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a b s t r a c t

Over the past decade, global sales of electric vehicles (EVs) have experienced significant growth. How-
ever, predictions of future sales developments, which are needed for the planning of EV production as
well as supporting policies and a sufficient energy supply, are still sparse. In this study, a long-term
forecast of the EV inventory in 26 countries across five continents is provided by means of a logistic
growth model. Using actual sales data from 2010 to 2018, predictions were made for these countries until
2035. Findings indicate that, overall, 30% of the worldwide passenger vehicle fleet will be EVs in 2032.
However, results also display vast differences between countries, which can particularly be attributed to
divergences in governmental support. EV growth predictions were additionally analyzed in terms of
sustainability impacts. The analysis showed that reductions in CO2 emissions can be achieved with the
predicted EV growth, given that countries invest heavily in renewable energy sources. Given the current
energy mixes though, worldwide CO2 emissions will continue to rise until 2035 despite a nearly 50%
share of EVs. The paper further discusses the amount of energy that will be required to meet the growing
demand and highlights that the production of EV batteries will be the key bottleneck in the development
of EVs. Finally, important implications for policymakers, marketers and future research are derived.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction market penetration. This includes stochastic models based on con-
The development of the market for electric vehicles (EVs) has
gained increasing attention by policymakers and consumers over the
past years, especially due to their potential to reduce greenhouse gas
(GHG) emissions (Ellingsen et al., 2016). Yet, it is still unclear how
exactly this trendwill evolve in the future (IEA IA-HEV, 2018; Rezvani
et al., 2015). Predicting EV sales over time is key for various stake-
holders, including automobile producers, policymakers, and energy
providers, to plan the production of EVs, set appropriate policies, and
deliver a sufficient energy supply (Eggers and Eggers, 2011; Higgins
et al., 2012). Furthermore, it is not clear how the reduction in the
fleet of combustion chamber engines (ICEs) burning fossil fuels and
the increase in the EV fleet will affect CO2 emissions. The present
study aims to provide a long-term forecast of the EV inventory in 26
countries across five continents and examines its implications on
environmental sustainability, particularly carbon dioxide (CO2)
emissions due to their high impact on global warming (Florides and
Christodoulides, 2009; Shakun et al., 2012).

Prior studies have already proposed means to estimate the EV
ietmann), beatrice.huegler@
sumer preferences, such as discrete choice or agent-based models,
and models depicting the diffusion of innovations, such as exponen-
tial or logistic growth models (Al-Alawi and Bradley, 2013; Geroski,
2000). Consumer preference models are useful to illustrate
decision-making, purchase motives and potential barriers (Lieven
et al., 2011). Nonetheless, they are less transparent than diffusion
models and the underlying data often do not accurately depict actual
demand (Geroski, 2000; Gnann et al., 2015). Moreover, they typically
only representbehavioratonepoint in time (QianandSoopramanien,
2014).

In contrast, diffusion models describe the development of prod-
ucts’market acceptance over time and are particularly useful if there
are already sales data available (Al-Alawi and Bradley, 2013; Qian and
Soopramanien, 2014). These models also have some drawbacks,
including theneed toendogenouslyestimate thepeakof sales and the
ultimate market potential. Diffusion models are, however, compara-
tively easy to implement and can be based on historical data of the
innovation or a similar product (Al-Alawi and Bradley, 2013). More-
over, their relevance for EV predictions has been demonstrated in
prior studies (e.g., Jensen et al., 2017; Massiani and Gohs, 2015).

Although various models have been developed to forecast EV
diffusion, they have almost exclusively focused on individual coun-
tries. The current study investigates EV growth in 26 countries across
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five continents using a logistic growthmodel. This allows comparing
national differences and predicting EV sales in late-adopting coun-
tries with data from early-adopting countries (Meade and Islam,
2006). Moreover, this study evaluates sustainability implications of
the predicted EV growth. This has not yet been examined in previous
research forecasting EV sales, despite the ever-increasing relevance
and prevalence of this issue (Faria et al., 2013; Huo et al., 2015; Wu
et al., 2018).

In the following analysis, the term EV refers to both full battery
electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs).
The consolidation of these two categories seems appropriate as BEVs
are expected to replacePHEVs in the long-term, as indicatedby recent
trends (EV-Volumes, 2019). Hence, it is assumed that consumerswho
werewilling toacquireaPHEVwill soonswitch toBEVs.As the focus is
on consumers’ EV adoption, only passenger cars are considered,
referring to road motor vehicles carrying up to nine passengers
(OECD, 2013). Moreover, this study’s calculations are based on data
from 2010 to 2018 when the EV market had a clear uptrend. We
concentrate on CO2 emissions from ICEs and EVs during their use
phase and do not consider production-based CO2 emissions to avoid
overcomplexity.

Conceptually, we start with the predicted growth of the vehicle
fleet for all countries. Each country has its own limit at which the
demand for vehicles is saturated. Based on this limit, existing data on
EV sales from 2010 to 2018 will be used to estimate an EV inventory
growth in each country, thereby estimating the total vehicle fleet of
ICEs and EVs in 2035. We calculate CO2 emissions in 2018 based on
each country’s electricity mix and compare them with the total
vehiclefleetof ICEs andEVs that arepredictedbyour growthmodel in
2035.

In what follows, growth models and the impact of EV growth on
sustainability will firstly be discussed in more detail. Afterwards, a
logistic growth model is applied to forecast EV sales in 26 countries
until 2035. Furthermore, implications of the predicted EV growth
will be discussed, particularly on CO2 emissions as well as the
required energy and battery production.

2. Logistic growth models

To forecast the diffusion of innovations, various growth models
have been developed since the 1960s (Meade and Islam, 2006).
Most models employ a logistic or other S-shaped function to depict
innovation adoption over time (Muller and Mahajan, 1979). Some
scholars argue that this shape represents the population’s dy-
namics, analogous to an epidemic. Alternatively, it has been pro-
posed that individuals simply have different, normally distributed
thresholds for adopting new products (Meade and Islam, 2006).
Both explanations make this type of curve particularly suitable to
explore long-term EV adoption.

Various studies have already successfully employed logistic
models to forecast innovation sales. For example, Boretos (2007) uses
such a model to predict the number of active mobile phone accounts
in China and Europe until 2010 based on existing data from 1992 to
2004. Overall, results display high accuracy and a high coefficient of
determination. Similarly, Yang and Williams (2009) forecast sales of
obsolete computers in the United States (USA) until 2050 with a lo-
gistic model using sales data from 1978 to 2008. To and Lee (2014)
later confirm the results’ validity. Furthermore, Qian and
Soopramanien (2014) applied a Gompertz model, a logistic model,
and a Bassmodel to predict car sales inChina. The former two are also
explored in an extended version, which additionally includes time
and GDP. Results indicate that the extended logistic growth model is
the most accurate forecast model for car sales as it provides the
smallest median and mean values of performance metrics.

In sum, several studies accurately forecast product sales with the
logistic growth model. In all cases, results are examined regarding
their plausibility. Models with maximum and minimum parameter
levels allow for potential uncertainties caused by external factors
such as economic changes and natural catastrophes (Bloom, 2014).
Forecasts also have to be adjusted when results significantly exceed
realistic predictions. Taking this into account, the logistic growth
model is a suitable EV sales predictor.

3. Impact of EV growth on sustainability

The predicted EV growth has important sustainability implica-
tions, as indicated by previous research. Wu et al. (2018) used the
lifecycle analysis (LCA)method to analyzeGHGemissionsof BEVs and
conventional internal combustion engine (ICE) cars in China in 2010,
2014and2020. Theyfind that total lifecycleGHGemissionsof EVswill
gradually decrease over time, compared to ICEs, and that BEVs may
provide long-termenvironmental benefits, especially if the electricity
mix is improved. Further LCA studies draw similar conclusions (e.g.,
Faria et al., 2013; Huo et al., 2015).

Moreover, Casals et al. (2016) examined EV emissions compared
to ICEs on a national scale across Europe, based on electric power
plant fleet and use-phase efficiency. Their results indicate that some
countries (e.g., Norway, Sweden) are better suited for EV adoption
and that others (e.g., Germany, UK)will need to adapt their electricity
mix in order for environmental benefits to show over time. Similarly,
Nanaki and Koroneos (2013) argue that environmental improve-
ments of EVs would be enormous if carbon-free electricity was used.

Furthermore, environmental impacts of EVs’ production and
operation phases have been discussed. According to Ellingsen et al.
(2016), EVs’ production phase is more environmentally costly
compared to ICEs’. However, theyargue that this is over-compensated
in the use phase. Onat et al. (2014) also find that the operation phase
has the highest environmental impact, leading to a total advantage of
EVs over ICEs. Overall, CO2 emissions from an EV fleet have been
shown to potentially be 10e26 times lower than those from an ICE
fleet (Teixeira and Sodr�e, 2018). This result is based on theassumption
of a 5% annual increase in CO2 emissions and the neglect of a possible
increase in ICE efficiency, which could reduce CO2 emissions.

Global EVgrowthmayalso cause some issues. Firstly, increased EV
usage may impact grid stability due to excessive demand for elec-
tricity (Dharmakeerthi et al., 2014). Concomitantly, there will be a
potential overload of distribution lines and increased power system
losses (Pieltain Fern�andez et al., 2011). Secondly, the production of EV
batteries depends on rawmaterials including rare earths (Egbue and
Long, 2012). The necessity of certain raw materials leads to growing
concerns about resource scarcity and dependency on suppliers,
potentially resulting in a vulnerability of the industry (Ziemann et al.,
2013).

Nevertheless, a growing EV inventory worldwide is expected to
have substantial positive implications on global environmental
sustainability. In this study, a long-term analysis will be provided
based on the proposed growth model.

4. Methodology

4.1. Selection of growth model

To develop the logistic growth model, data was collected from
secondary sources for 26 countries (see Table 2). They were
selected because they are among the OECD or BRICS countries
representing five continents overall, for which relevant data was
available. Hong Kong and Taiwanwere additionally included due to
their strong growth in the gross domestic product (GDP) over the
past decades (Government of Taiwan, 2019; TheWorld Bank, 2019).
For all countries, the following existing data for 2010 to 2018 was



Table 1
Vehicle inventory in China (in 1000 units).

Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Total 21,325 26,196 31,960 38,389 48,451 61,634 74,850 87,376 101,361 117,482 135,805 156,772 178,031 198,421
EVs 1.111 5.292 16.907 30.773 94.486 284.212 655.543 1303.980 2465.753

Sources: OICA (2019), Statista (2019), EV-Volumes (2019).
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used: Total car inventory (MarkLines, 2019; OICA, 2018; Statista,
2019), EV inventory, EV market share, annual EV sales, and EV
sales growth (EV-Volumes, 2019). This was required for the pre-
diction of future sales for 2019e2035.

China served as an example to demonstrate the prediction pro-
cedure. The countrywas selected as it currently represents the largest
carmarketworldwide.Moreover, in termsofEVgrowth so far China is
no significant outlier. Using countries such asNorwaywith an already
large base or Australia with a small base of existing EVs to demon-
strate the prediction procedurewould be less appropriate than China
with its significant growth. Initially, the saturation limit of all car in-
ventories was predicted via a logistic growth model using the total
passenger car inventories from2005 to 2018. Itwas assumed that this
limit is identical with that for EVs. This limit and the actual EV sales
from 2010 to 2018 served to estimate a logistic growth function for
EVs in China.

The initial growth function was amended by a second growth
functionwith aflatter curve. This ensured that predicted sales did not
substantially exceed yearly ICE sales. Accordingly, a predictive calcu-
lationwith actual datawas computedwith the logistic growthmodel
for all remaining 25 countries. For these countries, a forecast for total
car inventory, EV inventory and EV sales was determined. To test the
results’ robustness, sensitivity analyses were conducted by repeating
the procedure with sales data from (1) 2010e2015, (2) 2010e2016,
and (3) 2010e2017, as well as adjusting the saturation limit.

Not all factors influencing EV sales can be predicted over the long-
term, including technological advancements, GDP growth and policy
measures. These are, however, implicitly included in the model as
maximum and minimum parameters account for such external un-
certainties (Bloom, 2014; To and Lee, 2014). Moreover, it needs to be
noticed that national purchasing power is an important factor influ-
encing the growth of a country’s EV fleet as it increases the effects of
public policy measures to promote electric mobility (Rietmann and
Lieven, 2019).
1 This can be done using software packages such as GeoGebra (geogebra.org).
4.2. Calculation of CO2 emissions and electricity demand

To calculate sustainability impacts, this study focused on CO2
emissions during car usage as this is the crucial phase regarding long-
term emissions (Ellingsen et al., 2016; Onat et al., 2014). For each
country, the following data were collected from secondary sources:
ICE fuel consumption per 100 km (km), CO2 emissions per km, EVs’
average energy used per km, CO2 emissions per kg from electricity
production (based on current energy mix), and average distance
travelled annually by car. Details and references are summarized in
Table 2 and Appendix D. Calculations differed between ICEs and EVs.
For ICEs, about 2.45 kgof CO2 are assumedper liter, given amixture of
gasoline and diesel engines (IPPC, 2014). As cars have different fuel
consumptions across countries, lge (liters gasoline equivalent) per
100 km and gramCO2/km datawere collected from the International
Energy Agency (IEA, 2019a). On average, EVs need 0.185 kWh/km
(Electric Vehicle Database, 2019). Furthermore, each country has a
different energy mix and thus, CO2 emissions from electricity gener-
ation (g/kWh) were determined individually from 2014, for which
data is available (OECD, 2019, Table 2). Table 2 compares CO2 emis-
sions of the total car fleet in 2035e2018. Moreover, a comparison is
made to a scenario, inwhich all passenger cars are assumed to be ICEs
in 2035. The rule of ceteris paribus applies here: It is assumed that in
2035 carbon intensity of electricity generation (column 5 in Table 2)
and EV electricity consumption (0.185 kWh/km; Electric Vehicle
Database, 2019) will be the same as in 2018.

The subsequent calculation of the EV electricity demand in 2035
was performed by multiplying each country’s predicted EV in-
ventory with the energy required for an EV annually, given an
average mileage of 17,000 km (Electric Vehicle Database, 2019,
Table 2). The resulting figure was compared to the total electricity
production in 2017 (Dudley, 2019).
4.3. Modelling the EV inventory

The model of the EV inventory forecasts is based on a logistic
growth function. Growth increases slowly in the beginning, then
more rapidly, and finally more slowly again after the inventory has
passed the inflectionpoint andreaches thesaturation limit (see Fig.1).

The logistic growth function is:

IðtÞ¼ L

1þ
�

L
Ið0Þ � 1

�
,e�k,L,t

(1)

with I(t)¼ Inventory at time t, L¼ Saturation Limit, I(0)¼ Inventory
at the beginning (t ¼ 0), k ¼ growth factor.

The predicted EV sales for the 26 countries were determined
with the following procedure:

a) Estimate the saturation limit L which is the maximum expected
number of all passenger vehicles in the country.1

b) Estimate a logistic growth function with L and actual EV sales in
recent years.1 This is done by calculating a trend line that fits a
curve to existing data, leading to a function - in this case a lo-
gistic growth function. This results in the parameters I(0) and k.

c) Adjust EV growth functions according to the existing market
potential of total annual car sales.

The procedure is demonstrated with data from China, where
about 200 million passenger cars were in use at the end of 2018,
compared to 21 million at the end of 2005. Thus, the vehicle in-
ventory has increased tenfold within 13 years. Significant EV sales
started in 2010, although only 1,111, which increased to 2.47 million
in 2018. Table 1 displays China’s inventory figures.

In a first step, total inventories were predicted by a logistic
growth function using actual total car inventories from 2005 to
2018 (Table 1). For China, this resulted in a predicted upper limit
L ¼ 355 million to be reached in 2060. The symmetric growth
function has its inflection point in 2015 with about 175 million
units (Function I, i.e. (I) Total Inventory, Fig. 2). Fig. 2 displays the
passenger car inventory until 2060, as this is when the saturation
limit is predicted to be reached.

Using L ¼ 355 million and actual EV inventories from 2010 to
2018 (Table 1) for a logistic growth function resulted in
I(0) ¼ 23.108 and growth factor k ¼ 1.612739878 � 10�6.

http://geogebra.org


Table 2
Overview of each country’s CO2 emissions of the passenger vehicle fleet in 2018 vs. 2035.

Country Avg.
annual
km
travelled

ICE fuel
consump-tion
per 100 km
(lge)1)

ICE CO2

emission
per 1 km
(kg)1)

CO2 emission
per 1 kWh
electricity
(kg)2)

EV
Inventory
2018
(million)

ICE
Inventory
2018
(million)

Total
Inventory
2018
(million)

EV
Inventory
2035
(million)

ICE
Inventory
2035
(million)

Total
Inventory
2035
(million)

Year when
50% EVs
are
reached

Total CO2

2018
(million
tons)

Total CO2

2035
(million
tons)

Change in CO2

emission
2018e2035
(%)

Total CO2 2035
for ICEs only
(million tons)

CO2 emission
2035 compared
to ICEs only (%)

Australia 13,3013) 7.9 0.188 0.798 0.012 14.2 14.2 6.9 10.4 17.3 >2035 35.6 39.5 10.9% 43.2 ¡8.6%
Austria 14,3114) 5.7 0.136 0.166 0.030 4.9 4.9 3.4 2.2 5.6 2033 9.6 5.8 ¡39.3% 11.0 ¡47.1%
Belgium 14,5005) 5.6 0.133 0.199 0.047 5.8 5.8 5.5 1.1 6.6 2030 11.1 5.1 ¡54.2% 12.7 ¡59.9%
Brazil 20,0006) 7.6 0.179 0.134 0.001 37.4 37.4 7.1 40.7 47.8 >2035 133.7 149.1 11.5% 171.1 ¡12.8%
Canada 15,2007) 8.9 0.206 0.158 0.090 22.6 22.7 7.9 16.5 24.4 >2035 70.7 55.2 ¡21.8% 76.5 ¡27.8%
China 18,7788) 7.6 0.175 0.711 2.466 196.0 198.4 177.8 171.5 349.3 2035 650.0 1002.6 54.2% 1147.7 ¡12.6%
Denmark 14,0009) 5.2 0.124 0.300 0.015 2.5 2.5 2.0 0.9 2.9 2033 4.4 3.1 ¡28.6% 5.1 ¡38.4%
Finland 17,61110) 5.8 0.135 0.175 0.012 2.6 2.6 1.8 1.0 2.8 2033 6.3 3.5 ¡45.0% 6.7 ¡48.3%
France 12,97711) 5.3 0.126 0.064 0.205 32.4 32.6 19.7 14.2 33.9 2034 53.0 26.3 ¡50.5% 55.4 ¡52.6%
Germany 14,10712) 5.9 0.140 0.486 0.211 46.4 46.6 34.6 17.6 52.2 2032 91.9 78.6 ¡14.5% 103.0 ¡23.7%
Hong Kong 18,06013) 7.8 0.180 0.975 0.010 0.6 0.6 0.5 0.2 0.8 2033 1.9 2.5 29.0% 2.5 0.1%
India 20,80014) 5.6 0.135 0.791 0.006 27.3 27.3 2.3 60.1 62.4 >2035 76.6 175.7 129.5% 175.2 0.3%
Italy 9,59615) 5.2 0.124 0.343 0.028 37.9 37.9 15.8 24.4 40.2 >2035 45.1 38.6 ¡14.4% 47.8 ¡19.2%
Japan 9,22816) 6.2 0.144 0.572 0.261 62.0 62.3 17.0 51.1 68.1 >2035 82.7 84.5 2.2% 90.5 ¡6.6%
Netherlands 13,02218) 5.4 0.127 0.452 0.149 8.5 8.6 5.3 4.3 9.7 2034 14.2 13.0 ¡8.6% 16.0 ¡18.8%
Norway 12,14019) 5.1 0.121 0.008 0.254 2.4 2.6 2.5 0.4 2.9 2026 3.5 0.7 ¡80.2% 4.2 ¡83.5%
Portugal 21,60620) 5.0 0.119 0.281 0.017 4.7 4.7 3.0 2.2 5.2 2034 12.1 9.0 ¡25.8% 13.3 ¡32.7%
Russia 17,50021) 8.2 0.192 0.439 0.002 46.4 46.4 14.7 39.0 53.7 >2035 155.8 152.0 ¡2.4% 180.5 ¡15.8%
South Africa 25,00022) 7.4 0.176 0.926 0.001 6.8 6.8 0.3 8.4 8.7 >2035 30.0 38.2 27.3% 38.3 ¡0.1%
South Korea 12,18417) 6.3 0.147 0.536 0.060 18.2 18.2 4.6 21.2 25.7 >2035 32.6 43.5 33.3% 46.1 ¡5.8%
Spain 12,53523) 5.4 0.130 0.247 0.035 23.1 23.1 12.5 14.0 26.6 >2035 37.6 30.1 ¡20.2% 43.3 ¡30.6%
Sweden 12,24024) 5.9 0.139 0.013 0.081 4.8 4.9 4.5 0.9 5.4 2029 8.2 1.7 ¡79.1% 9.2 ¡81.5%
Switzerland 13,46925) 6.4 0.152 0.024 0.036 4.7 4.7 3.2 1.7 4.9 2033 9.5 3.7 ¡61.2% 10.1 ¡63.4%
Taiwan 16,16726) 7.3 0.170 0.906 0.001 6.8 6.8 0.1 7.4 7.6 >2035 18.6 20.8 11.6% 20.8 0.0%
UK 13,17727) 5.8 0.137 0.459 0.203 34.5 34.7 24.3 14.1 38.4 2033 62.5 52.6 ¡15.8% 69.2 ¡24.1%
USA 21,68228) 8.6 0.198 0.489 1.126 123.9 125.0 62.0 68.0 130.0 >2035 534.0 413.6 ¡22.5% 558.1 ¡25.9%
Total 16,980 7.1 0.165 0.584 5.357 777.1 782.4 439.2 593.7 1032.9 >2035 2191.2 2449.0 11.8% 2957.4 ¡17.2%

Note lge ¼ liters gasoline equivalent. References 1) and 2) are listed in Appendix D.
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Fig. 1. Logistic growth function.

Fig. 2. Actual inventories (2005e2018) and forecasts in China (L ¼ 355 million).
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IIIðtÞ¼
355;000

1þ
�
355;000
23:108 � 1

�
,e�1:612739878�10�6 ,355;000,t

(2)

(Note: L and I(0) are denoted in 1000 units).
Applying (2) with t ¼ 0 for the year 2010 to estimate sales from

2019onward (Function II, i.e. (II) EV Inventory, Fig. 2) predicts EV sales
of 33.5 million in 2025. This is much higher than the maximum
numberof total passenger cars sold so far inChina (2017: 24.7million,
2018: 23.7 million, 2019: predicted 21.3 million; Statista, 2019). An
upper limit of 22 million total annual car sales can be expected in
China and EV sales should be below this number. The slope of the EV
inventory function (II) was replaced accordingly by a flatter function
from 2021 onwards, when both functions have the same predicted
inventory and the same growth rate (at t ¼ t*).2 Appendix A displays
detailed calculations. The resulting EV inventory forecast is shown as
function IV (grey shaded) in Fig. 2. Respective numbers (inventories,
sales, EV market shares, sales growth) for China are shown in
Appendix B. Fig. 3 further shows inventories and EV sales in China
from 2010-2035.3
2 See Appendix A, Mathematica was used for calculations (http://www.wolfram.
com/mathematica/).

3 Note: To calculate the growth function, all years until the saturation point (in
2060) is reached have to be included. To reasonably predict inventories and sales
the forecast was narrowed until 2035.
5. Results

Applying the above-described procedure to all 26 countries
resulted in the numbers reported in Appendix B. Across all countries,
in 2018, 2.1 million EVs were sold with a total end-of-year inventory
of 5.4 million. By 2035, an inventory of 440 million EVs is expected,
which then represents 42.5% of the total car inventory. Globally, 30%
of all passenger vehicles will be EVs in 2032.

Sensitivity analyses supported the results’ robustness and showed
that the curve continuously shifted to the right each year (see
Appendix C). Specifically, the inflection pointmoved to the right from
function (1) to (2) by 17 months, from (2) to (3) by 11 months, and
from(3) to (4) by4months. Similarly, thepointwhena total inventory
of 300millionEVswill be reachedmoves to the right.Hence, themore
data points from previous years are available, the more stable the
results.
Regarding sustainability implications, significant variations were

foundbetween countries (see Table 2). For themajority of countries, a
reduction in CO2 emissions of the entire vehicle fleet is predicted. In
some countries, however, the opposite or no significant change is
expected.

5.1. Results per country

In order to highlight cross-national differences, the 26 countries
were clustered into six groups, based on their EV penetration pace
(fast ¼ 50% penetration until 2035 vs. slow ¼ 50% later than 2035)
and change in CO2 emissions (high reduction, moderate reduction,
nearly no reduction, increase, strong increase; each change
considered relative within the sample). Each cluster will subse-
quently be discussed in more detail.

5.1.1. Fast EV penetration and high CO2 reduction (Norway, Sweden,
Switzerland, Belgium, France, Finland)

A number of countries show strong EV growth and a high CO2

emission reduction. Norway displays a particularly high EV adoption,
mainly due to policymeasures that have been implemented since the
1990s (Figenbaumet al., 2015;RietmannandLieven, 2019).Moreover,
Norwayaims tohave all newcars emission-free by2025 (Milne, 2017)
and to be carbon-neutral by 2050 (Figenbaum et al., 2015). The
country’s goalwas to have 200,000 EVs on the roads by 2020 (vander
Steen et al., 2015), which has already been exceeded in 2018 with an

http://www.wolfram.com/mathematica/
http://www.wolfram.com/mathematica/


Fig. 3. Inventories and EV sales in China 2010e2035.
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EV inventory of 254,000.
Furthermore, Norway produces 96% of energy using hydropower,

resulting in only 8 g CO2/kWh emissions (Energifakta Norge, 2019;
OECD, 2019). Thus, the country will have reduced CO2 emissions by
more than 80% until 2035. Fig. 4 shows EV vs. ICE inventories from
2018 to 2035 and CO2 emissions, which are expected to drop
significantly with the predicted EV growth. Other countries in this
cluster (Sweden, Switzerland, Belgium, France, Finland) show similar
results and improvements in CO2 reductions (see Table 2). This can
particularly be attributed to the low emissions of their energy mixes,
which all lie significantly below the OECD average of 432 g/kWh
(OECD, 2019). There are, however, some differences in the energy
generation. While Norway, Sweden and Switzerland mostly rely on
renewable sources (hydropower, wind energy), France and Belgium
primarily use nuclear energy.
5.1.2. Fast EV penetration and moderate CO2 reduction (Austria,
Denmark, Portugal, UK, Germany, Netherlands)

Another cluster displays fast EV penetration until 2035 but a
comparatively low CO2 reduction (less than 50%). Austria, for
instance, has implemented various policy measures throughout the
past years (EAFO, 2019). This is also the case in Denmark, Portugal,
the UK, Germany, and the Netherlands. However, in all of these
countries, the energymixes result in higher CO2 emissions compared
to the first country cluster (166e486 g CO2/kWh; OECD, 2019). Thus,
emission reductions will not be as significant as in the first cluster if
no improvements are made to the energy mixes.
5.1.3. Slow EV penetration and moderate CO2 reduction (USA,
Canada, Spain, Italy)

The next cluster exhibits slower growth and is expected to reach a
50% EV penetration only after 2035. Although policy measures have
been implemented in all of these countries, they lack a sufficient
charging infrastructure. For example, Spain only has 6 fast public
charging points per 100 km highway, compared to 382 in Norway
(EAFO, 2019). Nonetheless, the countries display low tomoderate CO2
emissions fromtheir electricity generation (about 20% reductionuntil
2035), thereby leading to an overall moderate reduction in emissions
over time. For example, 82% of Canada’s energy mix consists of non-
GHG emitting sources (Government of Canada, 2019). Hence, there
is a lot of potential in these countries to improve sustainability with
further EV growth.
5.1.4. Slow EV penetration and nearly no CO2 reduction (Russia,
Japan)

Russia and Japan have so far shown very low EV market shares
with close to0%and0.4% in2018, respectively (AppendixB). Japanhas
only recently implemented monetary incentives to support EV
adoption (IEA IA-HEV, 2018) and Russia still lacks significant
governmental support. Both countries rely heavily on fossil fuels to
generate energy (Energy Information Administration, 2017; Ministry
of Economy Trade and Industry, 2017). In order for sustainability
improvements of EV growth to show in the long-term, the countries’
energy mixes therefore need to be improved, and political incentives
be strengthened.
5.1.5. Slow EV penetration and CO2 increase (Australia, Brazil,
Taiwan, South Africa, Hong Kong, korea)

Another cluster shows rather low EV growth and CO2 increases
over time. Reasons for this vary. Australia, South Africa, Korea and
Hong Kong use very few renewable energy sources. For example, in
Hong Kong 53% of the energy is produced from coal and only 2% from
renewable sources (Government of Hong Kong, 2015). Other coun-
tries, such as Brazil, have installed large hydropower plants that ac-
count for approximately 80% of the domestic electricity generation
(IEA, 2019b). Hence, there is potential to reduce CO2 emissionswith a
large-scale EV adoption over time. However, as the traditional auto-
motive industry is very large in Brazil (OICA, 2019), the government
showsvery little interest insupportingEVs(DominguesandPecorelli-
Peres, 2013). Each country in this cluster must therefore tackle
different issues to raise EV adoption sustainably.
5.1.6. Slow EV penetration and strong CO2 increase (China, India)
Finally, China and India currently show the highest hurdles in

terms of long-term, sustainable EV adoption. The Indian government
has provided comparatively low, and mostly local, support for EVs
(Government of NCT of Delhi, 2016). China has also implemented a
subsidy scheme in 2009 and further incentives since then (Hao et al.,
2014; Zhu et al., 2017). In 2019, however, China has reduced EV in-
centives dramatically, leading to a sales drop (Toh, 2019). While EV
sales increased by 50% annually from January to June 2019, it declined
by 25% between July and October 2019. In this study, numbers have
beenadjusted accordingly to a reasonable scenario, inwhich sales rise
(maximum 50% annual growth), however, not as strongly as previ-
ously (80%).

Nonetheless, even if EV sales were supported more strongly in
these countries, further growth with the current electricity mixes



Fig. 4. EV vs. ICE inventories and CO2 emissions in Norway (in millions).
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would be unsustainable. Coal accounts for 70e80% of the energy
generation in China (Wu et al., 2018) and 56% in India (BP, 2019).
While China will reach a 50% EV share of the car inventory in 2035,
CO2 emissions will grow by 54.2%. Compared to an ICE-only in-
ventory in 2035, the EV growth is still favorable though (�12.6% CO2
emissions). Countries such as China and India should therefore
simultaneously raise EV sales and switch tomore renewable energy
sources. Although Norway and China are difficult to compare
because of their size, Figs. 4 and5 represent the extremeopposites in
sustainability development among all countries.

Fig. 6 finally summarizes results for all 26 countries. Although
the EV inventory reaches 42.5% in 2035, CO2 emissions rise by 11.8%
between 2018 and 2035. A peak is reached in 2028, after which
emissions gradually decrease. Compared to an ICE-only fleet,
however, the CO2 reduction is significant (�17.2% by 2035).

5.2. Implications for electricity and battery production

The predicted EV growth will boost electricity demand in the
coming years. In 2020, about 3.5 million EVs are expected to be sold
in the 26 countries examined here. This figure is predicted to be
about 20 million in 2025 and 42 million in 2035. Assuming that
each EV is equipped with a 70-kWh battery for a range of about
300e400 km, this would require the production of a total battery
capacity of 2.94 Terawatt hours (TWh) in 2035. Even with the
largest existing battery giga-factory, about 1% of this is produced
today (35 GWh) and 5% (150 GWh) are planned to be produced
annually in the coming years (Techcrunch, 2019).

Furthermore, a vehicle’s annual mileage must be considered
which is approximately 17,000 km (Table 2). Electricity consumption
per km is about 185Wh (Electric Vehicle Database, 2019) which adds
up to 1381 TWh in 2035 (assuming a total EV inventory of 439
Fig. 5. EV vs. ICE inventories and CO2
million). For each country, thiswill be an average charging demand of
7% of today’s total electricity production, as shown in Table 3. In this
table, the electricity production in 2017/18 is compared to 2000.
Whilesomecountrieshaveseenastrong increase inproduction,other
countries producedmore electricity in2000 than today.However, the
latter should be able to reach this level again, based on their former
higher production rates. In other countries, raising electricity pro-
ductionmay bemore difficult (e.g. UK). Hence, they should tackle this
issue now. Although grid problems such as the distribution to the last
mile could pose new challenges in the future, most countries should
be able to cope with the additional electricity demand caused by the
EV growth.

The major bottleneck in the EV development seems to be the
battery production. Besides the provision of sufficient production
capacity in more gigaefactories, availability of basic raw materials
may become a crucial issue. Battery production is becoming a new
industrial sector. Assuming that the cost for 1 kWh declines from
today’s US$ 200 to about US$ 100 in 2030 (Union of Concerned
Scientists, 2019), this would result in a total yearly revenue of US$
294 billion for this new industry in the 26 countries alone.

6. Discussion and conclusion

EV sales will increase significantly in the coming years. By 2035,
the EV market share is expected to reach 42.5% worldwide. This
study importantly shows that CO2 emissions from the passenger car
fleet across all 26 countrieswill still increase until 2035. Nonetheless,
some countries will see significant CO2 reductions.

Norway and Sweden, for instance, will reach a 50% market share
prior to 2035, which can particularly be attributed to strong govern-
mental support (Lieven, 2015; Rietmann and Lieven, 2019). Due to the
nations’ favorable energy mixes, CO2 emissions will fall drastically
emissions in China (in millions).



Fig. 6. EV vs. ICE inventories and CO2 emissions in all 26 countries (in millions).

Table 3
Electricity production and charging demand.

Country Electricity production in 2000
(TWh)

Electricity production in 2017/18
(TWh)

Total inventory EVs in 2035 (in
1000)

Charging demand in 2035
(TWh)

% from total production in
2017/18

Australia 210.2 261.1 6913 21.7 8.3%
Austria 61.3 68.6 3438 10.8 15.8%
Belgium 84.0 75.0 5457 17.2 22.9%
Brazil 348.9 601.4 7104 22.3 3.7%
Canada 605.7 650.8 7917 24.9 3.8%
China 1387.1 6671.9 177,776 559.1 8.4%
Denmark 36.1 30.0 2033 6.4 21.3%
Finland 70.0 70.0 1782 5.6 8.0%
France 540.0 580.7 19,670 61.9 10.7%
Germany 576.5 649.9 34,615 108.9 16.8%
Hong Kong 31.3 37.0 524 1.6 4.5%
India 569.7 1532.2 2302 7.2 0.5%
Italy 276.6 290.6 15,792 49.7 17.1%
Japan 1067.8 1025.8 17,031 53.6 5.2%
Korea 290.1 579.9 4557 14.3 2.5%
Netherlands 89.6 113.5 5333 16.8 14.8%
Norway 143.0 147.5 2400 7.5 5.1%
Portugal 43.8 59.8 3010 9.5 15.8%
Russia 877.8 1109.2 14,675 46.2 4.2%
South Africa 210.7 255.1 281 0.9 0.3%
Spain 224.5 273.8 12,510 39.3 14.4%
Sweden 145.3 159.3 4492 14.1 8.9%
Switzerland 67.5 69.2 3223 10.1 14.6%
Taiwan 238.3 270.3 125 0.4 0.1%
UK 377.1 333.9 24,276 76.3 22.9%
USA 4052.7 4434.9 61,970 194.9 4.4%
Total 12,625.4 20,351.7 439,206 1381.3 6.8%

Source (Dudley, 2019; IEA, 2019c):
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between 2018 and 2035 (�80% in Norway). In other countries (e.g.
South Africa, Brazil), EV adoption will be much slower. Moreover,
benefits of a rising EV inventory crucially depend on a nation’s energy
mix. Countries such as China and India, which rely strongly on coal to
generate energy, will not reapmajor benefits from introducing a large-
scale EV fleet with their current energy mixes, except that the EV fleet
will lead to a less strong increase in CO2 emissions compared to an ICE-
onlyfleet. The adoption ofmore renewable energy sourceswould have
significant environmental advantages, as the example of Norway
highlights. In some countries, however, the journeywill be long. China,
for instance, has implemented various laws and policies to establish
more renewable energy sources but these have substantial issues such
as fragmentation and lack of operability (Liu, 2019).

Although the predicted EVmarket shares may seem surprisingly
high, our predictions canbedeemed thorough. Firstly, the forecast of
4 The second derivative of the exponential function is always positive while it is
positive for the logistic growth function at the beginning, equals zero at the in-
flection point and is negative at the end.
a logistic growthmodel canbe considered conservative.Althoughan
exponentialmodelmayalso represent the current growthquitewell
(e.g., yearly sales growthof 40%), itmayoverestimategrowth rates at
the end of the cycle.4 The logistic growth function fits much better
because a saturation limit can be expected.

Secondly, our results can be described as rather conservative. As
theestimatedgrowth functionswere toosteep inmost countries, they
were flattened from a specific year onward when EV sales exceeded
those thatwere currently seen. Consequently, this study’s estimations
are mostly corrected downwards and below predictions based on
actual EV sales.

Moreover, there are some specialties in the reporting of EV sales
that needmentioning. For example, in theUSA, SUVs are summarized
under the light truck group. In other countries, SUVs are reported
under the passenger car category. As this study only considered pas-
senger cars, the EVmarket sharemay have been overestimated in the
USA. This only holds for total inventory shares though.

Regarding CO2 emissions, we did not compare the entire EV vs.
ICE lifecycle but focused on the cars’ use phase. Including all factors
influencing emissions (e.g., combustion engine vs. battery



Fig. A1. Two tangential growth functions
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production, transport of crude oil to refineries and gas stations, etc.)
would have been far beyond this study’s scope. We suggest that
future research should investigate this more deeply based on our
growth projections.

The most challenging limitation lies in the nature of the curve-
fitting of a logistic growth function based on existing data. The
more data available, the better the predicted model. Sensitivity ana-
lyses showed that the growth curve shifted to the right each year.
Consequently, further shifts may occur in the future, possibly causing
a delay of the forecasted rapid growth by sixmonths to an entire year.
If the shift of fourmonths annually occurs, the growth curves have to
be shifted forward by one year in 2022. This, however, may be
compensated to some extent by our conservative estimations.

Another crucial point is the estimation of saturation limits. In
developed countries, this may not be problematic since this limit has
almost been reached (130 million in the USA). In China or India, pre-
dicting this saturation is more difficult. Discussing this issue with
market experts showed consensus that China will see about 250 cars
per 1,000 population which may result in the expected 355 million
passenger cars in the future. India, however, is nearly impossible to
predict. Theassumedsaturationof100millionmaybeunderestimated.
Sensitivity analyses show that this saturation limit will not have a
strongeffect in thenextdecade.Growth functions foraworldwide limit
of 1200 and 800 million are nearly identical when the EV inventory
reaches300millionEVs(AppendixC).Hence, thedifficultyoffindingan
appropriate saturationwill only become important in later years.

Furthermore, there are some uncertainties that should be
considered in future studies. For example, it is unclear whether all
countries would be able to actually accommodate the estimated
growth in passenger vehicles. Also, technological disruptions such as
autonomous cars and trends toward carsharing may have significant
implications on car sales in the future (Burns, 2013; Shaheen and
Cohen, 2013). Moreover, this study assumed that carbon intensity of
electricity generation and electricity consumption of EVs will be the
same in 2035 as in 2018. Future research could further investigate an
improvementof these factors and account for it in the calculation. Yet,
EV outlook numbers from 2019 as predicted by the IEA indicate a
certain level of validity for this study’s data (OECD/IEA, 2019).

To conclude, this paper presents a long-term forecast of EV sales in
26 countries until 2035. The logistic growthmodel, which was based
on actual sales data from 2010 to 2018, predicts that 30% of all pas-
senger vehicles will be EVs in 2032. Furthermore, significant cross-
national differences are established regarding sustainability impli-
cations. In order for the rising EV inventory to be sustainable, coun-
tries must invest in large-scale renewable energy sources. Future
studies should continuously investigate market developments as
various factors influence EV growth, such as changes in policy mea-
sures. At the same time, EV producers and energy providers should
monitor these predictions over time and adapt their productionplans
accordingly. Finally, governments should consider this study’s find-
ings to plan investments and policies which both support EV growth
as well as the development of more renewable energy mixes.

Appendix A. Growth function calculations

Given is a growth function

IIIðtÞ¼
L

1þ
�

L
IIIð0Þ � 1

�
,e�k,ðLÞ,t

(A1)

with III(t) ¼ Inventory at time t, L ¼ Saturation Limit,
III(0) ¼ Inventory at the beginning (t ¼ 0), k ¼ growth factor.

Find a less steep growth function IIII being tangent to III at a chosen
point t*where functionvalues and the respectivederivatives are equal:
IIII(t*) ¼ III(t*) and I’III(t*) ¼ I’II(t*) (A2)
Define the growth function IIIIwith a higher saturation limit Lþ c
and subtract c from the function value. By this, IIII will start below
0 at t ¼ 0, however, converge to the original saturation limit L.

IIIIðtÞ¼
Lþ c

1þ
�

Lþc
IIIIð0Þ � 1

�
,e�k,ðLþcÞ,t

� c (A3)

Solve (A3) for IIII(0) under the condition that IIII(t*) ¼ III(t*):

IIIIð0Þ¼
ðLþ cÞ,ðcþ IIIðt*ÞÞ

cþ IIIðt*Þ � ekðLþcÞt,IIIðt*Þ þ ekðLþcÞt,L
(A4)
The derivative of IIII is:

I’III

0
BBB@t

1
CCCA¼

e�kðLþcÞtk,ðLþ cÞ2,
�
� 1þ Lþc

IIIIð0Þ

�
 
1þ e�kðLþcÞt,

�
� 1þ Lþc

IIIIð0Þ

��2
(A5)

Solve (A5) for k under the condition that I’III(t*) ¼ I’II(t*):

k¼ I’IIðt*Þ
ðL� IIIðt*ÞÞ,ðcþ IIIðt*ÞÞ

(A6)

and insert k in (A4) to find IIII(0):

IIIIð0Þ¼
ðLþ cÞ,ðcþ IIIðt*ÞÞ

cþ IIIðt*Þ � e
I’II ðt*Þ,ðLþcÞ,t*

ðL�III ðt*ÞÞ,ðcþIII ðt*ÞÞ,IIIðt*Þ þ e
I’II ðt*Þ,ðLþcÞt*

ðL�III ðt*ÞÞ,ðcþIII ðt*ÞÞ,L
(A7)
Appendix B. Total and EV inventories, EV market share,
annual EV sales in thousand units, and annual EV sales growth
rate
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Appendix C. Sensitivity analyses regarding number of
datapoints and saturation limit
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Table C1
Milestones for growth functions with saturation limit of 1200 million EVs

Growth function I Growth function II Growth function III Growth function IV

Reaches inflection point Jan 2026 þ17 months May 2027 þ11 months May 2028 þ4 months Oct 2028
Reaches inventory of 300 million EVs Mar 2024 þ14 months May 2025 þ9 months Mar 2026 þ4 months Jul 2026

Table C2
Milestones compared for functions with 1200 million and 800 million saturation

L ¼ 1200 million L ¼ 1200 million L ¼ 1200 million L ¼ 1200 million

Reaches inflection point Jan 2026 May 2027 May 2028 Oct 2028
L ¼ 900 million L ¼ 900 million L ¼ 900 million L ¼ 900 million
- 6 months - 6 months - 4 months - 5 months

Reaches inflection point Jul 2025 Nov 2026 Jan 2028 Feb 2028

L ¼ 1200 million L ¼ 1200 million L ¼ 1200 million L ¼ 1200 million
Reaches inventory of 300 million EVs Mar 24 May 25 Mar 2026 Jul 26

L ¼ 900 million L ¼ 900 million L ¼ 900 million L ¼ 900 million
þ2 months þ3 months þ4 months þ3 months

Reaches inventory of 300 million EVs May 2024 Aug 2025 Jul 2026 Oct 2026
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