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Abstract: Comparisons of emissions and external environmental costs between transport modes
usually focus on a distance-based approach. Emissions, and consequently the external costs of
transport modes, are measured either per kilometer or passenger kilometer. For travel purposes
such as holiday or leisure, however, this approach is not appropriate, as destinations are determined
endogenously and thus distances vary across transport modes. In this study, we present a novel
methodology to correctly and accurately measure leisure emissions and external costs. The new
metric is called “full-price emissions”. Full-price emissions calculate the ratio of a transport mode's
emissions or external costs and its full price. The results show that the relative climate damage
imposed by aircraft, calculated according to full-price emissions, is approximately four times larger
than distance-based approaches reveal. We further observe that, in contrast to distance-based
emission comparisons, environmental costs of petrol cars are lower than that of diesel cars.
Additionally, full-price emissions display unintended substitution effects of environmental policies
that can contribute to climate damage.

Keywords: emissions; environmental effects; external costs; full price; travel purpose; environmental
policies; pricing; taxation

1. Introduction

Pollutant emissions and environmental effects attributed to climate change have received
considerable attention in public debate. The global collective movement “Fridays for Future” brings
millions of people around the world together to demonstrate against rising emissions, thus further
promoting climate change. While improvements can be observed in several sectors, such as
energy, emissions and environmental impacts caused by the transport sector continued to increase
(especially CO2 emissions) over the last few decades [1]. In the European Union (EU), the transport
sector accounts for around one quarter of total CO2 emissions, of which more than 55 % are from
passenger transport [1–3].

The estimation and assessment of emissions is widely established and emission comparisons
between transport modes regularly follow a distance-based approach. Emissions are measured
either per kilometer or passenger kilometer (pkm), so that destinations are assumed to be exogenous.
While this approach is appropriate for business trips or visiting family and friends, it may fail
for other travel purposes like leisure or holiday, where destinations are determined endogenously.
Consequently, distances can vary between transport modes and thus emissions can diverge even more.
While research on distance-based transport emissions and environmental costs is extensive (see e.g.,
References [4–7]), there has been less research on whether these estimations are appropriate for different
travel purposes.
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As leisure (and holiday, which is a subset of leisure trips) accounts for a large part of total
passenger kilometers (e.g., 34% in Germany, see Figure 1), the estimation of emissions related to
these travel purposes is important in order to reveal the climate impact that different journeys
can impose. As mentioned, the characteristic feature of holiday or leisure trips is that destinations
are often determined endogenously. However, this depends on the preferences of a consumer.
If a consumer wants to visit a specific city, for example Berlin, then implicitly the destination
is no longer endogenous. There is partial endogeneity if a consumer wants a beach holiday
but does not know the exact destination. Our assumption of (full) endogeneity, however, refers
to cases where a consumer decides to spend some time away from home in order to relax or
have a good time. This applies especially to leisure activities or short holidays, since the main
determinants are the monetary as well as the time budget (see for example González-Savignat [8]
for factors influencing leisure travellers). For such travel purposes, consumers can choose between
various alternatives, for example, a holiday at the Baltic Sea (by car) or on Mallorca (by aircraft).
Thus, the distance/destination choice is actually part of the choice set, in addition to the choice of
the transport mode. Therefore, distance-based emission comparisons cannot correctly represent the
environmental impacts of such travel purposes. Consequently, the aim of this paper is to fill this
research gap and develop an approach to estimating emissions and (external) environmental costs
for travel purposes with endogenously determined destinations. Accordingly, this research project
provides an innovative methodology for estimating transport emissions related to travel purposes
that represent a significant proportion of total passenger kilometers. We refer to this approach as
full-price emissions. The approach builds on our prior research [9] but is extended to further emission
categories and external costs. As indicated by its name, full-price emissions treat the full price of
transport, which is defined as the sum of ticket price and time cost (i.e., the monetary value or the
“price” of travel time, see for example References [10,11]), as the decision variable. For example,
a consumer going on vacation decides to spend an extended weekend and determines a budget of 600
Euros (EUR). Implicitly, part of this budget of money and time is reserved for transport. Given a fixed
full-price budget for transport, the climate impact of each transport mode is different. Building the
ratio of emissions and full-price budget yields the metric for full-price emissions, which is designed to
calculate the relative climate impact of each transport mode, related to travel purposes like leisure or
holiday [9].
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Figure 1. Share of passenger kilometers in Germany in 2017 related to different travel purposes [12].

While in principle, we confirm the results of prior research in this field, we also add new insights
by showing that the negative climate impact of aviation is even more pronounced when destinations
are endogenous, compared to when they are exogenous. That is, for a given full-price budget,
aviation emissions are 10 to 12 (moderate scenario) up to 30 (extreme scenario) times higher than for
coaches (most environmentally friendly transport mode). If destinations are assumed to be exogenous,
this factor reduces to 8. Additionally, we show that environmental costs of diesel cars are higher



Sustainability 2019, 11, 7233 3 of 22

compared to petrol cars (assuming average size fleets), whereas traditionally diesel cars are assumed to
be more environmentally friendly. The new full-price emissions approach enables us to display possible
environmental effects of environmental tax or pricing policies. More specifically, full-price emissions
demonstrate that environmental policies focusing on one specific transport mode can cause an increase
in environmental damages related to leisure/holiday trips. In this way, full-price emissions contribute to
evaluating the effects of different policy measures.

The remainder of this paper is structured as follows. Section 2 contains an overview of the
literature on (distance-based) emissions, as well as on the external environmental costs of transport.
The data and methodology for calculating full-price emissions are outlined in Section 3. In Section 4,
the analysis and results are presented. Section 5 discusses the results and Section 6 draws
some conclusions.

2. Literature Review

At a European level, the most relevant study dealing with external costs of transport, and thus with
external environmental costs, is the Handbook on the External Costs of Transport by CE Delft [4], which was
updated in early 2019. In this study, the total, average and marginal external costs of different transport
modes and vehicle types are calculated for 2016. External environmental costs include noise costs,
air pollution costs, climate change costs and costs of well-to-tank emissions. To determine emissions
and external costs, the study relies mainly on data from Eurostat and the emissions model COPERT.
Additional data is derived from port authorities and the Handbook of Road Transport Emission Factors
(HBEFA 3.3). The study finds that road transport causes by far the highest external environmental costs
and cars account for a large part of total external environmental costs (see Figure 2c). When looking at
average external costs, that is, the ratio of total external costs and (passenger) transport performance,
the results change (see Figure 2a). This difference can be explained partly by the high share of trips
made by car (modal split > 70 %, see Figure A1). Nevertheless, the study concludes that there are
more environmentally friendly means of transport than travelling by car. Especially, high-speed train
(HST) or coach travel only cause moderate average external costs compared to other transport modes.
The figures for aviation are an average of short, medium and long-haul flights. Thus, average external
costs are likely to be underestimated; especially if the figures are used for a comparison between
transport modes. Since competition between the transport modes takes place primarily on short-haul
journeys (see References [8,13]), the difference in average external environmental costs will be larger
than depicted in Figure 2a. This can be explained by the larger share of the landing and take-off cycle
as well as the smaller aircraft size (less efficient) and its lower occupancy rate.

Moreover, the study calculates marginal external costs. “Marginal external costs are the additional
external costs occurring due to an additional transport activity” [4]. They are relevant for assessing
the economically efficient internalisation of external costs for different transport modes (referred to
as 1st best or marginal cost pricing). Cost factors are presented for different Euronorm categories of
each vehicle type (see Figure 2b). The study finds that marginal external environmental costs through
air pollution and climate change do not depend on the traffic density, as the amount of air pollutant
emissions does not depend on whether a car enters a dense or a thin traffic flow (assuming that other
factors, for example speed and location, remain the same). However, marginal noise costs depend to
a high degree on local factors, for example population density, existing noise levels and time of day.
Thus, they are subject to higher variation [4].

Besides the European studies, there are several national ones estimating passenger transport
emissions or environmental costs. In general, the results do not differ excessively from the
abovementioned. For example, the German Environment Agency conducted a study calculating marginal
environmental costs in Germany. They use data from the TREMOD model (Transport Emission Model) as
well as emission factors from HBEFA 3.3 to determine the vehicle emissions [5]. The study considers air
pollutants, greenhouse gases, noise, energy supply as well as other infrastructure/pre-process-related
environmental costs (e.g., land consumption and fragmentation). Cost factors are, similar to the
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abovementioned study, reported for different Euronorm categories of each vehicle type. Differences in the
results are due to the use of a higher carbon dioxide cost rate of e 180/t CO2 (compared to e 100/t CO2

in Reference [4]) or from other ways of calculating the emissions (e.g., different emission models).
The German Environment Agency also provides estimates of emission factors (see Table 1) [6].

These express kilometer-related emissions, assuming an average occupation of each transport
mode (i.e., grams per pkm (g/pkm)). They represent the traditional approach to determining
emissions, since distances/destinations are assumed to remain exogenous. Usually, this approach is
also used for emission-calculating programmes, which calculate emissions for specific distances
or routes by using emission factors. Often, they focus only on emissions of CO2, as other
pollutants make up a smaller share of total transport emissions. For example, the “Verkehrsclub
Deutschland” (German Transport Club) estimates the emissions of CO2 of different transport
modes on the Berlin-Frankfurt link [7]. Both emission comparisons identify coaches as the most
environmentally friendly transport mode, followed by HST, whereas aviation exhibits the highest
average emission factors.
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Figure 2. (a) Average external environmental costs (in e-Cent/pkm); (b) Marginal external environmental
costs (in e-Cent/pkm); (c) Total external environmental costs 2016 for EU28 (in Billions e per year) [4].
Different scales are used. For marginal costs the following vehicle types were assumed: Car, Petrol,
Medium, 1.4–2.0 l, EURO V; Car, Diesel, Medium, 1.4–2.0 l, EURO V; Coach, Diesel, Standard <= 18 t,
EURO V; High-speed train; Aviation, Short Haul.

Table 1. Average emission factors (in g/pkm) of different transport modes.

Pollutant Car, Petrol Car, Diesel Coach a Long-Distance Train Aviation

Greenhouse gases 139 b 139 c 23 36 201
CO 0.80 d 0.39 d 0.04 0.02 0.13
HC 0.14 0.14 0.01 0.00 0.04
NOX 0.19 b 0.56 c 0.17 0.04 0.51
PM 0.004 0.004 0.003 0.000 0.004

∑/Emission factor ej 140.134 140.164 23.223 36.060 201.684

Load factor 1.5 Pers./Car 1.5 Pers./Car 60 % 56 % 83 %
a Coaches contain occasional as well as scheduled transport services. For greenhouse gases, only emission
factors of scheduled transport services are considered [14]; b Car, Petrol, Medium, Average fuel consumption:
7.5 l/100 km [15]; c Car, Diesel, Medium, Average fuel consumption: 6.6 l/100 km [15]; d Emission factors are
calculated on the basis of the mean value published by the German Environment Agency. We assume that
these are approximately evenly distributed around the mean for petrol and diesel cars, thereby taking into
account the share of passenger kilometers made by both vehicle types.
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3. Data and Methodology

While the abovementioned studies focus on the estimation of emissions and environmental
damages, we now want to analyse emissions and the resulting external costs for travel purposes
characterized by endogenous destinations. Therefore, we basically rely on two data components.
First, we have to determine emission and external cost factors, which we use to estimate emissions and
the external environmental costs of different transport modes. Second, we have to calculate full prices,
which capture monetary costs of the journey as well as time-related (opportunity) costs. These two
parts are described in Sections 3.1 and 3.2. Section 3.3 deals with the new methodological approach to
determining full-price emissions.

3.1. Emission and External Cost Factors

To estimate emissions and external costs, we build on the data described in Section 2, that is,
we use the external cost factors from CE Delft [4] to calculate environmental impacts. The approach
used in their study is widely established and therefore can be regarded as valid. The study is also
continuously improved methodologically, as it is updated regularly. However, one drawback is that
the database (level of transport-mode-specific emissions) is not freely accessible. As a consequence, it is
not possible to determine the emission factors used in Reference [4] from the external cost estimates
and damage-cost factors. Thus, we estimate emissions on the basis of average emission factors from
the German Environment Agency (see Table 1) [6]. Additionally, we use greenhouse gas emission
factors as reported by an emissions calculator [14], which uses data based on the same emission
model (TREMOD) as the data from the German Environment Agency. This enables us to provide
estimations for coaches offering scheduled transport services, as well as for both diesel and petrol
cars. As can be seen in Table 1, petrol cars produce equivalent greenhouse gas emissions to diesel
cars, despite their higher average fuel consumption. This reveals that indirect emissions from fuel
production (well-to-tank emissions) are higher for diesel cars, which is to a large extent a result
of the transformation of diesel fuel [16]. Hydrocarbon (HC) and particulate matter (PM) emission
factors are considered to be identical across vehicle types (petrol and diesel cars), either because
PM emissions mainly result from tyre, brake and road abrasion or because emissions of HC are
relatively low and do not vary significantly between petrol and diesel cars. As the emission factors
of the German Environment Agency are not differentiated between petrol and diesel cars, we rely
on nitrogen oxide (NOX) emission factors from the Austrian Environment Agency [17]. These are
comparable to other studies which calculate NOX emission factors [18,19]. Since emission factors of
the Austrian Environment Agency are given in grams per vehicle kilometer, we divide them by the
load factor to obtain emission factors in g/pkm. The factors reflect that diesel cars emit significantly
higher NOX than petrol cars, due to higher combustion temperatures, which are necessary for the fuel
efficiency of diesel engines. Due to missing data, we estimate the emissions of carbon monoxide (CO)
on the basis of the average value for passenger cars published by the German Environment Agency.
Accordingly, we assume that the emissions of diesel and petrol cars are evenly/uniformely distributed
around the mean value and take the share of passenger kilometers made by diesel and petrol cars
into account [20]. This assumption seems reasonable, as the limit values for CO emissions (which are
regulated by the european authorities) of petrol cars are twice as high as those of diesel cars (1 g/km
for petrol cars, 0.5 g/km for diesel cars [21]).

In determining the external costs we rely on marginal external cost factors, as one aim of this paper
is to stress the problems resulting from (additional) transport activities and the potential environmental
effects of different policy measures. As applied in Section 2, we focus on external costs from air
pollution, greenhouse gases and energy or fuel supply (well-to-tank emissions). We ignore noise costs,
as they are subject to higher uncertainties than the other pollutants due to a larger dependency on
local factors.

The assessment of air pollution costs follows a damage-cost approach. Thus, damages caused
by air pollutant externalities are valued by applying emission factors to cost factors per pollutant.
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Environmental impacts through air pollution are estimated by an impact-pathway approach.
This approach calculates environmental impacts through modeling the atmospheric dispersion of
emissions as well as their concentration [4]. The resulting cost figures are presented in Table 2,
where the figures within each regional area are averaged over different road types. Although some
information might get lost, we can reasonably argue that this approach is valid, as the figures within
each regional area do not differ excessively. Additionally, in this section we focus on representative
vehicles of each transport mode rather than on the average fleet.

Table 2. Marginal air pollution costs for EU28 in 2016, in e-Cent per pkm.

Vehicle Specification Metropolitan Area a Urban Area a Rural Area a

Car, Petrol 1.4–2.0 l , EURO V 0.117 0.100 0.075
Car, Diesel 1.4–2.0 l , EURO V 0.903 0.945 0.500
Coaches, Diesel Standard ≤ 18 t, EURO V 0.940 1.015 0.250
HST Electric 0.010 0.010 0.010
Aviation, Short Haul 0.290 b

a Values are averaged over different road types (Motorway, Urban/Rural roads); b Values are not differentiated
across regional areas.

Climate-change costs are another source of environmental cost. These costs place a value on
emissions of greenhouse gases like CO2, N2O and CH4. The respective emissions are converted into
CO2-equivalent emissions by using Global Warming Potentials (GWP), such that total greenhouse
gas emissions can be determined. External costs due to climate change are then estimated by using
an avoidance-cost approach. This approach focuses on the cost of achieving a specified policy target
(e.g., EU CO2 reduction targets). Therefore, an avoidance-cost function is determined, which calculates
the cost of a reduction of one additional tonne of CO2. Ultimately, the minimum of the cost function
is estimated (so as to meet the policy target) [4]. The results for marginal climate change costs are
presented in Table 3.

Table 3. Marginal climate change costs for EU28 in 2016, in e-Cent per pkm.

Vehicle Specification Metropolitan Area Urban Area Other Area

Car, Petrol 1.4–2.0 l , EURO V 1.11 1.29 1.02
Car, Diesel 1.4–2.0 l , EURO V 1.18 1.31 1.03
Coaches, Diesel Standard ≤ 18 t, EURO V 0.40 0.80 0.44
HST Electric 0.00 0.00 0.00
Aviation, Short Haul 3.14 a

a Values are not differentiated across regional areas. Average value for two different aircraft types.

Environmental costs also include those of well-to-tank emissions, that is the external costs
resulting from energy production. These cover both the environmental impacts of electricity
production as well as of fossil fuel production. The production process involves the extraction,
processing, transport and transmission of electricity and fossil fuels. Especially the costs of electricity
production are country-specific, as they depend on the electricity generation mix in each country.
Thus, the EU28-average values presented in Table 4 should not be considered as representative
for specific countries. However, as the focus of this study is on the methodological approach for
determining emissions for various travel purposes, average values will not bias the results significantly.
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Table 4. Marginal costs of well-to-tank emissions for EU28 in 2016, in e-Cent per pkm.

Vehicle Specification Motorway Urban Road Other Road

Car, Petrol 1.4–2.0 l , EURO V 0.42 0.49 0.38
Car, Diesel 1.4–2.0 l , EURO V 0.28 0.30 0.24
Coaches, Diesel Standard ≤ 18 t, EURO V 0.09 0.19 0.10
HST Electric 0.39 a

Aviation, Short Haul 1.35 b

a Values are not differentiated across regional areas; b Values are not differentiated across regional areas.
Average value for two different aircraft types.

3.2. Full Prices

For leisure and holiday trips, there are various determinants of the decision to travel to a certain
destination. Among others, these include the budget, type of trip (city trip, beach holiday, etc.) and/or
the availability of transport mode alternatives [22]. In general, a consumer is not constrained in his
travel decision. If he chooses to determine one factor of those mentioned above, the decision problem
reduces. For example, if the consumer decides on a beach holiday, destinations are constrained. On the
other hand, if the consumer determines a vacation budget, he will be able to choose the transport
mode as well as the destination. This implies that both decisions become endogenous. Following the
line of reasoning of Adler et al. [13], Behrens/Pels [23], Eisenkopf et al. [22] and González-Savignat [8],
the price is the main determinant of leisure or holiday trips. Concerning travel time as a determinant of
leisure or holiday trips, the studies yield diverging results. While Behrens/Pels [23] find no signifcant
effect of travel time for leisure travellers, González-Savignat [8] shows that leisure travellers are
sensitive to travel time, although not to the same degree as business travellers. We stick to the result
of González-Savignat and argue that travel time is a relevant determinant of leisure or holiday trips,
because consumers usually want to spend as much time as possible at the destination and thus
derive disutility from travel time. Therefore, we can reasonably assume that consumers determine
an amount of money and time for an activity or vacation for leisure or holiday trips. Note that this
way of thinking for leisure and holiday trips is markedly different to business trips or visiting family
and friends, where destinations are exogenous and thus partly also the transport mode (as some
destinations can be reached only with certain transport modes due to infrastructure restrictions).
Note further that the endogeneity of destination and transport-mode choice for leisure and holiday
trips implies the following: First, consumers can decide among a choice set consisting of different
transport-mode-destination combinations. Second, to restrict the choice set of a (representative)
consumer, we need to determine a decision variable. As argued above, this is the full price of a journey,
since a consumer usually determines the duration and budget of a journey before making decisions.
The full price Pj is the product of the distance dj and the full-price factor pj, where the latter is the sum
of ticket-price factor ρj (travel cost per pkm) and time-cost factor tj (per pkm).

Pj = [ρj + tj︸ ︷︷ ︸
=pj

] · dj. (1)

Time costs are a passenger's cost of ”suffering” from travel time (opportunity costs). The time-cost
factor is the product of a transport mode's average speed vj (h/km) and distance-based travel-time
cost factors γ(dj) (e per person and hour, see Appendix B, Table A1).

tj = vj · γ(dj). (2)

Average speeds of different transport modes are obtained from TREMOD (see Appendix B,
Table A2 for input values) [24]. However, there are no data for average speeds of trains and
(short-haul) aviation. Thus, we rely on estimates based on our own calculations for several relations
and on prior research [25]. (We collected a sample of approximately 20 German inter-urban rail
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connections. Travel times were obtained from the travel information of Deutsche Bahn. Distances were
calculated by manually mapping the routes using OpenStreetMap within the open source software Qgis.
For aviation, we applied a comparable approach by selecting approximately 20 routes originating
from different German airports. We then calculated the ratio of aerial distance and travel time.)
Furthermore, as there were no major developments or technical improvements over the last decade,
average speeds will not have significantly changed. Besides, the calculated values seem to be in
line with observations in prior literature [26]. Following González-Savignat [8] and Adler et al. [13],
we consider additional time costs at airports as occurring due to check-in and check-out processes.
We therefore apply a value of 1.5 h as the overall pre- and post-process operations for each flight.
In order to assess the opportunity costs, we weight this additional time by the value of time estimates
for non-business trips (e 15.54) which is used for Cost-Benefit Analysis of transport infrastructure
investments [27].

Ticket-price factors of public transport (including aviation and coaches) are approximated by
using yields (i.e., revenues per pkm). These enable us to calculate full-price emissions independent
of destinations. They also reflect that, on average, travel costs increase with distance, that is, the further
away a destination, the more expensive the journey. Yields were collected from (annual) financial
reports of transport companies and crosschecked with several studies on fare factors [28–30].

For passenger cars, an equivalent approach is to calculate distance-based travel costs, that is,
we approximate the marginal costs of car usage. These include fuel cost, kilometer-related depreciation
and maintenance and repair costs [9]. The calculation of car costs is based on three car segments
(small, compact, midsize) and two fuel types (petrol, diesel). The chosen car segments account for the
highest share in Germany's car stock in 2018. We assign a representative car model to each combination
of car segment and fuel type, based on the best selling models in Germany in 2018. (The following
representative car models for petrol are chosen: Volkswagen Polo VI 1.0 MPI (small), Volkswagen
Golf VII 1.0 TSI (compact), BMW 320i (midsize); and for diesel: Volkswagen Polo VI 1.6 TDI (small),
Volkswagen Golf VII 1.6 TDI (compact), BMW 318d (midsize).) We obtain maintenance and repair
costs from the car cost calculator of the German Automobile Club (ADAC) [31]. As indicated by
Reference [32], we assume an average useful life of 12 years for privately used vehicles and that half of
the depreciation is attributable to mileage. To calculate the depreciation per vehicle kilometer, we use
vehicle prices derived from the car cost calculator and an average annual mileage of 15,000 km, which is
approximately equal to the value reported in the German mobility survey Mobilität in Deutschland [12].
Fuel costs are determined using operating costs as reported in the car cost calculator. We then determine
the marginal costs of car usage by weighting the model-specific costs by the proportion of the models
in the total vehicle fleet. Finally, we divide the resulting value by the load factor to obtain a figure in
e-Cent/pkm.

3.3. Methodological Approach for Full-Price Emissions

The basic input factors necessary for estimating full-price emissions were presented above. These are
used to calculate a full price according to Formula (1). As we specified the full price as the exogenous
decision variable for leisure and holiday trips, destinations and consequently transport modes remain
endogenous. Our approach to assessing full-price emissions now proceeds as follows: A (representative)
consumer determines a full-price budget for transport. This budget allows the consumer to choose
between various combinations of distance and transport mode. Due to the different levels of
full-price factors pj (see Appendix B, Table A2) a consumer can reach different distances with each
transport mode. Imagine that a consumer wants to spend e 100 on transport to go on holiday. Now,
both lower ticket prices as well as lower travel time costs (due to higher average speeds) promote
higher distances for aviation, compared to other modes of transport. We operationalize this approach
by rearranging Equation (1) to obtain maximum mode-specific distances that can be reached with a
given full-price budget P:
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dj =
P

ρj + tj
. (3)

We thereby assume that a consumer invests the whole amount of e 100 in transport and chooses
for each transport mode those destinations that are furthest away. Consumers might determine a
budget for the entire holiday and thus react not only to changes in travel costs but also to changes in
hotel prices. Since considering the budget for the entire holiday would cause an additional variability
which is not related to the transport modes, full-price emissions ignore this fact. Additionally, we rely on
this assumption, as we wish to emphasize the possible effects of deviations from the 1st-best pricing
and especially low air fares.

Finally, we determine full-price emissions E f
j by calculating the ratio of the product of maximum

mode-specific distances and average emission factors ej and the fixed full-price budget.

E f
j =

ej · dj

P
. (4)

4. Analysis and Results

In this section, we present the results of our calculations for two different travel purposes, business
trips (exogenous destination) as well as leisure/holiday trips (endogenous destination). We proceed
in two steps. First, we estimate emissions per person from the average emission factors in Table 1.
The second step is to weight the resulting emissions by the damage-cost factors of the respective
pollutants (see Appendix B, Table A3) to obtain (external) environmental costs. Additionally, we then
compare the results with values that are computed directly from (marginal) external cost factors as
reported in the EU study [4] (see Section 3.1). Finally, we compare the new metric for full-price emissions
with the traditional distance-based emission metric.

4.1. Emissions

We compute emissions per person for both travel purposes by calculating the product of emission
factor and distance travelled. For holiday trips, the results of aviation are further differentiated between
two different carriers, low-cost carriers (LCCs) and ultra-low cost carriers (ULCCs). If we look at
the European airport market, this might correspond to Eurowings and Ryanair, respectively. Thus,
we use the average fares of these carriers to calculate the corresponding full prices. The aim is to
compare emissions between two carriers that offer low-cost flights (to a different extent) and especially
to emphasize the effects that low air fares impose on emissions. For each travel purpose, we investigate
the emissions on two routes (distance-based approach) or two scenarios (full-price emissions). We start
by displaying the emissions per person that represent the reference scenario or the ’standard case’,
as applied in the literature. Transport emissions are compared on two different routes (see Figure 3).
This applies to the case of business trips where destinations are determined exogenously.

Therefore, we select two routes which represent a typical business trip. The first route extends
from Cologne/Bonn to Berlin, which is a typical trip for members of federal ministries who commute
between Bonn and Berlin (as some ministries are located either in both cities or in one city). The results
of the corresponding calculations are reported in Figure 3a. For all transport modes, emissions of
greenhouse gases are the main source of pollution. Other pollutant emissions (CO, HC, NOX, PM)
account for a negligible share of total emissions. Coaches exhibit the lowest emissions per person,
whereas cars and aviation produce approximately 6 times more. Especially the small difference
between cars and aviation is striking. Possible explanations are on the one hand lower load factors
of cars (resulting in higher emission factors) and on the other hand larger distances, as the cars actual
travel distance is larger than the aerial distance. The results can be confirmed when looking at the
second route from Hamburg to Munich (see Figure 3b).
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Figure 4 depicts the results of the full-price approach, assuming endogenous destinations and
average load factors. Because one might reasonably argue that holiday trips are made with the family,
so that using average load factors (especially for cars) is not suitable, we present an analysis of a
“family scenario” at the end of this subsection. However, we first stick to the approach of using average
load factors in order to obtain an unbiased comparison between distance-based and full-price emissions.
Furthermore, several national travel surveys show that the difference in average occupancy rates
between various travel purposes is not very significant [33–35]. We find that, given a fixed budget,
emissions per person are much higher for aviation and lower for other modes of transport compared
to Figure 3 (this depends however, on the determined full-price budget). In Figure 4a, for example,
we calculate emissions per person for a full-price budget of Pj = e 100 per person. On this basis,
we proceed as explained in Sections 3.2 and 3.3.
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Figure 3. Business-trip emissions (a) on the Cologne-Berlin link; (b) on the Hamburg-Munich link.
Emissions of CO, HC, NOX and PM are so low (relative to greenhouse gases) that they are nearly
insignificant, and thus invisible.
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Figure 4. Holiday-trip emissions (a) for Pj = e 100; (b) for Pj = e 160. Emissions of CO, HC, NOX

and PM are so low (relative to greenhouse gases) that they are nearly insignificant, and thus invisible.

That is, we firstly determine maximum transport-mode-specific distances. For the purpose of
illustration, we display these distances in Figure 5, where we summarize the results for cars as well
as coaches and HST in one category each, as their maximum distances differ only by 10 to 15 km.
For all radii, Cologne was chosen as the point of departure. The outer edge of the circles around the
starting point then display the maximum transport-mode-specific distances for the given full-price
budget. We find that a consumer can travel the largest distance by aviation (∼1215 km⇔Mallorca),
whereas all other transport modes yield similar distances (∼330-420 km ⇔ North Sea/Baltic Sea).
Consequently, this contributes to a higher climate disadvantage of aviation.



S ust ai n a bilit y 2 0 1 9 , 1 1 , 7 2 3 3 1 1 of 2 2

R a di u s	 3 3 5	 k m	( C ar s)

R a di u s	 4 1 5	 k m	( C o a c h,	 H S T)

R a di u s	 4 9 0	 k m	( A vi ati o n,	 L C C)

R a di u s	 1 2 1 5	 k m	( A vi ati o n,	 U L C C)

Fi g ur e 5. M a xi m u m t r a n s p o rt- m o d e- s p e ci fi c  di st a n c e s f o r P j = e 1 0 0.

It i s al s o  u s ef ul t o i n v e sti g at e t h e c o m p o siti o n of t h e f ull- p ri c e b u d g et s.  W hil e f o r c a r s a n d  H S T,

t h e f ull  p ri c e s a r e s plit a p p r o xi m at el y e q u all y b et w e e n t r a v el c o st s a n d ti m e c o st s, t h e f ull  p ri c e of

c o a c h e s r e v e al a n i m b al a n c e,  wit h a st r o n g e r  w ei g ht o n ti m e c o st s ( 7 0 t o 3 0  %).  T hi s i s a c o n s e q u e n c e of

t h e l o w a v e r a g e s p e e d of c o a c h e s.  C o n si d e ri n g a vi ati o n,  w e s e e a  diff e r e n c e b et w e e n t h e t w o c a r ri e r s.

W hil e f ull  p ri c e s f o r  U L C C s r e v e al a st r o n g e r  w ei g ht o n ti m e c o st s t h a n o n t r a v el c o st s ( 6 0 t o 4 0  %),

t h e r e i s a st r o n g e r  w ei g ht o n t r a v el c o st s f o r  L C C s ( 6 3 t o 3 7  %).  A s a v e r a g e s p e e d s a r e a s s u m e d t o

b e i d e nti c al, t hi s r e s ult i s  m ai nl y  d ri v e n b y hi g h e r t r a v el- c o st f a ct o r s of  L C C s, c o m p a r e d t o  U L C C s.

T h e s e l e a d t o a si g ni fi c a nt  diff e r e n c e i n e mi s si o n s b et w e e n t h e t w o t y p e s of c a r ri e r s,  w hi c h i n di c at e s

t h e s e v e r el y n e g ati v e e n vi r o n m e nt al eff e ct s of l o w ai r f a r e s.

I n g e n e r al, t h e  fi n di n g s c o n fi r m t h e i nt uiti o n t h at l o w e r t r a v el c o st s a n d hi g h e r a v e r a g e s p e e d s

w o r k t o i n c r e a s e  di st a n c e s a n d t h e r ef o r e e mi s si o n s.  E s p e ci all y a v e r a g e s p e e d s h a v e a c o n si d e r a bl e

i n fl u e n c e o n t h e r e s ult s, a s t h e y i m pli citl y  d et e r mi n e t h e  di st a n c e s. Si n c e ai r c r aft e x hi bit si g ni fi c a ntl y

hi g h e r a v e r a g e s p e e d s t h a n ot h e r  m o d e s of t r a n s p o rt, t h e y c a n t r a v el l a r g e r  di st a n c e s i n l e s s ti m e.  A n d,

a s e mi s si o n s a c c u m ul at e  wit h  di st a n c e, ai r c r aft  p r o d u c e si g ni fi c a ntl y hi g h e r e mi s si o n s f o r e q ui v al e nt

b u d g et s.  Ot h e r  d et e r mi n a nt s t h at aff e ct t h e r e s ult s a r e r el at e d t o t h e e mi s si o n f a ct o r s.  T h e s e a r e

a v e r a g e e mi s si o n s a n d l o a d f a ct o r s,  w hi c h  d et e r mi n e t h e l e v el of t h e e mi s si o n f a ct o r s.  C o n s e q u e ntl y,

l o w e r a v e r a g e e mi s si o n s a s  w ell a s hi g h e r l o a d f a ct o r s  d e c r e a s e a v e r a g e e mi s si o n f a ct o r s a n d t h u s

i m p r o v e t h e e n vi r o n m e nt al  p e rf o r m a n c e.

A s  m e nti o n e d a b o v e, v a ri o u s f a ct o r s c a n i m p a ct o n e n vi r o n m e nt al  p e rf o r m a n c e.  A m o n g ot h e r s,

t h e s e i n cl u d e a v e r a g e l o a d f a ct o r s,  w hi c h  mi g ht al s o b e li n k e d t o t h e t r a v el  p u r p o s e. I n  p a rti c ul a r, it c a n

b e e x p e ct e d t h at a v e r a g e l o a d f a ct o r s f o r h oli d a y t ri p s a r e hi g h e r t h a n f o r b u si n e s s t ri p s (t hi s h ol d s

t r u e e s p e ci all y f o r c a r s) [3 3 – 3 5 ].  C o n s e q u e ntl y, t hi s h a s a n i m p a ct o n t h e r e s ult s.  T o a c c o u nt f o r t hi s

i s s u e,  w e i n v e sti g at e a s c e n a ri o f o r f a mili e s.  T h e a v e r a g e l o a d f a ct o r s  di r e ctl y aff e ct t h e ti c k et- p ri c e

f a ct o r ρ j a n d t h e a v e r a g e e mi s si o n f a ct o r e j.  H o w e v e r, t h e eff e ct i s r e st ri ct e d t o c a r s, si n c e t r a v elli n g

wit h a f a mil y,  u si n g a c o a c h,  H S T o r a vi ati o n, h a s n o si g ni fi c a nt i n fl u e n c e o n t h e a v e r a g e  p ri c e  p e r

p k m. F o r t h e s a m e r e a s o n, a v e r a g e e mi s si o n f a ct o r s of t h e s e t r a n s p o rt  m o d e s a r e n ot, o r a r e o nl y

mi ni m all y aff e ct e d. F u rt h e r m o r e, a n a d diti o n al f a mil y  m e m b e r  mi g ht si m pl y t a k e  u p a s e at t h at



Sustainability 2019, 11, 7233 12 of 22

would otherwise be used by another passenger, thus not affecting the average occupation. There are,
however, differences if we look at cars. The ticket-price factors which are approximated by the
marginal cost of car usage can now be split among more passengers, thus reducing the average price
per pkm. This implies that, given a fixed full-price budget, people can travel larger distances by car.
Additionally, a higher load factor reduces the average emission factor accordingly. The effects work
in opposite directions. While larger distances increase emissions per person, lower average emission
factors reduce them. We find that the positive effect of lower average emission factors is stronger than
the negative effect of larger distances. This follows from the composition of the full price. Since the
full price is the sum of ticket and time costs and occupation only affects the ticket-price factor, the total
effect on the full-price factor is rather small. By contrast, a higher load factor unfolds its full impact on
the average emission factors. Consequently, this yields lower emissions per person for cars, compared
to the average-occupancy scenario displayed in Figure 4. Considering a family of four, the reduction
amounts to approximately 50 % (see Appendix D, Figure A2 for the results). As expected, we observe
a positive effect of average occupation on emissions per person, that is, the higher the occupation of a
car, the lower the emissions per person, given a fixed full-price budget per person.

4.2. (External) Environmental Costs

In addition to comparing the emissions related to both travel purposes, we also investigate
(external) environmental costs of those travel purposes. Thereby, we use two approaches. First, we use
the above calculated emissions, which we value with damage-cost factors to obtain environmental
costs. Second, we calculate external environmental costs directly from external cost factors as given in
Reference [4]. By doing so, we are able to verify the calculations within this section.

4.2.1. External Costs through Weighting Emissions with Damage-cost Factors

The first approach to determining environmental costs is to use damage-cost factors (see Appendix B,
Table A3), which are multiplied by the emissions per person calculated in the previous section. The results
for business trips are shown in Figure 6. Greenhouse gases again account for the highest share of
environmental costs produced by different transport modes. Nevertheless, it becomes obvious that
the share of environmental costs due to other air pollutants, especially NOX, significantly increase.
The reason is the different levels of damage-cost factors. A possible explanation for these different
damage-cost factors is that the pollutants affect environment, health and other damages to a
varying degree. All in all, this leads to changes in the ranking of environmental performance. Diesel cars
and coaches are found to cause more environmental costs than petrol cars and HST, whereas the
analysis of emissions in the previous section revealed the opposite. The higher environmental costs of
these vehicles stem from the fact that diesel engines (coaches are usually operated with diesel fuel) emit
higher levels of NOX, which are valued at a significantly higher damage-cost factor than greenhouse
gases or CO (see Appendix B, Table A3). This has the consequence that the environmental cost
performance of diesel cars is nearly as poor as aviation in this comparison. Their performance is 5 to
6 times poorer than that of the HST.

Figure 7 displays the results for holiday trips. Again, environmental costs due to greenhouse
gases represent the highest share of total environmental costs. In this comparison, the environmental
costs of aviation are highest for the same reasons mentioned in Section 4.1. First, higher average speeds
and second, lower ticket prices promote longer trips resulting in higher emissions and consequently,
higher environmental costs per person. Furthermore, it can be observed that within each emission
category (except CO), aviation causes the highest environmental costs per person. Again, the difference
between the two air carriers is remarkable and thus emphasizes the negative effect of low air fares.
Considering the scenario of a family, the results of Section 4.1 apply to the comparison of environmental
costs as well, that is, the higher the occupation of a car, the lower the environmental costs per person.
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Figure 6. Business trips. (a) (External) environmental costs on the Cologne-Berlin link; (b) (External)
environmental costs on the Hamburg-Munich link.
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Figure 7. Holiday trips. (a) (External) environmental costs for Pj = e 100; (b) (External) environmental
costs for Pj = e 160.

4.2.2. External Costs through Marginal External Cost Factors from CE Delft [4]

The second approach to calculating external environmental costs uses the marginal external cost
factors as reported in CE Delft (for selected values, see Section 3.1). We weight the factors by the
share of EURO classes within each vehicle category, so as to obtain weighted marginal external cost
factors (see Appendix C, Table A6). Cost factors are given in e-Cent/pkm. These are multiplied by the
distance, so as to obtain external environmental costs per person.

The results for business trips are shown in Figure 8. It is evident that external costs are slightly
higher than the above results. Nevertheless, the ranking of transport modes does not change,
as aviation still causes the highest, and HST the lowest, external costs per person.

In Figure 9, the results for holiday trips are displayed. In general, the results presented in Figure 7
can be confirmed. However, the following differences should be noted. First, environmental costs for a
full-price budget of e 160 concerning an ultra-low cost flight are lower compared to the lower budget
of e 100. This is due to medium-haul cost factors, which have to be applied as the distance increases
(i.e., if the distance > 1500 km). These are significantly lower, as emissions are passed on to more
passengers. Second, in this particular case, this leads to a higher environmental cost disadvantage of
aviation for lower-budget travellers (6 to 30 for Pj = e 100, 14 to 19 for Pj = e 160).
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Figure 8. Business trips. (a) (External) environmental costs on the Cologne-Berlin link, (b) (External)
environmental costs on the Hamburg-Munich link (on the basis of Reference [4]).
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Figure 9. Holiday trips. (a) (External) environmental costs for Pj = e 100, (b) (External) environmental
costs for Pj = e 160 (on the basis of Reference [4]). In (b) external costs of ultra-low cost carriers
(ULCCs) consider a medium-haul flight and are therefore lower.

4.3. Comparison between Distance-Based Emissions and Full-Price Emissions

In the previous sections, we analysed the different scenarios separately. That is, we investigated
the level of emissions for business trips on specific routes and then applied the methodological
approach of full-price emissions so as to calculate emissions for holiday trips. The same procedure
was applied when determining environmental costs. What remains in the end, is to calculate the
(relative) metric for full-price emissions and to compare it with the emission factors which represent
the traditional distance-based approach. The two metrics have the following potential interpretations:
on the one hand, the average emissions per person and Euro full-price invested are measured and on
the other hand, the average emissions per person and kilometer. The results are displayed in Figure 10,
where the metric for the most environmentally friendly transport mode (coach) is normalized to 1.
It is clear that, in the case of full-price emissions, the climate disadvantage of aviation is much more
pronounced. In the extreme scenario (Aviation, ULCC), the climate disadvantage of aviation is larger
than 30, compared to coaches. In the moderate scenario (Aviation, LCC), the climate disadvantage is
still at a high level with a factor of 12 (see Figure 10a). By comparison, for the traditional approach,
the factor amounts to 8 (see Figure 10b). For all other transport modes (except HST), the relative climate
damage declines when considering full-price emissions due to higher travel-cost factors and/or lower
average speeds. Average emissions per person and Euro full price are lowest for coaches. If we look at
the “family scenario”, it can be concluded that family travel improves the environmental performance
of cars, whereas other transport modes are not affected (see Appendix D, Figure A3).
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Figure 10. (a) Full-price emissions; (b) Distance-based emissions. Emissions of CO, HC, NOX and PM
are so low (relative to greenhouse gases) that they are nearly insignificant, and thus invisible.

If we apply this comparison to environmental costs, the results change in that HST exhibit the
lowest external costs per person and Euro full-price, for the reasons explained in 4.2, as for example,
resulting from the interplay between the level of damage-cost factors and the level of emissions
of different pollutants. The environmental cost advantage of HST amounts to a factor of 9
(moderate scenario, LCC) to 23 (extreme scenario, ULCC), compared to a factor of 7 when applying
the traditional approach (see Appendix E).

5. Discussion

In general, our results confirm prior research in this field, as stated in Section 2. Nevertheless, some
differences should be mentioned. For example, the German Transport Club [7] employs an analysis
of CO2 emissions on the Berlin-Frankfurt link. The link can be characterized as a typical business
trip and thus represents the traditional approach for determining emissions, where destinations
remain exogenous. Whereas the German Transport Club finds that car emissions on this link are highest,
followed by emissions from aviation [7], our results, by contrast, show a different environmental
performance ranking. CO2 emissions are highest for aviation, regardless of the travel purpose.
The main reason is that we use average emission factors that include a Radiative Forcing Index, which
takes the greater greenhouse gas effects of aviation into consideration, whereas the German Transport
Club ignores this effect. It should be mentioned that there is an ongoing debate on the contribution of
aviation to radiative forcing. For example, Righi et al. [36] show that there might be negative effects for
aviation with respect to aerosol radiative forcing. However, several other studies indicate that aviation
rather contributes to a positive radiative forcing of climate than not (see e.g., References [37–39]),
which is why we use factors that include a Radiative Forcing Index. Moreover, we show that the
extent of the climate disadvantage of aviation increases significantly, if we look at full-price emissions.
This is the consequence of the approach which incorporates a decision-making process. As we argue,
holiday/leisure travellers determine a budget of money and time for holiday trips and thus implicitly
for transport. Consequently, destinations become endogenous and thus distances can differ between
transport modes. Therefore, transport modes which are characterized by low average ticket prices and
high average speeds, both of which apply to aviation, achieve larger distances. And since aviation has
also the highest average emission factor, aviation emissions increase significantly.

CE Delft [4] and the German Environment Agency [6] estimate the environmental costs of
transport modes and find that these are highest for aviation and lowest for coaches. Our own study
is thus in line with these findings. Additionally, our study emphasizes that environmental costs are
significantly higher if we consider full-price emissions.

As passenger transport accounts for more than half of total CO2 emissions from the transport
sector and several other pollutant emissions, environmental policies designated for the (passenger)
transport sector have become an important issue in mitigating global climate change. From a theoretical
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point of view, an emissions trading system including the transport sector as well as an overall CO2

tax are appropriate environmental policy instruments. In reality, however, policy measures focusing
on single transport modes are commonly discussed. While these measures may get closer to 1st-best
pricing from a transport-mode-specific perspective, environmental effects of the passenger transport
sector can worsen, due to suboptimal pricing of other transport modes, that is, deviations from 1st-best
pricing [40]. Consequently, the 2nd-best solution is to determine the optimal price for emissions subject
to the constraint that alternative transport modes are not priced at 1st best [41]. Therefore, if measures
focus on single transport modes, economic theory suggests substitution effects to occur. If the price of
one transport mode rises (e.g., due to higher environmental taxes), consumers might simply choose
another mode of transport. As suggested by full-price emissions, a holiday trip by car (to the Baltic Sea),
for example, may then be substituted for a holiday trip by air (to Mallorca). This would imply an
increase in environmental pollution by a factor of 6 to 7 (moderate scenario factor 3). However, these
effects are often ignored in the political debate. One possible explanation for this is that the established
comparisons of emissions between transport modes (which are distance-based) ignore substitution
effects, because price is not a decision variable. Consequently, our approach is able to model potential
effects of environmental policies, such as a CO2 tax but comes at the cost of restricted applicability. More
specifically, applying this approach to countries with a different environmental policy is not possible,
as full-price emissions depend on the (environmental) policy and thus respond to a change in policy.
By contrast, the distance-based metric focuses on a “technically” correct estimation of emissions
and thus the transport mode decision and therefore the destination/distance remain exogenous. Thus,
it might represent emissions of business trips adequately but may well fail for travel where destinations
are determined endogenously and consequently the price is part of the decision-making process.

6. Conclusions

We use a full-price emissions approach to estimate emissions accruing from holiday trips. The results
show that the relative climate damage of aviation is much more pronounced when destinations are
endogenous, compared to when they are exogenous. This result is in particular determined by
the endogeneity of destinations. Considering fixed full-price budgets, consumers can travel larger
distances by air, because on the one hand, lower ticket prices and on the other hand lower travel times,
apply. This is also influenced by intense intramodal competition in the aviation sector. Furthermore,
it can be observed that the relative climate damage of aviation increases with the budget (up to the
point where distances exceed the medium-haul threshold, because lower emission factors then apply).
Thus, lower budgets imply a less pronounced relative climate disadvantage of aviation. This can be
explained partly by the higher share of time costs from check-in and out processes in the total full-price
budget, which decrease viable distances.

We further observe that differences in emissions between petrol and diesel cars are rather low.
Given that diesel cars were promoted as more environmentally friendly, it should be expected that
they emit significantly less emissions than petrol cars. However, if we take well-to-tank emissions into
account, the emissions of the average petrol car compared to the average diesel car are approximately
equal. Full-price emissions even show that the environmental performance of petrol cars is better than
that of diesel cars. The results are driven by higher greenhouse gas emissions from fuel production
(higher well-to-tank emissions), higher NOX emissions and lower travel-cost factors of diesel cars (due
to lower fuel prices). Moreover, the analysis of a “family scenario” reveals that cars benefit significantly
from higher occupation. That is, car emissions per person decrease, as the positive effect on the average
emission factors overcompensates the negative effect on travel costs per pkm.

Although our research does not provide real-time emissions data, it develops a methodology to
evaluate emissions for holiday trips, in which a decision-making process including a price variable
is incorporated. Consequently, policy measures can be evaluated. In particular, it becomes obvious
that policy measures (especially measures which affect pricing and taxation) have to be evaluated
taking into account all possible effects (which differ between travel purposes) in order to avoid
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unintended and climate-damaging substitution effects. In this way, full-price emissions can serve as the
appropriate instrument.
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Appendix A

Figure A1. Development of Passenger kilometers in EU-28 [2].
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AppendixB

TableA1.Distance-basedtravel-timecostfactors[27].

Distance(km) γ(dj)(ePerPersonandHour)

...
...

45 8.17
55 8.70
...

...
95 10.20
112.5 10.66
137.5 11.18
162.5 11.82
187.5 12.24
212.5 12.53
275 12.79
325 13.17
375 13.71
425 14.07
475 14.42
600 14.77
>600 15.54

TableA2.Inputfactorsusedforcalculatingfull-priceemissions.

VehicleType AverageSpeedv 1
j (km/h) Travel-CostFactorρj(e/pkm) Full-PriceFactorpj(e/pkm)

a

Car,Petrol 82.16 0.1412 0.3303
Car,Diesel 82.16 0.1345 0.3236
Coach 79.39 0.0740 0.2697
HST 110.00 0.1094 0.2507
Aviation,ULCC(Ryanair) 522.19 0.0334 0.0632
Aviation,LCC(Eurowings) 522.19 0.1289 0.1586

aFull-pricefactorfordistances>600km.

TableA3.Damage-costfactorsofairpollutants(e/t)[27].

Pollutant Urban Rural

Greenhousegasesa 100 100
NOX 15,400 15,400
CO 62 62
HC 1700 1700
PM 364,100 122,800

aHere,thedamage-costfactorasappliedinReference[4]isadopted.

AppendixC

Calculationofweightedmarginalexternalcostfactors:

TableA4.Breakdownofmileagebyvehiclecategorya[5].

Transportmode Urban Suburban Rural Motorway

Car 0.26 0.205 0.205 0.33
Coach 0.09 0.29 0.29 0.34

HSTb 0.1942 0.3503 0.4431 0.0000
Aviation nodifferentiationacrossroadtypes

aWedividetheshareofkilometerstravelledoutoftownequallybetweensuburbanundrural; bForHSTno
datawereavailable.Thus,werelyonourowncalculationsperformedwithQgis. WeusedCensusdatafor
populationdensitiesandthenmanuallymappedroutes(usingOSM)forseveralGermanlong-distancetracks
toobtainthekilometersdrivenwithineachregional/roadarea.
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In order to calculate (weighted) marginal external cost factors of road transport, we assume
average size fleets. Thus, we determine the share of cars in the vehicle stock across each emission class.
We consider cars of medium size (1.4–2.0 l). The number of cars in the vehicle stock is reported by the
German Federal Office for Motor Transport (Kraftfahrt-Bundesamt) [42]. We then convert the figures
into relative shares (see Table A5), which enable us to calculate an average vehicle type emission factor.

Table A5. Share of vehicles according to emission classes in the vehicle stock in Germany 2018 [42].

Emission Class

Vehicle Type EURO I EURO II EURO III EURO IV EURO V EURO VI

Car, Medium, Petrol 0.0300 0.1496 0.1105 0.3905 0.1737 0.1457
Car, Medium, Diesel 0.0036 0.0204 0.0872 0.2170 0.4049 0.2668
Buses/Coaches 0.0 0.0 0.1949 0.0848 0.3896 0.3307

Table A6. (Weighted) Marginal external cost factors.

Vehicle Type Air Pollution a Climate Change Well-to-Tank
(e-Cent/pkm) (e-Cent/pkm) (e-Cent/pkm)

Car, Petrol 0.1351 1.1006 0.4144
Car, Diesel 0.7627 1.1528 0.2689
Coach 0.3807 0.4719 0.1094
HST 0.0020 0.0000 0.3900
Aviation, Short Haul 0.2900 3.1400 1.3500
Aviation, Medium Haul 0.0900 1.8550 0.6000

a Metropolitan area is not considered.

Appendix D

Results for a “familiy scenario” (= four persons):

• Emissions on a holiday trip:
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Figure A2. Holiday trips – “family scenario”. (a) Emissions for Pj = e 100; (b) Emissions for Pj = e 160.

• Comparison between full-price emissions and distance-based emissions:
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Figure A3. “Family scenario”. (a) Full-price emissions; (b) Distance-based emissions.

Appendix E

Comparison between full-price external costs and distance-based external costs:
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Figure A4. (a) Full-price (external) environmental costs; (b) Distance-based (external) environmental costs.
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