, Belgium, Bulgaria, Croatia, Czechia, Denmark, Finland,
France, Germany, Greece, Hungary, Ireland, Italy, Netherlands, Norway, Poland, Portugal,
Romania, Slovakia, Spain, Sweden, Switzerland, the United Kingdom, and a residual category)
and “Russia, Turkey and Other Europe” (Belarus, Russia, Serbia, Turkey, Ukraine, and a resid-
ual category), for America, the categories “NAFTA” (Canada, Mexico, USA) and “Central and
South America” (Argentina, Brazil, Chile, Colombia, Ecuador, Peru, Venezuela, and a residual
category), for Asia, Oceania, and the Middle East, the countries of Australia, China, India,
Indonesia, Iran, Iraq, Israel, Japan, Kazakhstan, Malaysia, New Zealand, Pakistan, the Philip-
pines, South Korea, Syria, Taiwan, Thailand, the United Arab Emirates, Vietnam and a resid-
ual category, and for Africa, the countries of Algeria, Egypt, Libya, Morocco, Nigeria, South
Africa, and a residual category.

For Europe, Eurostat [43], a Directorate-General of the European Commission, provides
vehicle registration data. This includes data for countries which are members of the European
Union (EU), namely Austria, Belgium, Bulgaria, Croatia, Cyprus, Czechia, Denmark, Estonia,
Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg,
Malta, Netherlands, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, and Sweden. They
furthermore provide data on Liechtenstein, Norway, and Switzerland, which are members of
the European Free Trade Association, North Macedonia and Turkey, which are EU
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membership candidate countries, Kosovo, which is a potential EU membership candidate
country, and the United Kingdom, which is a former EU member.

The dataset contains passenger car stock numbers for the respective countries for each year
from 2012 to 2019, except for a few missing values. The stock numbers are individually speci-
fied for each of the surveyed powertrain technologies: bi-fuel, biodiesel, bioethanol, diesel, die-
sel (excluding hybrids), electricity, hybrid diesel-electric, plug-in hybrid diesel-electric, hybrid
electric-petrol, plug-in hybrid petrol-electric, natural gas, hydrogen and fuel cells, liquefied
petroleum gases (LPG), petroleum products, petrol (excluding hybrids), and a residual cate-
gory. These categories are defined in more detail in [44].

For the USA, the Federal Highway Administration (FHWA) releases annual vehicle regis-
trations data, broken down by state [45]. Registrations are reported individually for passenger
cars, buses, trucks, and motorcycles. Additionally, the dataset separates private and commer-
cial registrations on the one hand, and public registrations on the other. The most recent data
have been released for 2021. We have extracted data in a common format starting from 2007.

For Iceland, Statistics Iceland, the National Statistical Institute of Iceland, releases data on
the number of registered passenger cars [46], from 1950 to most recently 2021 (number at end
of year).

An overview of the data sources used for the BEC and PC fleet sizes and the respective years
covered is given in Table 1.

Table 1. Data sources overview.

Region Data source PC stock® Data source BEC stock BEC data range /yr
World OICA IEA [2011, 2022]
Europe Statistics Iceland, Eurostat, OICA IEA [2011, 2022]
Belgium OICA IEA [2011, 2022]
Denmark OICA IEA [2011, 2022]
Finland OICA IEA [2012, 2022]
France OICA IEA [2011, 2022]
Germany OICA IEA [2011, 2022]
Greece OICA IEA [2014, 2022]
Iceland Statistics Iceland IEA [2011, 2022]
Ttaly OICA IEA [2011, 2022]
Netherlands OICA IEA [2011, 2022]
Norway OICA IEA [2011, 2022]
Poland OICA IEA [2016, 2022]
Portugal OICA IEA [2011, 2022]
Spain OICA IEA [2011, 2022]
Sweden OICA IEA [2011, 2022]
Switzerland OICA IEA [2011, 2022]
United Kingdom OICA IEA [2011, 2022]
Other Europe Eurostat, OICA IEA [2011, 2022]
USA FHWA IEA [2011, 2022]

PC, passenger car; BEC, battery electric car; OICA, International Organization of Motor Vehicle Manufacturers; IEA,
International Energy Agency; FHWA, US Federal Highway Administration.

* Total PC stock values 7 (f) were determined for the year = 2020 yr, except for those values taken from the
Eurostat dataset, where £ = 2019 yr.

https://doi.org/10.1371/journal.pone.0295692.t001
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Rapid BEC adoption worldwide

Globally, the number of BECs has been growing rapidly, resembling an exponential adoption
process, see Fig 1, and reaching a value of approximately 11 million vehicles at the beginning
of 2022.

The high absolute numbers are reflected in the BEC fraction of the total PC fleet, see Fig 2,
reaching approximately 1.4% globally in the beginning of 2022, with Europe having a 2.3%
BEC fraction and the USA 0.9%. Comparing the adoption in individual countries reveals sig-
nificant variation in the current BEC fraction values. In Europe, Norway is leading the way at
25.3% in the beginning of 2022, while at the same time, Poland has the lowest fraction of just
under 0.2%, spanning a range of two orders of magnitude.

Whether these very different adoption processes follow a common law and what this means
for the dominance of BECs in those countries is the subject of our analysis.

Methods

We model the historic adoption trends of battery electric cars in 16 individual European coun-
tries (Belgium, Denmark, Finland, France, Germany, Greece, Iceland, Italy, Netherlands, Nor-
way, Poland, Portugal, Spain, Sweden, Switzerland, United Kingdom) and the residual
category “Other Europe”, containing 17 countries (Austria, Bulgaria, Croatia, Cyprus, Czechia,
Estonia, Hungary, Ireland, Latvia, Liechtenstein, Lithuania, Luxembourg, Malta, Romania,
Slovakia, Slovenia, Turkey), in the USA, and globally aggregated.

For each of these regions, country or aggregate, we fit three related growth models, an expo-

nential model n{™”, a logistic model n*¥, and a bass diffusion model n{**, to the empiric

number of registered BECs 71, (t) at times # measured in calendar years, ranging from 2011 to
2022. For three countries, data are only available from 2012 (Finland), 2014 (Greece), and
2016 (Poland), cf. Table 1; their fit range is reduced accordingly. The BEC fleet sizes of the
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Fig 1. Global exponential growth of BEC adoption. The number of battery electric cars in operation has grown
rapidly across the world. The straight-line increase on the logarithmic-linear scale (inset) over two orders of magnitude
(black line indicates slope of fit of 2016-2022 data) highlights that the recent adoption has happened exponentially.

https://doi.org/10.1371/journal.pone.0295692.9001
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Fig 2. BEC adoption growth across regions. The BEC share in the total PC fleet has grown significantly over the past
decade, with individual countries being at very different stages of adoption: In 2022, Norway features a BEC share of
25.3% (out of frame), while Poland is at just under 0.2%. Europe outperforms both the USA and the world average.

https://doi.org/10.1371/journal.pone.0295692.g002

aggregate regions “Europe” and “World” are computed by approximating the three countries’
fleet sizes to be zero in the affected years. All three models are described in more detail below.

Similar results might also be obtained with models of battery electric car sales and the corre-
sponding total car sales data. These models would effectively describe the derivatives of the
BEC stock, disregarding the sale or scrapping of used BECs—an assumption that might be
considered reasonable during the early adoption phase.

To estimate the point in time at which BECs start dominating the passenger car fleet, we
extrapolate the models into the future. We describe the total passenger car fleet size using a
trivial model n(t) = 7i(f) = n, assuming a constant total number of passenger cars since the
year 2020, i.e., we take = 2020 yr. This choice is motivated by the historic total fleet sizes
over the modeling timespan, i.e., since the year 2011, which for the countries considered in
this study have been approximately constant (cf. Fig 3), with an unweighted average growth
rate across treated regions of 1.5% between 2015 and 2020 [41], and a recent decline of annual
sales which may be attributed to the SARS-CoV-2 pandemic and high inflation. The assump-
tion of a constant total PC fleet size likely underestimates the true future value (and may influ-
ence the dominance times) in countries with growing total fleet sizes such as China or India,
which are therefore not explicitly treated here.

Based on data availability, we gather the total PC fleet size from multiple sources: For the
USA, we use the number reported by the FHWA [45], and for Iceland, we use the number
reported by Statistics Iceland [46]. We use the numbers reported by the International Organi-
zation of Motor Vehicle Manufacturers (OICA) for all other countries contained in the dataset.
For the remaining countries (Cyprus, Estonia, Iceland, Kosovo, Latvia, Liechtenstein, Lithua-
nia, Luxembourg, Malta, North Macedonia, and Slovenia), we resort to the latest number
reported by Eurostat [43] for 2019 (for those countries, f = 2019yr), cf. Table 1.

For the aggregate region “Other Europe”, we sum the values for the PC fleet size from the
sources described above (summing over Cyprus, Estonia, Iceland, Kosovo, Latvia, Liechten-
stein, Lithuania, Luxembourg, Malta, North Macedonia, and Slovenia).
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Fig 3. Estimating BEC dominance. Battery electric car fleet sizes may soon dominate the total passenger car fleet,
shown here for Germany as an example. The past total passenger car fleet size stayed approximately constant (black
horizontal line), with the data points (black squares) taken from the Eurostat dataset. The exponential (gray, Eq (2)),
logistic (brown, Eq (5)) and Bass diffusion (red, Eq (8)) models predict the future growth of BEC adoption. The
dominance times t;,, (gray, brown, red vertical lines) at which half of the passenger car fleet (dotted horizontal line)
consists of BECs are estimated to occur between 2027 and 2032, depending on the model.

https://doi.org/10.1371/journal.pone.0295692.g003

Similarly, for the aggregate region “Europe”, we sum over the individual countries (Bel-
gium, Denmark, Finland, France, Germany, Greece, Iceland, Italy, Netherlands, Norway,
Poland, Portugal, Spain, Sweden, Switzerland, United Kingdom) and “Other Europe”.

For the aggregate region “World”, we directly use the aggregate global value for the year
2020 provided by the OICA.

Using the models for the fleet sizes of BECs ng(t) and PCs n(t) = n, we determine the points
in time t1/, at which BECs are expected to start dominating the PC fleet, i.e. ng(t) = n/2,
according to the three fitted models, using the construction shown in Fig 3 for the example of
Germany, with the historic PC fleet sizes taken from the Eurostat dataset.

Exponential model

A growth process of a quantity #\™® (t), whose growth rate (i.e., the change of n™ over a time

t) is proportional to the quantity itself, is called exponential. In its simplest form, this dynamics
is formalized by the differential equation

dne (1)

P an,(fxl’) (t) (1)

with a single parameter denoting the growth rate a > 0.
Its solution motivates our exponential model for the number of BECs,

n™® (1) = exp(a(t — t,)) a,t,,t >0, (2)

with a temporal offset f,.
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Exponential models have previously been employed in modeling innovation diffusion at
the beginning of an adoption process, modeling the adoption as a pure imitation process [47-
50].

Assuming multiplicative measurement errors, i.e., a constant percentage error, we perform
a nonlinear least squares regression of the logarithmized version

log n™(¢) = a(t —t,) (3)

of the model to estimate the two parameters a and .

Logistic model
While the exponential model described above is well suited for modeling initial adoption, it
lacks the idea of ultimate saturation, mathematically suggesting indefinite growth. The logistic

model introduces such a saturation limit by making the growth rate of a quantity np*® addi-
tionally proportional to the difference between the quantity and that limit. In its simplest
form, the process is characterized by modifying the differential Eq (1) to become

dn* (1)

= an (1) (1 - ng"g)(t)). (4)
Its solution motivates our logistic model for the number of BECs, given by

L
(log)
t) =
e (1) 1+ exp(—a(t—1,))

L,a,t,t>0, (5)

with three model parameters: an initial growth rate g, a time offset ¢, and the saturation limit
L.

The logistic model is an established tool to describe technology adoption, having been
employed in a number of studies [51-55].

Like for the exponential model, we assume multiplicative measurement errors and perform
the parameter optimization of the parameters a and t, on the logarithmized form

L
log nl*®(t) =lo 6

g E () g 1+exp(—a(t—t0)) ( )
by non-linear least squares regression. We keep the saturation limit L fixed to our constant
model of the total PC fleet size, i.e., L = n.

Bass diffusion model

Explicitly modeling consumer behavior during the adoption of new products, Bass [56]
derived the Bass diffusion model, treating both initial and replacement purchases, and classify-
ing customers as innovators or imitators. The Bass model is widely used to describe innovation
diffusion [57-61].

It describes the growth of the number of BECs n{"**” by the differential equation

dng)aSS)(t) (bass) q (bass) (bass)
— _ ass 1 ass _ ass 7
o p(L ! (t)) + 2 (1) (L n! (t)) Lg.p >0, (7)

with three parameters: the coefficient of innovation p, the coefficient of imitation g, and the satu-

ration limit L. The first term, p(L — n"*" (t)), describes adoption due to the innovators, the

second term, 4 n™ (t)(L — n™(t)), represents adoption due to the imitators [62].
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Solving the equation with 7"**(0) = 0, we use it to model the number of BECs in the fol-

lowing form:

n](‘:bass)(t) - L 1 _exp(_(P+Q)(t_ t())) L7q7p’ t[)?t > O, (8)

L4 gp~t exp(=(p +q)(t — 1))

with a total of four model parameters: p and g, a temporal offset t, and the saturation limit L.
As before, we assume multiplicative measurement errors and perform the parameter opti-

mization of the parameters p, g and t, on the logarithmized form

bass . 1 _exp(_(p+q)(t_ t()))
log ™" (1) = 1°g(L1 T et ) to>>>

using non-linear least squares regression. Like for the logistic model, we keep the saturation
limit L fixed to our constant model of the total PC fleet size, i.e., L = n.

©)

Results

We report two types of results, one on extracting past trends of BEC adoption, as provided by
fitting the three classes of models to past data, and the second on estimating future BEC adop-
tion, should the past trends continue according to these models. The numerical results of our
model fitting procedure are listed in Table 2, which for all countries provides the optimal
parameter estimates (“Fit” columns), as well as the constant model parameters (“Fixed” col-
umns), and the respective values of R?;; and the root-mean-square deviation RMSD (“Proper-

ties” columns).

Past trends confirm current exponential BEC adoption (cf. Fig 1). The exponential model
matches the current BEC adoption in most regions with high accuracy (Table 2) despite the
large differences in the current fleet penetration of BECs across countries (cf. Fig 2). Impor-
tantly, it suggests current growth rates similar to the logistic model, which includes a satura-
tion limit. These results highlight that the current growth is close to purely exponential and
saturation effects are still negligible.

When predicting the possible adoption pathways farther into the future, saturation effects
play a more significant role. Fig 4 shows the resulting adoption trajectories estimated by the
logistic and Bass models. The Bass model consistently provides more conservative trajectories
than the logistic model. Within the models’ respective families of adoption curves, the large
aggregate regions (World, Europe, USA) exhibit similar adoption dynamics, while the individ-
ual European countries differ significantly with respect to the current stage of BEC adoption.
While some countries, such as Norway and Iceland, are estimated to undergo a transition to
BEC dominance in the near future, others, such as Italy and Portugal, are estimated to reach
the BEC dominance about a decade later. These differences apply similarly for both the logistic
and Bass models.

The spread in the stage of individual regions within their transition to BEC dominance is
reflected in the estimated dominance times t,,, visualized in Fig 5, computed for each of the
three BEC models (exponential, logistic, Bass diffusion). The corresponding numeric values
are listed in Table 3. For each region, the three models predict the transition to BEC domi-
nance in a consistent rank order, with the exponential models yielding the earliest estimates,
the Bass diffusion models the most conservative estimates and the logistic models intermediate

ones, tf/’;") < til/? < t?;;ss). Despite the lack of a saturation limit in the former, the estimates of

the exponential models and the logistic models are consistently close to each other, with
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Table 2. BEC growth model parameters and fit properties.

Model Exponential Logistic Bass

Parameter type Fit Properties Fit Fixed Properties Fit Fixed Properties
Parameter alyr™ | tolyr R, |RMSD | a/yr Y tolyr L R, |RMSD |p/yr~ ! q/yr™ | tolyr L R, |RMSD
World 0.56 | 1992.30 | 0.79 | 1372054 | 0.56 | 2029.74 | 1180677016 | 0.80 | 1356589 | 2.16 x 107> | 0.47 | 2010.44 | 1180677016 | 0.99 | 319369
Europe 0.51 | 1992.69 | 0.98 | 121609 0.51 |2030.84 | 307157761 | 0.98 | 119542 |2.20x 107> | 0.44 | 2010.16 | 307157761 | 0.98 | 107877
Belgium 0.53 | 2001.29 | 0.94 | 3463 0.53 | 2030.47 | 5827195 0.94 | 3413 3.06x107° | 0.41 | 2010.67 | 5827195 0.97 | 2375
Denmark 0.51 | 2000.09 | 0.92 | 4557 0.51 | 2029.15 | 2720273 0.92 | 4560 123x107* | 0.34 | 2010.83 | 2720273 0.80 | 6993
Finland 0.57 | 2004.93 | 0.90 | 1908 0.57 | 2030.95 | 2748448 0.89 | 1923 1.00x 1077 | 0.57 | 2003.64 | 2748448 0.88 | 1931
France 0.55 | 1997.35 | 0.54 | 80141 0.55 | 2029.32 | 38458212 0.55 | 79591 7.02x107° | 0.37 | 2010.89 | 38458212 0.98 | 14425
Germany 0.61 | 2000.02 | 0.97 | 31237 0.62 | 2028.81 | 48248584 0.97 | 30958 216 x 107 | 0.49 | 2010.78 | 48248584 0.88 | 56284
Greece 0.70 | 2010.58 | 0.95 | 201 0.70 | 2032.80 | 5315875 0.95 | 201 3.72x107° | 0.47 | 2013.85 | 5315875 0.61 | 496
Iceland 0.64 | 2006.83 | 0.52 | 1930 0.65 | 2026.24 | 269825 0.56 | 1859 2.31x107° | 0.60 | 2009.87 | 269825 0.78 | 1228
Italy 0.45 | 1997.33 | 0.75 | 15569 0.45 | 2036.02 | 39717874 0.75 | 15589 1.00x 107 | 0.45 |2002.08 | 39717874 0.71 | 15664
Netherlands 0.58 | 2000.19 | 0.96 | 14398 0.58 | 2027.94 | 9049959 0.96 | 13561 331x107° | 051 |2010.21 | 9049959 0.96 | 13957
Norway 0.48 | 1993.83 | 0.77 | 60735 0.50 | 2024.58 | 2794457 0.84 | 50223 507x 107" | 0.43 | 2009.77 | 2794457 0.97 | 22185
Poland 0.62 | 2006.17 | 1.00 | 125 0.62 | 2033.61 | 25113862 1.00 | 126 1.25x 107 | 0.62 | 2008.75 | 25113862 1.00 | 135
Portugal 0.38 | 1994.81 | 0.88 | 3500 0.38 | 2035.99 | 5300000 0.88 | 3519 1.00x 107 | 0.38 | 1995.72 | 5300000 0.86 | 3525
Spain 0.54 | 2001.01 | 0.90 | 6008 0.54 | 2032.40 | 25169158 0.90 | 5983 9.29x 10°° | 0.42 | 2010.69 | 25169158 0.99 | 2105
Sweden 0.74 | 2005.55 | 0.30 | 23784 0.74 | 2026.40 | 4944067 0.32 | 23364 3.04x107° | 0.53 | 2010.97 | 4944067 0.98 | 4031
Switzerland 0.53 | 1999.98 | 0.81 | 9921 0.53 | 2028.95 | 4728444 0.82 | 9736 586x107° | 0.43 | 2010.50 | 4728444 0.99 | 1606
United Kingdom | 0.47 | 1995.13 | 0.94 | 24991 0.47 | 2032.04 | 36454665 0.94 | 25324 2.67x107° | 0.46 | 2006.24 | 36454665 0.92 | 27104
Other Europe 0.54 | 1999.46 | 0.93 | 11486 0.54 | 2032.27 | 50296863 0.93 | 11431 1.06 x 107> | 0.42 | 2010.70 | 50296863 0.97 | 6950
USA 0.50 | 1992.48 | 0.18 | 363801 0.50 | 2029.39 | 105135300 | 0.20 | 361173 | 1.02x10™* | 0.36 | 2010.69 | 105135300 | 0.90 | 118900

R, adjusted R? RMSD, root-mean-square deviation; Fit, parameters determined by the fitting procedure; Fixed, parameters set to constant values; Properties,

goodness-of-fit properties of the models.

https:/doi.org/10.1371/journal.pone.0295692.t002
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Fig 4. Model-estimated BEC adoption trajectories. The speed of BEC adoption varies strongly across countries (thin
orange lines denote individual European countries) in both the logistic model (A) and the Bass model (B). Norway,
Sweden, and the Netherlands exhibit the fastest adoption, Spain, Portugal, Italy, and Greece the slowest. Overall, the
models predict rapid dominance of BECs (more than 50% of the PC fleet, horizontal gray line) in Europe, the USA and

globally shortly after 2030.

https://doi.org/10.1371/journal.pone.0295692.g004
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Fig 5. BEC dominance time estimates. Battery electric cars start to dominate the passenger car fleet in European
countries between 2024 and 2039, according to our models. The ranking of the estimated dominance times of the
countries is consistent across the three models, with the exponential model giving the earliest time, the logistic model
an intermediate time, and the Bass diffusion model yielding the latest time. The dominance time estimates for the USA
and the aggregate regions “Europe” and “World” are indicated by vertical lines, according to the logistic (solid lines)
and Bass diffusion (dotted lines) models.

https://doi.org/10.1371/journal.pone.0295692.9005

differences of the order of one year. This again highlights the approximate validity of assuming
exponential growth up to the point of dominance, as a lowest-order estimate.

Some countries (like France and the USA) exhibit large differences in the estimates of dom-
inance times between the three models. These countries show a fast initial increase of BEC
fleet size in 2011 to 2013 before settling into a slower but still exponential adoption. Conse-
quently, the exponential and logistic model may slightly overestimate the adoption rate and
therefore underestimate dominance times for these countries, reflected also in the lower qual-
ity of the fits (see Table 2). In comparison, the Bass model more accurately captures this
decrease in the adoption rate, thus predicting higher dominance times.

In spite of the individual countries representing distinctly different stages of the transition
to BEC dominance (Fig 6A), their exponential growth rates a are remarkably similar, with an
arithmetic mean of a = 0.55/yr and a standard deviation of just g, = 0.09/yr (Fig 6B). This
finding amounts to a doubling time of typically much less than two years (1.26 years on aver-
age) in the early phase of adoption.

The dominance time estimates of the large aggregate regions (World, Europe, USA) accord-
ing to the logistic and Bass model (vertical lines in Fig 5) are close to each other, spanning a
range of only approximately 1.5 years for each model (2029 to 2031 in the logistic, 2031 to
2033 in the Bass model). The dominance time estimate for the World is to be taken with a
grain of salt, though, as the assumption of a constant PC fleet size n(f) is unlikely to hold, in
particular in developing countries with passenger car fleet sizes that are still small.

Discussion

Our analysis demonstrates that battery electric cars have been adopted exponentially across
the globe for the past decade. Despite the differences in current BEC fleet sizes, both the
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Table 3. BEC dominance time estimates.

Region Exponential Logistic Bass
tfj’;") /yr CI-95 /yr filff) /yr CI-95 /yr ts;ssl /yr CI-95 /yr

World 2029 [2027,2030] 2030 [2028, 2031] 2032 [2031, 2033]
Europe 2030 [2028, 2031] 2031 [2029, 2032] 2033 [2031, 2034]
Belgium 2029 [2027,2032] 2030 [2028, 2033] 2034 [2032, 2035]
Denmark 2028 [2025,2031] 2029 [2026, 2032] 2034 [2030, 2037]
Finland 2030 [2029, 2031] 2031 [2030, 2032] 2031 -2

France 2028 [2025, 2032] 2029 [2026, 2032] 2034 [2032, 2036]
Germany 2028 [2026, 2030] 2029 [2026, 2031] 2031 [2029, 2033]
Greece 2032 [2029, 2037] 2033 [2029, 2036] 2039 [2033, 2043]
Iceland 2025 [2024, 2027] 2026 [2024, 2028] 2027 [2025, 2029]
Italy 2034 [2032, 2037] 2036 [2033, 2038] 2036 -

Netherlands 2027 [2025, 2028] 2028 [2026, 2029] 2029 [2027, 2031]
Norway 2024 [2022, 2025] 2025 [2023, 2026] 2025 [2024, 2027]
Poland 2032 [2032, 2033] 2034 [2033, 2035] 2034 -

Portugal 2034 [2031, 2038] 2036 [2032, 2039] 2036 -

Spain 2031 [2029, 2034] 2032 [2030, 2035] 2036 [2035, 2038]
Sweden 2026 [2023, 2029] 2026 [2024, 2029] 2029 [2028, 2030]
Switzerland 2028 [2026, 2030] 2029 [2027, 2031] 2031 [2029, 2033]
United Kingdom 2031 [2029, 2032] 2032 [2031, 2033] 2032 -

Other Europe 2031 [2029, 2034] 2032 [2030, 2034] 2036 [2035, 2038]
USA 2028 [2026, 2031] 2029 [2027, 2032] 2033 [2031, 2036]

exp, exponential model; log, logistic model; bass, Bass diffusion model; ¢,/,, time at which the respective model predicts half of the passenger car fleet to be battery
electric; CI-95, rounded 95% confidence interval for £, 5.
? For these regions, the Bass model regression procedure returned no finite error estimate due to the small number of data points.

https://doi.org/10.1371/journal.pone.0295692.1003
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Fig 6. Stage and growth of BEC adoption across countries. A: The current (2022) stage of BEC adoption strongly
varies across individual countries, ranging from 0.18% in Poland to 25.3% in Norway (note the logarithmically-scaled
abscissa). B: All countries exhibit similarly large growth rates near the average of a = 0.55/yr (solid vertical line),
yielding a standard deviation of g, = 0.09/yr (dotted vertical lines).

https://doi.org/10.1371/journal.pone.0295692.9006
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qualitative exponential trends and the growth rates are highly consistent among countries and
regions. The results suggest worldwide BEC dominance less than a decade into the future,
potentially much earlier. Exact numerical values of future BEC numbers are impossible to cap-
ture in any modeling setting and will depend on several economic, societal, political, and tech-
nological factors (see below for further discussion). Such basic modeling is specifically
neglecting (unpredictable) future incentives or disincentives, and technological advances, not
just specifically in the realm of battery-electric powertrains but also generally for cars and
other modes of transport.

The modeling of future adoption numbers reported above may thus be seen as extending
past trends and suggesting future numbers by order of magnitude. All three models strongly
simplify the adoption dynamics. Of the three models compared here, the Bass model incorpo-
rates more effects than the simpler exponential and logistic model and may be the most accu-
rate in predicting future BEC fleet size growth, consistently achieving the best fits to the data.
However, the expected time of BEC dominance is largely insensitive across models as long as a
strongly superlinear adoption trend prevails. For instance, for exponential growth patterns in
fleet size, the time of adoption at a certain BEC fraction, say 50%, only logarithmically varies
with the predicted number of BECs. For the logistic and Bass models, the dependence of domi-
nance times on total adoption numbers is also approximately logarithmic and such that time
point estimates within the model classes are similarly insensitive.

Our projected estimates focus primarily on the trends in developed regions with approxi-
mately stagnant total PC fleet sizes, which makes it possible to model the total PC fleet size as
constant in time. Due to the aforementioned logarithmic behavior of the dominance times,
estimates are similarly robust against small growth changes of the total PC stock over time.
This condition is not satisfied, however, for developing countries such as China and India,
where the total PC stock currently grows significantly [41]. The combination of strong PC
market growth and a concurrent, accelerating transition to BECs requires more detailed
modeling of both the total PC stock and the BEC stock for these regions.

On the flip side, as the PC markets in developed countries lack the clear upward trend,
manufacturers may struggle to accommodate the demand for new cars at the high rates
implied by the estimated adoption trajectories short of reaching dominance, delaying the tran-
sition. A fixed finite market size would essentially limit the adoption to linear growth at a fixed
rate once all new cars are battery electric. This effect is most pronounced for the exponential
model, which does not feature saturation. For the Bass diffusion model, depending on the
region, the maximum predicted yearly BEC market volume relative to the historic PC peak
market volume ranges from 97% to 222%, Poland being an outlier at 616%, with peak sales
data taken from [63-80] (data from 2005 for the USA, and from 1995 for the rest). Belgium
and Denmark experience maximum predicted relative market volumes of strictly less than
100% and are thus not expected to exhibit finite market effects. It is important to note that the
PC market volume strongly fluctuates: on average, the peak yearly sales volumes surpass the
corresponding minimum yearly sales volumes in the same time frame by a factor of 300%. It
may thus be reasonable to assume that markets will be able to accommodate the large pro-
jected demands. Regardless, in the context of our modeling, these high yearly sales volumes
are expected only shortly before the dominance time. This suggests that, as BEC fraction dou-
bling times considering the exponential model are on the order of 15 months, a fixed finite
market size would only delay the dominance transition by approximately one year across most
countries, leaving the overall prediction of BEC dominance within the next decade
unchanged.

As stated, while the currently observed absolute fleet sizes and the BEC shares in the total
passenger car fleet differ significantly among regions, all of them exhibit exponential growth
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patterns at similar exponential growth rates a. Country-level analysis suggests the same trends
for all countries with substantial numbers of BECs to start with. These results indicate a global
transition towards cars with battery-electric powertrains, with individual countries and
regions currently being at different stages of this transition.

In countries worldwide, governments are pushing for a phase-out of fossil-fuel-powered
vehicles [81] to achieve greenhouse gas emission reduction targets. For the European Union,
aiming for carbon neutrality in 2050, the European Parliament and Council have agreed to
ensure that “all new cars and vans registered in Europe will be zero-emission by 2035” [82].
This is binding for the 27 EU member states and, pending adoption by the EEA (European
Economic Area) Joint Committee, for some or all EEA European Free Trade Association
(EFTA) states [83]. For the USA, no federal phase-in target has been enacted except for gov-
ernment-owned vehicles, but individual states (California, Massachusetts, New York, Oregon,
Vermont, and Washington) have committed to restrict sales of new passenger cars to battery
electric, fuel cell electric, and plugin-hybrid electric vehicles [83].

While these government commitments will partially enforce the transition to carbon-neu-
tral powertrains, different options for homogeneous or heterogeneous technology adoption
are still discussed to date. These include electric powertrains using batteries or hydrogen fuel
cells as means of energy storage, as well as internal combustion engines using electrofuels.
Additionally, if and how fast these technologies will make up a significant part of the fleet and
whether the transition will be driven by consumer behavior or by government restrictions is
subject to debate. This debate is reflected in research and industry forecasts [84, 85], along
with those of market analysts [86].

In contrast to the results of our data-driven modeling reported above, earlier work by
Statharas et al. estimates the total EV share (both battery electric and plugin-hybrid electric
vehicles) in the EU at only up to 21% by 2030 through simulations employing agent-based
transport modeling [37]. Rietmann et al. predict 30% of passenger cars to be EV's by 2032, with
much higher numbers for several “Fast EV penetration” countries (Austria, Denmark, Portu-
gal, UK, Germany, Netherlands) [40]. Using a complex framework which models the entire
energy sector, Kapustin et al. predict only 12-28% of the global fleet to be electric in 2040,
depending on the scenario [38].

Current longer term projections of business intelligence firms and market analysts polarize
heavily. The management consulting firm McKinsey & Company predicts rapid BEV adoption
and market dominance near the turn of the decade [87], the strategic market research provider
BloombergNEF similarly expects 50% of all cars on the road to be electric in Europe and
China by 2030 [88]. The investment bank Morgan Stanley anticipates only 22% of the distance
traveled by car in the USA in 2035 to be realized by electric vehicles, and 50% by 2040, with
25% of new car sales being electric vehicles by 2030 [89], surprisingly low numbers given the
current adoption and our model estimates.

In their Global EV Outlook 2023, the International Energy Agency (IEA) projects the
worldwide BEC share for 2030 at 15%, according to both of their model scenarios, Stated Poli-
cies Scenario (STEPS), and Announced Pledges Scenario (APS) [90, 91], compared to our result
of 31%, following the Bass model, which resembles the slowest adoption within our models.
For Europe, the IEA predicts 18%, compared to our 22%, and for the USA, the IEA predicts
16%, compared to our 24%.

Also in contrast to our findings, business intelligence provider Visiongain forecasts that “1
in 12 vehicles sold in California, Germany, South Korea, & Japan, should be hydrogen-pow-
ered” [92], and the business analytics platform MarketWatch states their opinion that “Electric
vehicles aren’t going to take over any time soon” [93].
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Car manufacturers’ positions on BECs differ widely. In 2019, Honda CEO Takahiro
Hachigo still claimed that “Electric vehicles will not go mainstream” and stated that Honda
will focus on gasoline-electric hybrids, not on battery electric vehicles, through 2030 [94]. Sim-
ilarly, Toyota Motor Corporation’s former CEO Akio Toyoda has criticized an “excessive hype
over electric vehicles” [95]. Toyota will not focus on BECs, but believe that “non-electric cars
will also play a lasting role in global auto markets” for the next 30 years, suggesting that “differ-
ent options including hybrids and fuel-cell vehicles” are needed “to compete against each
other” [96]. Contrary to that, a multitude of other carmakers fully embrace BEC technology,
with Audi expecting one third of their annual sales to be fully electric by 2025, and Volkswagen
aiming for 70% by 2030 [97, 98].

Considering the current state of carbon-neutral powertrain adoption, however, it becomes
clear that so far, BEC adoption has by far outperformed all other technologies. For example, in
Europe, according to the Eurostat dataset, in 2019, BECs comprised 0.34% of the total passen-
ger car fleet. The second and third-largest fractions of cars with carbon-neutral powertrains,
powered by bioethanol and by hydrogen fuel cells, comprised only 0.02% and 0.0003%,
respectively.

Thus, with battery electric cars being the only potentially carbon-neutral powertrain option
that is currently deployed at large scale, it stands to reason that in the upcoming years, hydro-
gen fuel cells or the aforementioned related technologies will not be able to catch up and hin-
der BEC adoption, see also [99]. For instance, even at an estimated 69% compound annual
growth rate (CAGR) of the hydrogen fuel cell vehicle market [100], the BEC fleet in Europe in
2029 will still outnumber the fleet of vehicles powered by hydrogen fuel cells by more than
three orders of magnitude, based on the data that Eurostat reported for 2019.

In our opinion, even if it is not impossible for hydrogen fuel cells or future technologies to
play a significant role eventually—the fact that today those technologies are either niche or
non-existent gives the exponentially growing BEC market a significant head start, limiting the
influence of competing technologies in the midterm future. Although this argument may not
directly apply to regions where the current BEC share is still very small, chances seem high
that due to the globalized market, reduction of production costs and sales prices due to mass
adoption in other regions will also affect those regions that are still at early stages of BEC adop-
tion, thereby making BECs the most attractive option for customers and manufacturers.

Conclusions

Battery electric cars are adopted across the globe increasingly rapidly. Our data-driven analysis
clearly demonstrates that the current initial phase of worldwide electric car adoption reflects
genuine exponential growth. Such fast nonlinear adoption dynamics can be attributed to or
even further accelerated by cascades of tipping points, triggered through reinforcing feedbacks,
such as policy support, learning-by-doing, economies of scale and the emergence of comple-
mentary technologies such as charging infrastructure [101].

Via such diverse factors, the characteristic timescale a' determining the growth rate may
change in the future. For instance, slow implementation of charging infrastructure or surging
development of alternative emission-free powertrains, based, e.g., on hydrogen, may in princi-
ple slow the adoption. In contrast, the current increasing policy support in favor of electric
cars, a simpler implementation of autonomous driving for electric vehicles and further com-
mitments of manufacturers or countries to phase out internal combustion engines may accel-
erate BEC adoption even more.

Extrapolating into the future, we have utilized three different growth models to estimate the
point in time at which BECs will dominate the total PC fleet. While the aforementioned factors
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introduce some uncertainty about the exact time at which the transition to BEC dominance
will occur, the exponential nature of the early adoption process makes our predictions robust
against slight changes in the growth rate.

Assuming that fundamental disruptions of the BECs adoption process are unlikely, and
thus expecting the current trends to continue, we conclude that not only are battery electric
cars currently adopted exponentially, they are highly likely to dominate the global passenger
car fleet in the near future, less than a decade from today.
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