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Abstract

Cars have a high share of global transport-related CO2 emissions. To model the market diffusion of new energy
carriers and powertrains like electric vehicles, fleet turnover models are commonly used. A decisive influence factor for
the substitution dynamics of such transformations is the survival rate of the national car fleet of a country. It represents
the likelihood of a car reaching a certain lifespan. Due to a lack of data, current methods to estimate such survival
probabilities neglect the imports and exports of used cars. Existing studies are limited to countries with a
predominant market of new cars, compared to low numbers of imported and exported used cars. In this study, we
resolve this marked simplification and propose a new method to estimate survival probabilities for countries with a
high number of imported and exported used cars. Empirical data on the car stock, on inflows of new and used cars,
and on outflows of exported and scrapped cars are gathered from 71 national statistics offices. Survival rates of the car
fleets of 31 European countries are derived, for which we find a pronounced regional variability. Average lifespans of
cars vary from 8.0 to 35.1 years, with a mean of 18.1 years in Western and 28.4 years in Eastern European countries,
revealing the high impact of cross-border flows of cars. The study also shows that survival rate estimates can be
improved significantly even in the absence of reliable data if a combination of a Weibull and a Gaussian distribution is
used. It is likely that the predictive power of existing models (regarding the future environmental impact of car fleets)
could be improved significantly if these findings were considered accordingly. The findings of this study can directly
be included in fleet turnover and policy assessment models. They also enable the analysis of economic and
environmental spillover effects from the imports and exports of used cars between countries.

Keywords: Passenger car, Vehicle, Lifespan, Lifetime, Survival rate, Scrapping, Export, Used car market, Spillover,
Europe

1 Introduction
1.1 Motivation
Passenger cars make up the bulk of transport CO2 emis-
sions in almost all European countries [1]. Electrification
might change this [2–4], but its effectiveness is limited
by how quickly new vehicles enter the fleet and displace
current combustion engine vehicles [5, 6]. The remaining

*Correspondence: held@lav.mavt.ethz.ch
1ETH Zurich, Institute of Energy Technology, Laboratory for
Aerothermochemistry and Combustion Systems, Sonneggstrasse 3, 8092
Zurich, Switzerland
Full list of author information is available at the end of the article

lifetime of vehicles defines the amount of locked-in emis-
sions from existing infrastructure [7, 8] and determines
the market penetration of new technologies [9–12]. Accu-
rate modeling of the substitution dynamics of the car fleet
is thus key for climate policies [13].
In literature, cohort models are the instrument of choice

[14–17]: they understand the car stock as the set of all cars
registered in a country at a given time. New cars join, as
people buy them from manufacturers and register them
in the country (new registrations) or import used cars
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from foreign markets1. After a certain number of years
in service, the vehicles leave either for foreign markets
(exports of used cars) or for being dismantled (scrapped
cars). National used car markets, i.e. the change of own-
ership within a country, are neglected since they do not
alter the composition of the fleet. In such a framework, the
substitution dynamics are governed by the number of cars
entering the fleet and their cumulative survival probability
(CSP), i.e. the likelihood of a car reaching a certain lifes-
pan in a given fleet. The CSP is a property of the fleet and
the car owners of its host country, not the vehicles, since
cars are typically sold on long before they fail irreparably.
Instead, with more fuel-efficient cars being introduced to
the market of richer countries, a flow of old cars to poorer
countries can be observed. [18] In Europe, used cars are
on average sold from West to East, where cars live longer
due to different economic circumstances. This results in
higher average car ages in Eastern European countries
[19].

1.2 Existing literature
Multiple studies highlight the importance of the used car
market and suggest further research on this topic [16, 20,
21]. Global trade of “used vehicles has been [...] valued
at over USD 17.6 Billion in 2014” [22], and in the EU,
the used car market volume is substantially larger than
the new car market [18]. Imports and exports of used
cars also couple car markets of multiple countries. The
German scrappage scheme in 2009 revealed the spillover
effects that a national policy can have on other countries.
A “strong decrease of exports in 2009 [... reduced] the sup-
ply of used car significantly”, but was not compensated by
“a shift from used to new car purchases” [18]. National
policies can reduce the domestic transport CO2 emis-
sions, but also have an effect on the markets and emission
balances of other countries (see further discussion of the
impact of scrappage schemes [23, 24] in Appendix A of the
Supporting Information (SI)).
In multi-country analyses of future fleet compositions

it is essential to model country-specific survival rates
and cross-border flows of im-/exported cars. The two
most prominent models to assess the impact of potential
CO2 reduction policies for the European transport sec-
tor are PRIMES-TREMOVE [25–27] and TRIMODE [28,
29], which are used by the European Commission. How-
ever, even PRIMES-TREMOVE does not apply country-
specific survival rates, but is “based on data provided for
Germany, due to the lack of suitable information for the
rest of the countries” [25]. It is also neither considering the
import nor export flows of used cars between countries

1Note that we refer to “new registrations” as the new registrations of new cars,
while we refer to “imports of used cars” as the new registrations of used cars
in the respective country.

[30]. Particularly the imports of used cars, however, per-
turbs the CSP of a country. This has been largely neglected
in literature so far and named “a future challenge for more
comprehensive analysis.” [16]
Existing studies on car survival rates are focused on

countries with a traditionally high importance of the
domestic car industry and hence a predominant position
of the new car market against the used car (import) mar-
ket, like the United States [31, 32], Japan [21, 33], China
[9, 34, 35], and Germany [36]. There is a trade-off between
the depth of analysis and the geographic scope (number of
countries covered): detailed studies of survival rates with
a high data resolution are usually limited to individual
regions (e.g. metropolitan areas [37, 38]) or single coun-
tries [9, 17, 21, 31–34]. On the contrary, broader studies
covering multiple countries usually have to compromise
in their data resolution since the required fleet data are
cumbersome to obtain due to a lack of harmonized, com-
prehensive data sets for multiple countries. There are
particularly two multi-country studies of interest: Huo &
Wang [39] compare survival rates for 4 countries; Oguchi
& Fuse [16] provide survival rates for 17 countries. Oguchi
& Fuse [16] find that survival rates are changing sub-
stantially over time. However, their data stem from 2008
and there is no follow-up study covering a similarly broad
analysis in terms of the number of countries studied.

1.3 Contribution of this study
This study adds a new perspective to current modelling
approaches of the substitution dynamics of a car fleet. In
particular for highly interlinked European countries, the
shortcoming of neglecting im-/exports of used cars poses
a limitation to the significance of the results of multi-
country analyses. We propose a new method to estimate
car survival rates for countries for which the car market
is dominated by the imports of used cars. The proposed
method allows future studies on car lifespans to include
countries with high cross-border flows of used cars and to
analyse the effects of cross-border linkages of national car
sectors [22].
We provide a comprehensive study on survival rates of

the national passenger car fleets of 31 European countries.
This work covers the European Union (EU-27, except
Bulgaria which is excluded due to a lack of data), the
United Kingdom (UK), and the European Free Trade
Association (EFTA). The large-scale data collection of
this study fills the research desideratum highlighted by
Mehlhart et al. [30] to assess the differences in survival
rates for European countries. Our results are suited to
be directly fed to models like PRIMES-TREMOVE and
TRIMODE.

2 Materials andmethods
New vehicles flow in from the market. Simultaneously,
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vehicles leave the stock as they are scrapped at a rate
dependent on their age. We formalize this process by
a Weibull function, which commonly describes aging-
related failure modes in reliability engineering. As cars
age, maintenance and operation become increasingly
more expensive until it becomes more economical to
replace or scrap them. When that point is reached
depends on the local economic and social context. The
CSP is thus not simply a technical property of the cars, but
it depends on the host country of the fleet. Some coun-
tries have strong export markets: their car owners prefer
selling their used cars to foreign markets, long before
their “natural” retirement age in the national market.
Conversely, some countries have strong import markets:
instead of buying brand new cars from local distributors,
buyers prefer imported used cars from foreign markets.
In Fig. 1, we show the impact of such effects on the CSP
of a country. These effects are discussed in the following
sections.

2.1 Current standard CSP estimation method
In countries with neither a strong import nor export mar-
ket, we can directly infer the CSP from the annual stock
data, by comparing the number of vehicles of a certain vin-
tage still in the stock to the number of vehicles sold in the
corresponding year of first registration [16, 34]:

CSPt(a) = Nt(a)
Rt−a

(1)

with Nt(a) as the number of cars of age a in the stock at
time t, and Rt−a as the number of new car registrations at
time t−a. In this study, we observe the age distribution of
the car stock in t = 2016.
For countries with a negligible number of imported used

cars – and for those where the same number of used cars
is imported and exported at identical age distributions –
the CSP curve defined by Eq. 1 can be fitted by a Weibull
function [16]:

Fig. 1 Characteristic cumulative survival probability (CSP) curves. Countries with no imports/exports (dark blue), high imports (orange), and high
exports (turquoise) of used cars. The upper panel depicts the raw CSP data resulting from Eq. 1, while the lower panel illustrates how this raw data
can be fitted phenomenologically. Fitting parameters β , γ , δ, μ, and σ refer to the Weibull and Gauss distributions (Eqs. 2 and 3)
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with a as the car age, β as the shape parameter, and γ as
the average lifespan of theWeibull distribution. � denotes
the Gamma distribution.

2.2 New CSP estimation method
If this procedure is applied to countries with a strong
import market of used cars, the outcome follows no longer
a Weibull distribution: in any given year, the imported
used cars add a significant volume of vehicles to the stock
that were built before the current year, pushing the CSP
beyond 100% (orange curve in upper panel of Fig. 1).
While existing studies only consider countries without
this effect, we explain it phenomenologically. Imported
used cars add a Gaussian on top of the Weibull distribu-
tion (orange curve in lower panel of Fig. 1), expressing that
there is a preferred age for imported used vehicles2:

N (δ,μ, σ , a) = k · N (μ, σ , a)

= δ · exp
(

−0.5
(
a − μ

σ

)2
)

(3)

withN (μ, σ , a) as the Normal Gaussian distribution with
mean, μ, standard deviation, σ , and car age, a. k defines
a stretch in y-direction which is lumped to the more
intuitive maximum of the Gaussian curve, δ = k√

2πσ
.

Analogously, exported used cars add a negative Gaus-
sian (turquoise curve in lower panel of Fig. 1) to the
Weibull curve. While the positive Gaussian of imported
used cars directly affects the shape of the CSP curve, a
negative Gaussian from exported used cars is likely to still
result in a Weibull-shaped CSP curve. Without additional
data (see next section), we cannot derive the export-
related negative Gaussian. Hence, we limit our data-fitting
approach to aWeibull distribution or the sum of aWeibull
and a import-related Gaussian:

CSP(a) ←− W(β , γ , a) for countries w./o.
considerable imports (4)

CSP(a) ←− W(β , γ , a) + N (δ,μ, σ , a)
for countries w./ cons. imports (5)

Sincemarket diffusionmodels focus on the lifetime of cars
in a specific country, where it is irrelevant whether used
cars leave the national fleet because they are scrapped or
exported, correcting only for imports is sufficient for such
countries. Then, the CSP curve reflects a fleet exit rate.

2See discussion in Appendix B why a Gaussian distribution is suited to model
the impact of car imports and exports on the CSP curve.

Formalizing rawCSP data with aWeibull and a Gaussian
distribution has two main advantages. First, it adds a phe-
nomenological description of the imported used cars to
the standard Weibull-shaped CSP. Second, it adds predic-
tive power to the CSPs used in market diffusion models:
the parametrized curves can be adjusted over time to
reflect different market conditions, scrapping patterns,
and policies like scrappage schemes.
The CSPs for all 31 countries covered in this study

are computed for discrete ages using Eq. 1. Continuous
parametrized curves are fitted to this CSP data using
Eqs. 4 and 5. To make the fitting procedure computation-
ally more efficient, lower and upper bounds are defined
for the fitting parameters (see further information in
Appendix F): γ ∈ [5,40], β ∈ [2,6], Gaussian stretch k =
δ · √2πσ ∈ [2,10], μ ∈ [5,30], σ ∈ [5,30]. TheWeibull and
Gaussian distributions are fitted sequentially, first maxi-
mizing the R2 of the Weibull fit and fixing the optimal
Weibull parameters, thenmaximizing the R2 of the sum of
the Weibull and Gaussian.

2.3 Proof of concept of new CSP estimation method
The phenomenological reflection of im-/exported used
cars in the CSP curve of a country in form of a Weibull-
Gauss-shaped distribution can be tested empirically using
additional data. We use age-resolved historical time series
of imports and exports of used cars to correct the CSP
definition of Oguchi & Fuse [16] (Eq. 1):

CSP(a) = Nt(a)
Rnew
t−a + Impusedt−a − Expusedt−a

(6)

where a is the car age corresponding to the “manufactur-
ing year” of the car, i.e. the first (initial) registration year
(for used imports abroad, otw. domestically). Impusedt−a is
the number of imported used cars that are in the stock of
the observed country at time t and that have been regis-
tered for the first time (abroad) in the year t − a. Expusedt−a
is the number of exported used cars that have been regis-
tered in the observed country in the year t − a but have
been exported until year t.
In line with our theory outlined in Fig. 1, our hypoth-

esis is that the CSP curve resulting from Eq. 6 follows a
Weibull shape again since the number of new registra-
tions per year is corrected by imported and exported cars,
which cause Gaussian contributions when computing the
CSP via Eq. 1.
For nine countries, we could gather age-resolved

imports data of used cars; for two countries we could
gather such data for exported used cars. This allows for
a proof of concept for the definition of the fleet exit rate
(correcting only for imports). In the results section, we
will see that our hypothesis is verified when using this
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additional data. For exports-dominated used car markets
we expect that the CSP correction using Gaussian distri-
butions is valid as well. As soon as more data becomes
available, future research should verify that. Additionally,
the superposition of imports and exports effects (positive
and negative Gaussians) should be analysed in the future.

2.4 Used data to estimate CSPs via Eq. 6
National governments track their fleets. Organisations
like the United Nations Economic Commission for Europe
(UNECE), the European Statistical Office (Eurostat), or
the European Automobile Manufacturers’ Association
(ACEA) collect such data from multiple countries. For
our CSP calculation procedure, their data often does not
comprise enough detail – e.g. because they lump together
historical data, or only have limited historical time series.
Both cases add uncertainty to the shape of the CSP curve.
Furthermore, UNECE and Eurostat sometimes lack data
harmonization among countries [18], stemming from dif-
ferent data providers and different definitions of “new
registrations”, which includes imported used cars for some
countries, while it does not for others.
A more accurate CSP estimation requires highly

resolved data, and hence, cumbersome data gathering
and harmonization for multiple countries from statisti-
cal offices [30]. Within this study, data from 71 different
national statistics (NatStat) sources were acquired from
national statistics offices, ministries of interior or trans-
port, national automotive associations, national automo-
tive companies, and other national data collection insti-
tutions. Appendix C-E provide an overview on the data
sources, their resolution, and the used pre-processing
steps for the following data required to estimate CSPs
(sorted from good to very limited availability): (1) histor-
ical time series of the total number of new registrations
up to 2016, (2) the number of cars in the car stocks in
2016, resolved by car age, (3) historical time series of the
imports and exports of used cars up to 2016, resolved by
car age. For each country, we chose the data sources with
the highest resolution in order to compute the CSP.

2.5 The simplified CSP estimation method
Simplified estimation methods are useful to estimate the
CSP of a country even if only limited data are available.
The one parameter that is of most interest for market
diffusion models is the average lifespan of cars, γ . To
compute γ , Eq. 1 shows the need for both registration
and stock data. Oguchi & Fuse [16] present a simplified
estimation method with less data requirements for coun-
tries without considerable im-/exports. In this study, we
validate the simplified estimation method of Oguchi &
Fuse [16] and demonstrate how the Weibull and Gaussian
curves can be approximated even for countries that fea-
ture a high number of im-/exported used cars and a dearth

of data required for the more sophisticated approach of
Eq. 6.

3 Results and discussion
This section is organized as follows: First, the results of
our new CSP estimation method are discussed. Second,
we provide a proof of concept that imports and exports
of used cars can be modelled by the sum of a Weibull
and a Gaussian curve. Third, a simplified CSP estima-
tion method is derived from our results, which allows for
a first-order approximation of the CSP of countries with
limited data availability.

3.1 The new CSP estimation method
The raw CSP data are fitted by Weibull and Weibull-
Gaussian curves for all 31 European countries, see Figs. 2-
3. The corresponding fitting parameters are documented
in Table 1. Note that abrupt decreases of the CSP data
points to values of zero result from a low resolution of the
underlying data, foremost a discontinuous age resolution
of the stock (see Appendix C and D). Fitting a Weibull
curve to countries with a high number of imported used
cars results in poor R2 values. Adding the Gaussian curve
improves the goodness of fit drastically. The mean R2

value increases from 0.73 (standard deviation of 0.33)
to 0.90 (std. dev. of 0.09). While the upper half of the
R2 distribution (>50th percentile) is largely unaffected,
the lower half is drastically improved: 5th (25th) R2 per-
centiles of 0.00 (0.57) for the sole Weibull fits compare
to 0.72 (0.87) for the sum of the Weibull and Gaussian
curves.
The Weibull average lifespans for the countries that

are also covered in Oguchi & Fuse [16] increased in all
cases from 2008 (their study) to 2016 (this study), see
Appendix F. The increase of 0.2 up to 5.5 years is in
line with their finding of increasing lifespans over the
last years. The comparison of Luxembourg (LUX) and
Lithuania (LTU) shows the diversity of CSPs for European
countries. While LUX has the lowest average lifespan of
8.0 years and no Gaussian contribution, LTU comprises
of a high average lifespan of 30.7 years and the high-
est Gaussian contribution of all countries with a Gaus-
sian maximum of 6.3 – compared to the normal Weibull
curve which does not exceed values of 1. 14 of the 31
countries have a non-zero Gaussian curve. Those are pre-
dominantly Eastern European countries with relatively
low R2 values for the initial Weibull-only fit. Averaged
over all countries, the Weibull average lifespan shows a
mean of 21.8 years (standard deviation: 7.1 years), with
a clear West-East divide that has already been indicated
by Vanherle & Vergeer [18] and which is depicted in
Fig. 4. A direct comparison of countries’ CSP fits and
graphs of the underlying CSP raw data are provided in
Appendix F.
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Fig. 2 Cumulative survival probability (CSP) data for European countries (1/2). A Weibull curve (turquoise) and the sum of a Weibull and a Gaussian
curve (red) are fitted to the data (dark blue)

Neglecting such a high variability of survival rates in
multi-country market diffusion models, like PRIMES-
TREMOVE currently does, is a marked simplification
of reality. This shortcoming can be overcome using the
country-resolved survival rates provided in Table 1.

3.2 Proof of concept of new CSP estimation method
The vast improvement of the R2 values of the CSP fits
already indicated the capability of our new CSP estima-
tion method to reflect high imports of used cars in the

survival rate. This phenomenological description of the
survival probability patterns across European countries is
further validated in a data-driven proof of concept. We
validate whether a correction of the new car market by
the import and export market of used cars (Eq. 6) repro-
duces the results that we obtained by fitting the sum of a
Weibull and a Gaussian distribution to the CSP data com-
puted by Eq. 1 (see left column in Fig. 5). We find that
both approaches lead to similar results. Out of the nine
(two) countries for which age-resolved imports (exports)
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Fig. 3 Cumulative survival probability (CSP) data for European countries (2/2). A Weibull curve (turquoise) and the sum of a Weibull and a Gaussian
curve (red) are fitted to the data (dark blue)

time series were available, the ones with the highest data
availability were chosen for Fig. 5 to illustrate the proof
of concept of this new CSP estimation method. All other
countries can be found in Appendix G.
The imports correction fully removes the Gaussian con-

tribution of the uncorrected CSP, as suggested by our
theory. In the shown cases, the R2 values stay constant
or are even improved. For the Netherlands (NLD), one
of the two countries with available exports data, correct-
ing only for exports would add a Gaussian contribution.

Correcting for both imports and exports leads to a pure
Weibull curve again, as suggested by our theory.

3.3 The simplified CSP estimation method
The simplified CSP estimation method of Oguchi & Fuse
[16] shows good results for countries with a predominant
position of the new car market, but performs badly for
others – see detailed analysis in Appendix H. Our pro-
posed new simplified CSP estimation method is based on
correlations from the fitting parameters of the data-fitting
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Table 1 Cumulative Survival Probability (CSP) fitting parameters

Weibull Import-Gaussian R2 values

Country γ β δ μ σ R2W R2WG

AUT 15.9 3.4 — — — 0.99 0.99

BEL 11.7 2.0 — — — 0.97 0.97

CHE 15.4 3.6 — — — 0.99 0.99

CYP 25.0 6.0 0.8 14.8 5.7 0.58 0.81

CZE 25.5 6.0 0.9 13.4 5.0 0.56 0.90

DEU 14.8 2.4 — — — 0.99 0.99

DNK 16.9 3.4 — — — 0.94 0.94

ESP 19.4 3.2 — — — 0.97 0.97

EST 32.8 6.0 1.7 18.3 5.0 0.24 0.79

FIN 24.9 3.2 — — — 0.88 0.88

FRA 15.2 6.0 — — — 0.93 0.93

GBR 14.2 4.0 — — — 0.99 0.99

GRC 33.9 4.2 — — — 0.62 0.62

HRV 30.9 6.0 0.2 14.7 10.6 0.80 0.87

HUN 23.1 6.0 0.2 12.1 6.7 0.83 0.87

IRL 15.0 6.0 0.3 5.0 5.0 0.90 0.97

ISL 19.7 6.0 0.8 5.0 5.0 0.53 0.71

ITA 19.6 2.7 — — — 0.97 0.97

LIE 15.6 3.9 — — — 0.99 0.99

LTU 30.7 6.0 6.3 14.0 5.0 0.00 0.90

LUX 8.0 2.0 — — — 0.97 0.97

LVA 30.9 6.0 4.1 16.5 5.0 0.01 0.85

MLT 31.2 6.0 1.5 11.2 6.2 0.28 0.88

NLD 17.2 4.4 — — — 1.00 1.00

NOR 19.8 6.0 0.2 10.2 5.0 0.95 0.98

POL 35.1 6.0 2.8 18.5 6.7 0.00 0.85

PRT 23.1 6.0 — — — 0.98 0.98

ROU 28.4 6.0 1.1 15.2 6.4 0.42 0.73

SVK 21.7 6.0 0.9 10.9 5.8 0.63 0.90

SVN 20.0 6.0 — — — 0.90 0.90

SWE 19.4 4.9 — — — 0.89 0.89

Legend:Weibull average lifetime (γ ), Weibull shape parameter (β), Gaussian max (δ), Gaussian mean (μ), Gaussian standard deviation (σ ), R2W of Weibull fit (current standard
CSP estimation method), R2WG of Weibull-Gaussian fit (new CSP estimation method)

approach. β and σ can be fixed to constant values without
a significant loss in accuracy, see Appendix H. Further-
more, we found correlations among fitting parameters and
between fitting parameters and GDP per capita [40], the
ratio of annual new registrations in a country compared
to its stock size, and the cross-border balance, which is
defined as the ratio of the net flow of used cars over a
country’s border to the total registrations of new and used
cars:

cross-border balance = Imp − Exp
Imp + Reg

(7)

In our analysis, we use the mean number of new reg-
istrations, Reg, of imports, Imp, and of exports of used

cars, Exp, over the last ten years to average out outliers.
However, using only the most recent data leads to similar
results with almost the same goodness of fit.
Figure 6 displays the correlations that showed the best

fits. Other correlations only showed inferior suitability to
predict the CSP curve parameters. For example, we found
that neither Weibull nor Gaussian fitting parameters are
correlated to countries’ car stock size or their population
size. Note that the correlation between the cross-border
balance and the maximum of the Gaussian curve, δ, in
Fig. 6 is based on an incomplete data set. For those coun-
tries where only imports data was available (i.e. Exp = 0 in
Eq. 7), a shift of the points to lower cross-border balance
values would be expected if exports would be considered
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Fig. 4 Difference in fitting parameters for Western and Eastern European countries. The group of Western European countries contains AUT, BEL,
CHE, DEU, DNK, ESP, FIN, FRA, GBR, IRL, ISL, ITA, LIE, LUX, MLT, NLD, NOR, PRT, and SWE. The group of Eastern European countries contains CYP, CZE,
EST, GRC, HRV, HUN, LTU, LVA, POL, ROU, SVK, and SVN

Fig. 5 Proof of concept for new CSP estimation method. The uncorrected CSP curve (left column) is corrected by imported and exported cars (two
middle columns) and by both (right column), using Eq. 6. Below the legend, the required data to compute the CSP of each column is listed
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Fig. 6 Simplified CSP estimation method. Approximation of fitting parameters by aggregate indicators of a country – equations are given for best
fits which are marked in bold in the corresponding plots. Fitting parameters refer to Eqs. 2 and 3

as well. The opposite holds for the exports-only country
(Imp = 0 in Eq. 7, turquoise point).
Figure 6 also provides the set of equations that we sug-

gest to use in order to derive first-order approximations
of CSPs in countries with a dearth of data, which impedes
the determination of CSPs using our new Weibull-Gauss-
based estimation method. The simplified CSP estimation
method requires only knowledge about aggregate data.
Without the need for any age-resolved data sets, the
equations in Fig. 6 may serve as the basis for a first-order

approximation of CSPs in countries with a high share of
imported used cars.

4 Conclusions
This paper resolves twomarked simplifications of the sub-
stitution dynamics of existing car fleet turnover models.
They concern the survival probability of cars in national
fleets.
First, accurate information about the survival rates of

cars is only known for few countries due to a lack of
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data. There is no comprehensive analysis for all European
countries. Therefore, multi-country fleet turnover models
like PRIMES-TREMOVE usually implement a generic sur-
vival rate that is assumed to be identical for all countries
modelled. In reality, however, there are large differences
in survival rates between European countries. This study
provides the first comprehensive analysis of survival rates
for all European countries (incl. the EU-27, the UK, and
EFTA, except of Bulgaria which is excluded due to a lack
of data). They are based on a large-scale data collection
of stock, new registration, and import/export data from
71 national statistics offices. Our resulting cumulative sur-
vival probabilities (CSPs) show that the average lifespans
of national car fleets in European countries vary strongly
from 8.0 up to 35.1 years.
Second, existing studies on survival rates of cars are

focusing on countries with a predominant new car mar-
ket and excluding those with a high share of imported
used cars. The imports and exports of used cars, however,
perturb the standard Weibull-shaped survival probability
distribution. This is not reflected in current multi-country
fleet turnover models since a methodology to describe
survival rates for countries with a considerable share of
imported/exported used cars is currently missing due to
a lack of data. The large-scale data collection of our study
reveals that the CSP curves of the car fleets of European
countries show wide variations. While survival rates of
countries with a negligible number of imported/exported
used cars are Weibull-shaped, we show that imported
(exported) used cars perturb the Weibull shape, but can
be modelled as positive (negative) Gaussian curves on
top of the Weibull distribution. This means that the
import/export contribution can be approximated using
this approach even if data are lacking. Furthermore, we
find a strong West-East divide with a flow of used cars
from Western to Eastern European countries, resulting
in older cars in Eastern European countries, where the
average lifespan is approximately 10 years higher than in
Western European countries.
The empirical findings of this study are likely to have

severe impacts on the results of market diffusion mod-
els like PRIMES-TREMOVE. The consideration of the
presented country-specific CSP curves in models like
PRIMES-TREMOVE would be a value added for an effec-
tive design of climate policies in Europe.
For further studies, we identify four research desiderata.
First, the survival rate of the car fleet of a country

changes over time [15, 16] – see our exemplary study
on CSP curves for 20 consecutive years for Latvia in
Appendix I. CSP fitting parameters thus have to be
updated regularly, or a function describing the chang-
ing fitting parameters over time dependent on aggregate
indicators like GDP, motorisation rate, etc. needs to be

explored. Such a parametrization could leverage the full
predictive power that is inherent to the phenomenolog-
ical description of a CSP by a Weibull and a Gaussian
curve. Short-time market shocks of only few months or
years, like the COVID-19 pandemic, are not likely to affect
the shape of CSP curves in the long run. This is due to
the fact that sudden drops in new registrations are usu-
ally followed by subsequent rebounds. Fitting a Weibull
(and Gaussian) distribution to the data will smoothen
out both effects. However, if such market shocks deterio-
rated the economic situation of customers persistently, a
trend to higher average lifespans could be observed in the
subsequent years.
Second, technological disruptions might change the

shape of cars’ survival rates in the future. Electric vehi-
cles might be scrapped later due to reduced operational
costs and longer component lifetimes (resulting from less
extreme operation temperatures, less moving parts, and
in general less components compared to an internal com-
bustion engine vehicle). Limited battery lifetimesmight be
a counteracting effect. Mobility as a service concepts, i.e.
cars being shared among many customers, might reduce
the average car lifetime since its operational hours per day
could increase substantially.
Third, the lack of comprehensive data sets required to

compute CSPs has been pointed out in multiple stud-
ies. Regarding the need for high-resolution and harmo-
nized statistics, we refer to the recommendations of two
reports prepared for the European Commission [30, 41].
In Appendix J, we highlight which data sources show the
largest impact on the accuracy of the CSP estimation.
Fourth, the economies of European countries and in

particular their automotive industries are highly inter-
linked. Cross-border flows of used cars induce economic
spillovers from exporting to importing countries and alter
national fleet compositions and their environmental per-
formance. However, existing multi-country market dif-
fusion and policy assessment models do not take into
account cross-border flows of used cars due to a dearth
of data. Including imports and exports of used cars in
the substitution dynamics of fleet turnover models, this
study provides a good foundation to explore such spillover
effects. Subsidies for electric vehicles in one country
might lead to an increased flow of older cars into import-
ing countries. This, in turn, could result in an undesired
increase in CO2 emissions in the car sector of the respec-
tive country and thwart its national CO2 reduction plans.
It remains to be explored whether this would entail only
a local shift of emissions or whether it would still reduce
overall emissions within Europe. Future studies should
provide scientific evidence for “the implications of used
vehicle flows both for local pollutants and health and global
emissions that contribute to atmospheric warming” [22].
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