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ARTICLE INFO ABSTRACT

Road transport accounts for 92 per cent of CO2 emissions from all transport services, and car transport makes the
largest contribution to the total. We examine the dynamic relationship between car CO2 emissions in western
European Union countries (EU-13) with the dieselization of the passenger vehicle fleet, technological progress,
fuel efficiency, mobility indicator, economic activity and motorization rate. We take advantage of a panel data
set of 13 EU countries between 1990 and 2015 and estimate a Dynamic Panel Data (DPD) model using alter-
native econometric methods. This approach allows us to estimate the effect on car CO2 emissions of induced
indirect channels involving the reaction of economic agents to changes in aforementioned explanatory variables.
We provide evidence that CO2 emissions have been benefited from global technological progress and changes in
average fuel efficiency, while increases of economic activity, motorization rate and the dieselization process hold
positive and significant relationship with car CO2 emissions. These results are consistent with alternative model
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specifications and econometric methods.

1. Introduction

In recent decades, the share of carbon dioxide (CO2) emissions
emanating from the transport sector has risen in the European Union
(EU) from 32% in 1990 to 45% in 2015.' Moreover, road transport
accounts for 92% of CO2 emissions from the transport sector, and be-
tween 1990 and 2015 CO2 emissions from cars accounted for half of the
road transport emissions. This means that car transport is a key sector
for the proposal of strategies to curb the upward trend in CO2 emissions
in Europe.

Regarding CO2 emissions in the transport sector, most of previous
studies have focused on road transport, without distinction between
passenger and freight transport (e.g. Marques et al., 2012; Saboori
et al., 2014). However, passenger and freight transport modalities re-
spond differently to economic and policy factors and, for that reason,
mixing both series can lead to misleading conclusions. Our analysis
takes care of this issue focusing exclusively on passenger car CO2
emissions.

More concretely, the contribution of our study is twofold. First, we
focus on analyzing the relationship between CO2 emissions from pas-
senger cars and variables related to technological progress, economic
activity, fuel efficiency, mobility indicator, motorization rate and
paying special attention on several measures of dieselization. Second,
we use a Dynamic Panel Data (DPD) approach to estimate these re-
lationships, considering their dynamic nature and to take advantage of
panel data information from 1990 to 2015 for 13 main EU countries. To
the best of our knowledge, no studies published to date have focused
exclusively on CO2 emissions of passenger cars in Europe using a DPD
approach.

Policies promoting energy efficiency in passenger cars have been
praised as effective measures for reducing energy consumption and for
fighting climate change (Freire-Gonzalez, 2017). Several research stu-
dies supported the idea that replacing gasoline cars by diesel cars as a
way to reduce CO2 emissions through the gains in energy efficiency
(see, among others, Sullivan et al., 2004; Zachariadis, 2006; Zervas and
Lazarou, 2007, or Fontaras and Samaras, 2007). Indeed, diesel motor
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vehicles consume (on average) 12 per cent less fuel per kilometer
driven than gasoline-fueled vehicles. Persuaded by this argument,
European governments have applied lenient tax policies with regard to
the use of diesel-fueled vehicles (Rietveld and van Woudenberg, 2005;
Zervas, 2010). While the prices of both fuels (net of taxes) have evolved
evenly during this period, the price of gasoline is on average 20%
higher than that of diesel when taxes are included.

In this context, diesel drivers have benefited from considerably
lower operating costs than gasoline drivers. As a consequence, diesel
vehicles tend to be driven more than gasoline vehicles in Europe,
generating what is referred in the literature as a rebound effect, in-
creasing overall mobility and overall fuel consumption (Sorrell and
Dimitropoulos, 2008). Thus, the expected gains in energy saving and
emission reductions from the dieselization process have been lessened
(Greening et al., 2000; Bonilla, 2009; Tovar, 2011; Gonzalez and
Marrero, 2012).

Although the effect of the dieselization on controlling emissions has
been questioned by many authors, there are few empirical researches
quantifying the forces that govern passenger car CO2 emissions in
Europe (Marques et al., 2012). Our paper contributes to fill this gap.
Moreover, empirical studies are particularly necessary in the light of the
increasing social sensitivity to car emissions and tax policies in Europe
(e.g. the “yellow vest” protests in France).

Regarding the method of estimation, the use of panel data helps to
obtain more efficient estimations because it jointly considers the time
and the cross-section dimensions of the dataset. Furthermore, the dy-
namic nature of aggregate energy and emissions variables has been
shown to be an important aspect to be considered in empirical appli-
cations. Since the seminal paper by Houthakker et al. (1974), and ex-
ploiting the panel information of databases, dynamic panel data (DPD)
models have been widely used in many fuel demand applications
(Baltagi et al., 2003; Sterner, 2007; Pock, 2010; Gonzalez and Marrero,
2012, among many others), and to study the determinants of energy
consumption and CO2 emissions (Marrero, 2010). Dynamic models
allow also to estimate the conditional effects of different control vari-
ables on emissions (i.e., their elasticities if the model is linear and
variables are expressed in logs). Additionally, we use the system GMM
approach (Blundell and Bond, 1998; Roodman, 2009) to correct for the
potential endogeneity bias incurred by traditional DPD estimation
methods, such the pooled-OLS, Within-Group or Random Effects esti-
mates.

Specifically, we use a data set spanning the period from 1990 to
2015 for 13 EU countries: Austria, Denmark, Finland, France, Germany,
Greece, Ireland, Italy, Netherlands, Portugal, Spain, Sweden and the
United Kingdom. Our dynamic reduced form is estimated using three
alternative methods: i) a pooled panel regression estimated by ordinary
least squares with time dummies; ii) a fixed effect dynamic panel, in
order to check whether our results might be biased by the data pool;
and iii) the system GMM approach to overcome problems of potential
endogeneity, given the double-sense causality usually found between
CO2 emissions, economic activity and energy consumption (Atems and
Hotaling, 2018).

In relation to the variables used in our models, we consider alter-
native measures of the dieselization process, said the diesel to gasoline
car ratio and the diesel to gasoline fuel consumption ratio. We also use
the diesel to gasoline fuel efficiency ratio and the diesel to gasoline
price ratio and variables affecting dieselization. As additional control
variables, we include private consumption per household, average fuel
efficiency in passenger cars, the motorization rate (cars per capita), an
indicator of car traffic and a linear trend as a proxy of global techno-
logical progress in the sector and in Europe.

Our main findings are that car CO2 emissions have been benefited
from global technological progress and changes in average fuel effi-
ciency. By contrast, increases of economic activity, motorization rate
and the dieselization process hold positive and significant relationship
with car CO2 emissions. We find that these results are consistent with
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alternative model specifications and the different econometric methods
used.

The remainder of the paper is organized as follows. Section 2 re-
views the current literature on the subject and relates our contributions
with those found in these papers. Section 3 presents the data set and a
graphic summary of statistics. In Section 4, we introduce a specification
of a growth-emissions dynamic panel data model and describe the al-
ternative econometric methods for its estimation. Section 5 presents the
results. Finally, Section 6 concludes and proposes a set of policy re-
commendations based on our results.

2. The literature on road transport emissions, fuel consumption
and dieselization

Transport CO2 emissions have been widely studied in the literature.
One of the main objectives of these studies is to analyze policies aiming
to reduce the negative environmental impact of the transportation
sector (Hickman and Banister, 2007; Chapman, 2007; Nocera and
Cavallero, 2011). Many of these studies have examined the relationship
between economic growth, transport activity and environmental im-
pact.

These issues have been addressed using a range of approaches: de-
composition techniques, time series analysis, regression analysis and
panel data models. The most popular approach involves the use of
decomposition techniques, starting from the IPAT identity (Ehrlich and
Holdren, 1971), which describes the human impact on the environment
as the product of three factors: population, technology, and per capita
consumption. This identity, specifically applied to CO2 emissions, be-
comes the Kaya identity (Kaya and Yokobori, 1997), which breaks
down the technology factor into carbon intensity and energy intensity
(see also Timilsina and Shrestha, 2009; Lakshmanan and Han, 1997).

Using a time series analysis, Begum et al. (2015) estimated the
impact of GDP, transport fuel consumption and population growth on
CO2 emissions. Similarly, Ackah and Adu (2014) found that transport
demand is price inelastic, implying that continual fuel price sub-
sidization is economically inefficient and that investment in pro-
ductivity is able to restrain CO2 emissions in the transport sector. Using
a cross-section analysis, Xu and Lin (2015) investigated the effects of
private vehicle inventory, GDP, urbanization and energy intensity on
CO2 emissions. Shu and Lam (2011) analyzed the impact of population,
urban area, income and road density on CO2 emissions from the
transport sector. Saboori et al. (2014) focused on the road transport
sector and examined the bi-directional long-run relationship between
emissions, energy consumption and economic growth in the OECD
countries over the period 1960-2008. They found that most energy
consumption, rather than economic growth, accounts for the bulk in the
dynamic of CO2 emissions, suggesting that policies supporting a more
efficient use of energy are crucial to attain emission reduction targets.

Using a partial and static approach, Sullivan et al. (2004), Zervas
(2006), Zachariadis (2006), and Jeong et al. (2009) all concluded that
an increase in the share of diesel vehicles would contribute to reducing
CO2 emissions. Shortly afterwards, this literature was thoroughly re-
vised, incorporating a larger set of explanatory variables and the use of
panel data specifications. For example, Ryan et al. (2008) focused on
the relationship between fuel prices, vehicle taxes, income and popu-
lation density in Europe. Yang et al. (2015) analyze transport sector
emissions in China during the period 2000-2012. For European coun-
tries, Marques et al. (2012) found that the reduction in CO2 emissions
from diesel vehicles (due to the higher fuel efficiency) was outweighed
by the increase in kilometers driven (due to the rebound effect). Finally,
Gonzalez and Marrero (2012) extended this panel data specification by
incorporating a dynamic component concerning growth and CO2
emissions. Using a sample of 16 Spanish regions between 1998 and
2006 they concluded that the (negative) impact of the rebound effect
was greater than the (positive) effect of energy-efficiency gains.

The rebound effect reflects behavioral responses to changes in fuel
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prices, income, and preferences. The literature on the subject can be
divided into two categories depending on the methodological approach
used. On the one hand, the rebound effect has been addressed using the
efficiency elasticity of the demand for energy - that is, the elasticity of
the distance travelled with respect to fuel efficiency (see, among others,
Khazzoom, 1980; Berkhout et al., 2000; Sorrell, 2007; Sorrell and
Dimitropoulos, 2008). On the other hand, it can be estimated using the
price elasticity — that is, the elasticity of the distance travelled with
respect to the fuel price. Using these price elasticities, several studies
have estimated the direct rebound effect associated with private
transport (Greene, 1997; West, 2004; Small and Van Dender, 2007;
Frondel et al., 2012). Interestingly, the two elasticities are potentially
different (Greene, 2012; Stapleton et al., 2017), suggesting that con-
sumers do not respond in the same manner to improvements in fuel
efficiency as to changes in fuel prices.

The last point to make in this literature review is that only a few
studies have considered dynamic panel data models to analyze CO2
emissions in the transport sector. Exceptions include Kasman and
Duman (2015), Wang et al. (2015), and Zhang et al. (2015). The two
latter works applied a dynamic panel quantile regression model to
study the direct rebound effect for China's road passenger transport
during 2003-2012. Moreover, these studies have concentrated on the
whole transport sector or, specifically, on the road transport sector. In
this paper, we focus on passenger cars only.

3. Dataset description and summary of statistics

This section presents a preliminary description of time series related
to passenger cars from 1990 to 2015 for 13 EU member countries:
Austria, Denmark, Finland, France, Germany, Greece, Ireland, Italy,
Netherlands, Portugal, Spain, Sweden and the United Kingdom. All data
were retrieved from Odyssee-Mure (see footnote 2).

Fig. 1 represents the series of car CO2 emissions and total CO2
consumer emissions (total CO2 emissions of final consumers, including
electricity, in MtCO2) for selected countries. To compare growth dy-
namics, their initial values have been normalized to 100. For the most
part, CO2 emissions from final consumers are decreasing, especially
since the recession starting in 2008. These series contrast with CO2
emissions from cars, which present an upward trend (with the excep-
tions of Greece, Sweden and the United Kingdom).

Analyzing the behavior of EU-13 in average, in Fig. 2 we can see
that total CO2 emissions are decreasing, while car CO2 emissions are
increasing, which contributes to raise the share of car emissions in total
emissions between 1990 and 2015.

Table 1 compiles average moments related to dieselization: CO2
emission factors per liter of fuel (Santos, 2017), car stock, fuel con-
sumption, average liters per 100 km (the inverse of fuel efficiency), and
the fuel price (including taxes). All these figures are presented in re-
lative terms (diesel to gasoline ratio). We also present a set of variables
that help to explain the CO2 emissions from cars, namely: Private
consumption per households (ppp) (k€2005p/hh), average specific fuel
consumption (liters/100 km) of cars, the stock of cars per capita (cars
pc.) and car traffic in terms of giga passenger-kilometer (Gpkm).®

Regarding CO2 emission factors, although the carbon content varies
from country to country, on average a liter of diesel fuel contains 10 per
cent more carbon than a liter of gasoline (with a range from 4.6 per cent
in Denmark to 17 per cent in the UK). Regarding the rest of the die-
selization variables, France and Austria present the most dieselized
vehicle fleet (on average, there is 0.8 diesel car per 1 gasoline car),

2 Except for series related to fuel prices that are only available for 1998-2015.

3 “Passenger transport refers to the total movement of passengers using inland
transport on a given network. Data are expressed in million passenger-kilo-
meters, which represents the transport of a passenger for one kilometer”
(OECD, 2019).
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whereas Greece has the fewest diesel car ratio. The relative fuel con-
sumption varies evenly with the relative car stock: the higher the re-
lative stock, the higher the relative fuel consumption.

Fig. 3 presents the series for the relative stock of cars diesel/gasoline
(dashed line), and the corresponding relative fuel consumption (solid
line), for selected countries. Both series present upward trends in all
countries with the exception of Greece. In Austria, France, Ireland,
Portugal, Spain and probably Italy, fuel consumption ratios are higher
than in the year 2000. Without exception, fuel consumption ratios grow
in parallel with stock ratios, reflecting a rebound in the use of diesel.
Comparing Figs. 1 and 3, the growing share of CO2 emissions from cars
is correlated with the strength of the dieselization process.

Back to Table 1, with regard to fuel efficiency, diesel vehicles are on
average 12 per cent more efficient than gasoline vehicles in terms of
liters of fuel per kilometer driven. In Fig. 4 we can see that the effi-
ciency of both diesel and gasoline cars and also the difference between
then (in favor of diesel cars) have been increased during the period.
Note, however, that the higher carbon content per liter of diesel (an
increase of 10 per cent) partially offsets the fuel efficiency in diesel-
powered cars (an increase of 12 per cent).

With regard to fuel prices (including taxes), we should mention the
more lenient tax treatment of diesel in these countries (with the ex-
ception of the UK). Fig. 5 displays the relative fuel prices from 1998 to
2015. Prices are represented net of taxes (dashed lines) and including
fuel taxes (solid lines). The evolution of these series (with and without
taxes) is very homogeneous across these European countries. Prices net
of taxes have generally been higher for diesel fuel, peaking in 2008; in
contrast, the final prices (including taxation) are lower for diesel fuel.
The only exception is the UK, where gasoline prices have been 5%
lower on average. It is also worth mentioning that, in general, the
difference between both series has been, on average, relatively constant
throughout the period considered and for most of the countries.”

The last columns of Table 1 present some descriptive statistics on
economic activity. Italy has the highest stock of cars per capita (more
than one car for every two people), while Greece, Spain and Portugal
have the lowest (around one car for every three people). Car traffic
reflects the total movement of passenger cars on a given network, and is
strongly influenced by the population and the kilometers of the road
surface network of each country. The last two columns present the
average household consumption and the GDP per capita (relative in-
come) of each country.

Finally, Fig. 6 plots the share of CO2 car emissions versus relative
diesel/gasoline consumption. In all cases, there is evidence that the
share increases with one of our measures of dieselization (diesel to
gasoline consumption ratio).

As a preliminary quantitative exercise, in Table 2 we regress the
share of CO2 emissions from cars over two elementary indicators of
dieselization: the relative stock of vehicles (diesel/gasoline), and the
relative consumption of fuel (diesel/gasoline). We use pooling OLS
estimates and fixed effects OLS estimates. The correlation of both in-
dicators with the share is positive, as expected, and statistically sig-
nificant (although for the pooling-OLS case the relative vehicle stock
value is not significant). In line with the plots presented in Fig. 5, the
correlation with the ratio of fuel consumption is always statistically
significant: a 1% increase in the relative fuel consumption increases the

“Despite observing few changes in the temporal evolution of the diesel to
gasoline price ratio, we observe significant differences between countries. For
example, on average in the sample considered (1998-2015 for the case of fuel
prices including taxes), the average ratio is 1.03 in UK, 0.90 in Spain, 0.83 in
France, and 0.75 in The Netherlands. Using a panel data information (as we do
in Section 5), we can estimate the impact of the relative fuel prices in European
countries by looking at the cross-section dimension of the database. Precisely,
this is an additional advantage when using panel information, since the esti-
mates include both the within- and between-country relationship, and this al-
lows obtaining more efficient estimates.
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share of CO2 cars emissions by 0.2%, on average. This correlation is
robust to the method of estimation. On average, these two indicators of
dieselization account for between a quarter and a third of the variability
of the share, as indicated by the adjusted R

The descriptive statistics and preliminary regressions presented in
this section point that CO2 emissions due to the usage of cars has been
positively affected by the dieselized vehicle fleet in Europe. However,
we also find that there is much to explain. For this reason, in the next
section we propose a more complex model, including more explanatory
variables than the dieselization, related to technological progress, fuel
efficiency, mobility, economic activity and motorization rate.

102 Cars / CO2 Final Consumers CO2 Cars CO2 Final Consumers
Fig. 2. CO2 emissions in Europe, EU-13 Average, 1990-2015.
Table 1
Explanatory variables, 1990-2015 (Averages over the period).
Source: Santos (2017), Odysee-Mure and own calculations
Diesel to gasoline ratio Consump. per household Avg. Fuel Consump. per Cars pc. Traffic
(k€2005 p/hh) car (1/100 km) (Gpkm)
CO2 emission factor ~ Cars Fuel Fuel efficiency Fuel Price
(KgCO2/liter) Consump. (1/km) (with taxes)”
Austria 1.08 0.79 0.97 0.82 0.90 35.00 7.78 0.48 67.9
Denmark 1.05 0.17 0.31 1.22 0.83 27.00 8.42 0.37 50.48
Finland 1.08 0.16 0.30 0.93 0.80 26.66 7.86 0.45 58.17
France 1.10 0.81 1.29 0.82 0.83 32.06 7.30 0.47 622.87
Germany 1.11 0.25 0.36 0.83 0.84 32.46 8.10 0.49 857.36
Greece 1.13 0.02 0.04 0.89 0.89 33.82 8.02 0.34 71.43
Ireland 1.11 0.26 0.39 0.87 0.95 39.28 8.02 0.36 39.83
Italy 1.11 0.38 0.64 0.88 0.88 36.11 6.83 0.57 660.93
Netherlands 1.11 0.17 0.36 0.83 0.76 31.04 8.02 0.42 139.8
Portugal 1.08 0.48 1.01 0.95 0.80 31.47 7.72 0.35 90.33
Spain 1.09 0.61 0.99 0.85 0.90 34.99 7.56 0.33 275.46
Sweden 1.06 0.11 0.13 0.74 0.90 25.49 8.79 0.44 103.77
UK 1.17 0.25 0.35 1.03 56.61 8.07 0.42 640.49
EU-13 1.10 0.34 0.55 0.89 0.87 34.00 7.88 0.42 282.99

Note: Columns 2 to 8 present the specific explanatory variables used in the models below. We also present CO2 emission factor and GDP per capita for informative

purposes.

2 Fuel prices are averaged over the period 1998-2015.
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4. A growth-emissions dynamic panel data model lagged levels of passenger cars CO2 emissions per capita (capturing the
convergence factor), In(Z;,_,) is included.
4.1. Specification The term 6'X;, encompasses the effect of technology and indicators

of economic activity, with the following structure:
We first show a reduced form specification model relating the CO2
emissions from cars with a set of explanatory variables. This model is G'XM = 6,4 1In(Y;,) + 6,4 In(Qy;) + 63AFE;; + 6,4 In(PAS;;) + vt.  (2)
commonly used in the transport literature at the macroeconomic level.

The reduced form is derived from a Neoclassical growth model which The first key term, Aln(Y;,), denotes the annual growth rate of pri-
has been extended to incorporate other variables, such as urbanization, vate consumption per households (k€2005p/hh). Alternatively, we also
public transport and population density. We propose the following consider Y;, as GDP per capita, as an estimate of gross aggregate in-
dynamic panel data specification, which includes the growth rate of car come. The second term, 4 In(Q;,), denotes the annual growth rate of
CO2 emissions as dependent variable: stock of passenger cars per capita, both diesel and gasoline. The third
term AFE;; denotes the annual change in average fuel efficiency of the
An(Z;) =a+ R+ T+ BIn(Z—1) + O‘Xi,, + A'Dy; + &y (€)) car fleet, that is, kilometers travelled per liter of fuel (calculated as the
inverse of specific consumption of the car, liters/100 kms, multiplied by
In this specification, the dependent variable Z;; denotes passenger 100). The fourth term A In(PAS;;) denotes the annual change in pas-
car CO2 emissions per capita for country i and year t (as long as this senger transport per kilometer of road network. Data are expressed in
variable is logged and first-differenced, it can be read in growth terms) million passenger-kilometers. The last term, yt, is a linear deterministic
a, is a fixed factor, R; and T; are country- and time-specific effects. In trend.
order to control for initial technology and conditional convergence, the The last component in equation (1), D;;, compiles several indicators
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Fig. 6. Share of CO2 cars emissions versus relative fuel consumptions (diesel/gasoline) in Europe, 1990-2015.

related to dieselization (all expressed in annual changes)s: the relative
stock of diesel to gasoline cars and the relative fuel consumption of
diesel to gasoline cars. The evolution of these ratios is a reflection of
many aspects affecting dieselization, such as final car prices, subsidies
to car registration, expected use of the car, the discounted flow of future
operating cost (including fuel taxes), individual preferences, etc. As
other controls, we have also considered the diesel to gasoline liter/km

5 A natural way to measure the dieselization is to use the diesel/gasoline
kilometres-driven (per vehicle and total) ratio. However, these series are in-
complete and many observations are missing in the Odyssee database.
Alternatively, as Gonzdlez and Marrero (2012) did, we consider the diesel to
gasoline ratio (fuel consumption and the stock of cars) to measure dieselization
in Europe.

ratio and the relative price of gasoline/diesel fuel. All these controls are
introduced sequentially in the model, in order to analyze their marginal
impact on the growth rate in car CO2 emissions caused by the dieseli-
zation process taken place in Europe between 1990 and 2015.

For all specifications of (1), the set of variables
(Ri, T, In(Z; 1), AX;,) is always included: i.e., regional and time dum-
mies, the lagged level of the dependent variable, and the change of X; ,,
AX,.

Finally, ¢, encompasses effects of a random nature which are not
considered in the model, and it is assumed to have a standard error
component structure (see Arellano and Bond (1991) for these technical
details).
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Table 2
Accounting CO2 emissions share.

Dependent variable: Share of CO2 emissions from cars

OLS OLS FE FE
(€8] (2) 3 “@
Constant —1.993***  —1.989***  —1.966***  —1.966%**
(-103.46) (-98.47) (-188.37) (-194.45)
Relative Car Stock Diesel/  0.405%** 0.323%**
Gasoline Growth (10.39) (13.05)

Relative Fuel 0.235%** 0.195%**
Consumption Diesel/ (9.35) (13.67)
Gasoline Growth

No. Observations 329 329 329 329

R2 adjusted 0.246 0.208 0.324 0.347

Notes: This table reports pooling ordinary least squares (OLS) and fixed effects
estimates. The dependent variable is the share of CO2 emissions from cars over
total emissions. Figures in parenthesis denote t-statistics. ***p < 0.01,
**p < 0.05, *p < 0.1.

4.2. Econometric issues

Equation (1) is estimated first through pooled-OLS including con-
trols for both regional and time dummies (Table 3). Next, we estimate
them through fixed effect (FE) estimates (Table 4). With respect to
pooled-OLS, the FE has the advantage of dealing with the existence of
country-specific (and time-invariant) effects possibly correlated with
regressors. However, authors such as Banerjee and Duflo (2003), Barro
(2000) or Partridge (2005), have raised some caveats regarding the FE
approach: it may produce inaccurate results for controls that mostly
vary in the cross-section (such as the growth in emissions and energy
efficiency in our case) since the method basically takes into account
within-state variability.

Additionally, in dynamic models, pooled-OLS and FE estimates
might be affected by an endogeneity bias, at least due to the lagged
term included as a regressor in (1), In(Z;,_;). To address this problem in
the absence of suitable external instruments (a standard limitation of
dynamic panels), a GMM based approach is a natural alternative
(Arellano and Bond, 1991; Arellano and Bover, 1995). The basic idea is
to use equation (1), expressed in first differences, and then use the le-
vels of the explanatory variables (lagged two or more periods) as nat-
ural instruments (i.e., In(Z;;;), X ;—s, for s = 2), resulting in a first-
difference GMM estimator (Arellano and Bond, 1991).

However, using the model only in the first-difference form may
create an important finite sample bias when variables are highly per-
sistent (Blundell and Bond, 1998), which is the case of variables like per
capita CO2 emissions. An alternative to the first-difference GMM esti-
mator is the system-GMM approach (Arellano and Bover, 1995;
Blundell and Bond, 1998), which consists of estimating a system of
equations in both first-differences and levels, where the instruments of
the level equations are now suitable lags of the first difference vari-
ables.® We consider standard errors with a variance-covariance matrix
corrected by small sample properties to be robust (Windmeijer, 2005;
Roodman, 2009). The results for the system GMM strategy are reported
in Table 5.

The validity of the GMM instruments is tested using an over-
identifying Hansen J-test. It is worth mentioning, though, that the
proliferation of instruments (a common issue in system-GMM estima-
tion) tends to produce problems of overidentifying, and this may re-
quire a reduction in the instrument (Roodman, 2009). In this situation,

6Huang et al. (2008) and Marrero (2010), among many others, have em-
phasized the relevance of using system GMM when working with dynamic
panel data growth models. For a similar exercise using the GMM approach, see
Atems and Hotaling (2018).
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the p-value of the Hansen J-test tends to be close to one. Bearing this in
mind, in our baseline system GMM specification, we limit the number of
instruments in the instruments matrix to one.

The Hansen's J-test suggests that the null hypothesis of joint validity
of all instruments cannot be rejected in most cases. Moreover, we also
compute a difference-in-Hansen test, which compares the efficiency of
system GMM over first-difference GMM in each model (their p-values
are always greater than 0.10, see Table 5). As a final caveat, it should be
mentioned that system-GMM performs better when the number of
cross-sectional observations (N) is large (i.e., consistency is obtained as
N tends to infinity). When N is not very large and the data exhibit a high
degree of persistence (which may lead to problems of weak instruments
even in system GMM), as in our case, the system GMM estimators may
also behave poorly (Binder et al., 2005; Bun and Sarafidis, 2015). Thus,
in this situation, as in many macroeconomic applications, a GMM based
approach may not be preferable to robust pooled-OLS (with regional
and time dummies) or vice versa. In this situation, it is good practice to
report both estimation results (as we do here), and to verify robustness.

5. Results

Tables 3-5 present the estimated results for pooled-OLS, FE and
system GMM, respectively, of the proposed dynamic panel. The de-
pendent variable is the growth rate of CO, emissions from cars. In all
tables, column (1) only includes indicators of economic activity (i.e. X;
in equation (1)). In the remaining columns (2) to (5), control variables
for dieselization (i.e. D;, in equation (1)), are introduced sequentially
into the dynamic panel.” The data in these tables suggests the following
conclusions.

Firstly, with the exception of the conditional convergence term (as
explained below), the results are fairly robust to the method of esti-
mation: there are no remarkable differences among the estimated
coefficients across tables. On average, the specification in (1) can ac-
count for around 40% of the variability of the growth in the CO2
emissions from car. The value of coefficients does not vary substantially
across the three econometric methods used.

Secondly, car emissions evolve around a quite flat, although
downward-sloping, trend of —0.1% on a yearly basis (on average). The
linear trend component is in most of the cases statistically significant.
Controlling by all other factor, this finding is indicative of the existence
of a global technological progress factor (common to all European
countries) which is favoring CO2 emissions reduction in passenger cars.

Thirdly, the rate of convergence (as indicated by the coefficient of
the lagged car CO2 emissions term) lies between almost 0% for the
pooled-OLS estimate, which tends to generate downward bias estimates
of this parameter in growth models (Islam, 1995; or Caselli et al.,
1996), and 7% for the fixed effects estimates (generally upper-bias) and
the more credible 4% of the system GMM estimates.

Fourthly, the two variables used as proxy of economic activity, i.e.
the growth rates of private consumption per household (in purchasing
power parity terms, PPP), and the stock of cars per capita, are positively
correlated with emissions. A similar result was found by Abbes and
Bulteau (2018) in relation to motorization rate effect in transport CO2
emissions in Tunisia. Others authors found that the rapid growth of the
economy and vehicle ownership were the most important factors for the

7 We have also considered the following set of variables, although they were
not found significant in any specification: change of the share of population in
urban areas; change of population density; change of public transportation
share with respect to total (vehicles stock and traffic). These variables have
been considered in other studies, for example, Su et al. (2011) showed that the
proportion of bus travel had a significantly negative effect on CO2 from
transportation sector in China. Zhang and Zeng (2013) showed that urban areas
had a positive impact on the transportation energy use and related emissions. In
contrast to our country level approach, these studies focus on the regional or
city level, thus capturing these effects at the aggregate level is more difficult.
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Table 3
OLS estimates.
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Dependent variable: Annual growth rate of passenger cars CO2 emissions per capita

@ (2 [©)) 4 5)
Constant 1.255%* 1.923¢ 1.921%** 1.643%** 0.910
(2.48) (3.44) (3.45) (2.75) (0.93)
Linear Trend —0.000704%=* —0.00106*** —0.00104*** —0.000881*** —0.000494
(-2.64) (-3.63) (-3.57) (-2.82) (-0.96)
Lag of passenger cars CO2 emissions per capita —0.0132 —0.0143 —0.00898 —0.0102 —0.00498
(-1.37) (-1.56) (-0.94) (-1.04) (-0.43)
Private consumption per households (Growth rate) 0.402%** 0.410%** 0.401%*** 0.461*** 0.461***
(3.57) (3.88) (3.81) (4.08) (3.35)
Stock of passenger cars per capita (Growth rate) 0.436%** 0.478%** 0.488%** 0.449%** 0.462%**
(3.21) (3.66) (3.72) (3.27) (2.86)
Car passengers per road km (Change) 0.150%** 0.150%** 0.165%** 0.165%** 0.143*
(2.30) (2.41) (2.67) (2.67) (1.81)
Fuel efficiency (km/liters) (Change) —0.0448%+* —0.04709*** —0.04268*** —0.03673%*** —0.04451%**
(-10.84) (-10.26) (-10.17) (-3.32) (-11.50)
Diesel to gasoline passenger cars stock ratio (Change) 0.290%**
(4.04)
Diesel to gasoline fuel consumption ratio (Change) 0.139%** 0.142%**
(3.53) (3.56)
Diesel to gasoline fuel efficiency ratio liter/km (Change) —0.0299***
(-2.87)
Gasoline to diesel fuel prices (with taxes) ratio (Change) 0.130%**
(3.46)
No. Observations 269 269 269 247 196
R2 adjusted 0.393 0.433 0.429 0.403 0.385

Notes: This table reports pooling ordinary least squares (OLS). The dependent variable is the growth of CO2 emissions from cars. Figures in parenthesis denote t-

statistics. ***p < 0.01, **p < 0.05, *p < 0.1.

Table 4
Fixed effects estimates.

Dependent variable: Annual growth rate of passenger cars CO2 emissions per capita

1) @) 3 4 5)
Constant 0.704 1.256 1.240 0.739 0.753
(1.02) 1.77) (1.75) 1.11) (0.65)
Linear Trend —0.000574 —0.000891** —0.000884** —0.000656* —0.000645
(-1.77) (-2.54) (-2.63) (-2.13) (-1.00)
Lag of passenger cars CO2 emissions per capita —0.0580** —0.0652%** —0.0657*** —0.0766*** —0.0708*
(-2.70) (-3.07) (-3.24) (-3.67) (-2.01)
Private consumption per households (Growth rate) 0.431%** 0.425%** 0.416%*** 0.477%** 0.527%***
(3.54) (3.58) (3.50) (3.66) (3.31)
Stock of passenger cars per capita (Growth rate) 0.448%** 0.457%** 0.464%** 0.427%%* 0.529%**
(4.71) (4.85) (4.94) (5.15) (3.59)
Car passengers per road km (Change) 0.128 0.136 0.143 0.139 0.141
(1.33) (1.36) (1.54) (1.47) (1.40)
Fuel efficiency (km/liters) (Change) —0.03968%** —0.04199%+* —0.03763*** —0.03312* —0.03798***
(-5.80) (-6.67) (-6.19) (-1.91) (-5.53)
Diesel to gasoline passenger cars stock ratio (Change) 0.260**
(2.37)
Diesel to gasoline fuel consumption ratio (Change) 0.127%*** 0.129%**
(3.62) (3.87)
Diesel to gasoline fuel efficiency ratio liter/km (Change) —0.00742
(-0.29)
Gasoline to diesel fuel prices (with taxes) ratio (Change) 0.135%**
(3.46)
No. Observations 269 269 269 247 196
R2 adjusted 0.428 0.443 0.448 0.420 0.457

Notes: This table reports fixed effects (FE) estimates. The dependent variable is the growth of CO2 emissions from cars. Figures in parenthesis denote t-statistics.

wixp < 0,01, **p < 0.05, *p < 0.1.

increased carbon dioxide emissions (see Lu et al., 2007, for Germany,
Japan, South Korea and Taiwan during 1990-2002). In our case, our
estimates indicate that CO2 emissions from cars are particularly sensi-
tive to changes in household consumption, with an elasticity that
ranges between 0.4 and 0.64 (depending on the model estimated). That
is, an increase of 1% in household consumption has associated an in-
crease in CO2 emissions in the car sector of about 0.4% and 0.64%.
Fifthly, we find that overall fuel efficiency (average kilometers
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travelled by liters of fuel consumed) is an important factor that helps to
reduce CO2 emissions in the car sector. This result is in line with em-
pirical results reported in other studies suggesting that increases in fuel
efficiency significantly influences CO2 emissions in the transport sector
(Yan and Crookes, 2009; Ekins et al., 2011; Beuno, 2012; Mustapa and
Bekhet, 2015). In our case, our results indicate that a 1 point increase in
average fuel efficiency, for example, moving from the observed average
of 12.6 km/1 to 13.6 km/1 (equivalent to change from 7.88 to 7.301/
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Table 5
System GMM estimates.

Energy Policy 129 (2019) 1271-1281

Dependent variable: Annual growth rate of passenger cars CO2 emissions per capita

@D (@) (©)) 4 (©)]
Constant 0.860 1.691%* 1.590%* 1.491%* 0.339
(1.56) (1.99) (2.18) (2.05) (0.25)
Linear Trend —0.000579* —0.00103** —0.000999** —0.000944** —0.000185
(-1.70) (-2.14) (-2.36) (-2.30) (-0.24)
Lag of passenger cars CO2 emissions per capita —0.0361 —0.0410** —0.0466** —0.0403** —0.00177
(-1.36) (-2.01) (-2.12) (-2.38) (-0.03)
Private consumption per households (Growth rate) 0.626%** 0.593%*** 0.631%** 0.641%*** 0.743%**
(4.03) (3.87) (4.25) (4.49) (3.63)
Stock of passenger cars per capita (Growth rate) 0.493%* 0.433* 0.376 0.450** 0.398
(2.03) (1.75) (1.61) (2.17) (1.40)
Car passengers per road km (Change) 0.0774 0.0683 0.0763 0.0593 0.0934
(0.69) (0.65) (0.70) (0.56) (0.85)
Fuel efficiency (km/liters) (Change) —0.03659%** —0.03973%** —0.03431*** —0.02186 —0.04420%**
(-4.18) (-4.18) (-4.46) (-1.19) (-5.71)
Diesel to gasoline passenger cars stock ratio (Change) 0.283
(1.11)
Diesel to gasoline fuel consumption ratio (Change) 0.125* 0.128*
1.73) (1.81)
Diesel to gasoline fuel efficiency ratio liter/km (Change) 0.0303
(0.49)
Gasoline to diesel fuel prices (with taxes) ratio (Change) 0.140%*
(2.44)
No. Observations 269 269 269 247 196
Hansenp 0.686 0.793 0.405 0.750 0.510
arlp 0.0285 0.0293 0.0317 0.0321 0.00310
ar2p 0.173 0.170 0.200 0.185 0.228

Notes: This table reports generalized method of moments (GMM) estimates. The dependent variable is the growth of CO2 emissions from cars. Figures in parenthesis

denote t-statistics. ***p < 0.01, **p < 0.05, *p < 0.1.

100 km) implies a significant reduction of CO2 emissions in the car
sector of about 3.4%-4%, depending on the model estimated.

Finally, when variables controlling for dieselization are included in
the model, we find positive effects on car CO2 emissions growth in all
cases. For instance, a 0.1 point increase in the relative vehicle car stock
(e.g., from the observed average of 0.34-0.44) is associated with an
increase between 2.6% and 2.9% (depending on the model) in car CO2
emissions (second column in Tables 3-5). Meanwhile, a 0.1 point in-
crease of the relative fuel consumption (e.g., from the observed average
of 0.55-0.65) has an average positive effect on cars CO2 emissions
between 1.3% and 1.4% (third and fourth columns in Tables 3-5). In-
stead, when including the relative fuel prices (gasoline/diesel, and in-
cluding taxes), reflecting the government tax incentive on diesel fuel to
promote the use of diesel, our models estimate that a 0.1 point increase
in relative fuel prices (e.g., from the observed average of 0.87-0.97) has
an average positive effect on car CO2 emissions between 1.3% and
1.4%. This finding suggests that the existence of this diesel to gasoline
price gap has contributed to the dieselization process (through reducing
the operating cost of diesel cars compared to that of gasoline cars) and
to higher CO2 emissions.

Our results contribute to the dieselization debate. The evidence
found in the literature about the relationship between dieselization and
CO2 emissions in the transport sector is contradictory. In general,
former works have analyzed the relationship between dieselization and
emissions focusing only on the direct and efficiency advantages of the
diesel with respect to the gasoline (see, among others, Sullivan et al.,
2004; Zervas and Bikas, 2005; Zervas, 2006; Zervas et al., 2006;
Zachariadis, 2006, Zervas and Lazarou, 2007; and Fontaras and
Samaras, 2007). These sets of papers conclude that the dieselization
process reduces CO2 emissions in the transport sector. However, other
papers (Schipper et al., 2002; Jensen, 2003; Hugrel and Joumard, 2001;
Gonzalez and Marrero, 2012, among others) argue that this literature is
not properly capturing the overall effect of dieselization on emissions,
because they are only measuring part of the impact. The analysis must
also consider the existence of indirect and dynamic effects involving the

reaction of economic agents affecting the decision to use diesel versus
gasoline cars, motivated by the improvement in fuel efficiency in favor
of the diesel or the existence of tax incentives to purchase diesel cars.

Relating these results with the discussion on CO2 emissions pre-
sented in the Introduction, we conclude that the rebound effect of diesel
cars has indeed been greater than the fuel efficiency introduced by the
dieselization process. The literature suggests two opposite effects of
dieselization. On the one hand, one could expect a negative signal to
CO2 emissions given that, comparatively, diesel cars emit lower
average CO2 per km. On the other hand, a positive signal could be
expected due to the longer distances travelled by diesel cars, and so
dieselization may increase emissions.” This divergence in the con-
tribution of dieselization to CO2 emissions makes it very important to
identify whether the predominant effect is negative or positive. Our
results show a negative global effect of dieselization, which is strongly
robust to the alternative econometric techniques and model specifica-
tions used.

6. Conclusions and policy implications

In this paper, we have examined the dynamic relationship between
passenger car CO2 emissions and several variables in Europe between
1990 and 2015. We provide evidence that CO2 emissions have bene-
fited from global technological progress and changes in average fuel
efficiency, while increases of economic activity, motorization rate and
the dieselization process hold a positive and significant relationship.
These results are robust to alternative model specifications and
econometric methods.

Specifically, we have found that car emissions evolve around
downward-sloping trend and that they are converging across European

8 Some authors, for example, Schipper and Fulton (2009) and Schipper (2009)
found that diesel cars are driven about 42% more than gasoline cars. Moreover,
Schipper (2009) pointed out the existence of a self-selection effect, as those who
drive farther switch to diesel, while those who drive less opt for gasoline cars.
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countries by a yearly 4%. We also found that car CO2 emissions are
sensitive to the stocks of cars and particularly to changes in household
consumption and that improvements in fuel efficiency implies a sig-
nificant reduction of CO2 emissions in the car passenger sector.
However, our evidence suggests that the rebound effect of diesel ve-
hicles has been greater than the effect of fuel efficiency introduced by
the dieselization process. Indeed, all variables related to dieselization
hold positive significant correlations with the growth rate of CO2
emissions. In the case of relative fuel price, reflecting the government
tax incentive on diesel fuel to promote diesel cars, we estimate that a
0.1 point increase in the relative fuel price (gasoline/diesel) produces
about a 1.4% increase in car CO2 emissions in passenger cars. This
result contributes to the dieselization debate about the fuel taxation
policy implemented in Europe.

In general, our results are consistent with the idea that tax policies
in favor of dieselization have contributed to increase CO2 emissions in
passenger cars in Europe, mainly due to rebound effect that deepened
the impact on mobility. However, this effect could have been mitigated
if dieselization policies had been accompanied by mobility manage-
ment measures. At this respect, our findings suggest that transport
policies in Europe must change and reduce the benefits to the purchase
of diesel fuel and diesel vehicles. In general, these policies would shift
consumer choices in the transportation sector in a way that can reduce
CO2 emissions. However, to implement these policies, they should be
also socially and politically acceptable. Otherwise, they will not be
sustainable in the mid- and long-term. In this situation, policymakers
need to combine rigorous empirical analysis (as the one provided in this
paper) with a theoretical framework to analyze the social and political
applicability of such policies and make them socially acceptable.
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