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ARTICLE INFO ABSTRACT
Keywords: There is an urgent need to devise policy instruments that will reduce GHG emissions to a suffi-
Long-distance travel cient extent in order to achieve the climate targets. Approximately 16% of all greenhouse gas

Tradable mobility credits
Pricing

Modal split

Demand management

emissions are generated by long-distance travel. Our objective is to estimate the impact of a
Tradeable Mobility Credit (TMC) scheme — where the total emissions are fixed by design whereas
the price is the outcome of travelers’ choices — will have on modal split and trip cancellation for
long-distance leisure travel in Europe. To this end, we develop a market equilibrium model which
accounts for travel and trading decisions. For our case study consisting of a travel demand of more
than 300 million trips performed annually between 3,000 city-pair connections, the credit price
that emerges in the market equilibrium state is 272€ per ton of CO2 under an emission reduction
target of 30%. Due to the TMC, overall long-distance leisure travel demand is reduced by 20% and
the share of air among the remaining trips decreases from 50 to 42% whereas the market share of
rail increases from 23 to 26%. Modal shifts and trip cancellation rates vary greatly amongst OD-
pair connections, depending on the local value-of-time and the extent of modal competition for
the respective connection. Our findings contribute to the on-going debate surrounding in-
struments for stimulating sustainable (im)mobility, in particular in the context of the long-
distance travel market.

1. Introduction
1.1. Long-Distance travel

To achieve the goals set by the Paris Agreement, GHG (greenhouse gas) emissions must be drastically reduced, and the transport
sector must contribute to it. The transport sector produces 29 % of all GHG emissions in the European Union in 2019 (European
Environment Agency, 2021). More than half of passenger-transport related climate effects are generated by long-distance trips of 100
km or more. Petersen et al. (2009) found that while the number of trips of more than 100 km makes up about 2.5 % of all trips in
Europe, these trips account for about 55 % of all passenger-kilometers travelled. Nevertheless, long-distance travel is understudied in
transport research and is known to be underrepresented in travel behavior data (van Goeverden, 2009). This discrepancy between the
relevance of long-distance travel for emission reduction policy goals and the lack of knowledge to support related decision making has
led to calls for increasing research efforts in this field, see for example Rich and Lindhard (2012) and Reichert et al. (2016). The former
concluded that “with increasing focus on climate effects, long-distance travel demand modelling is likely to be at the top of the applied
research agenda for years to come”. In Europe, the vast majority of long-distance trips are for leisure (see Aparicio 2016 and Akerman
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et al. 2021 for their analysis of data from France and Sweden, respectively).

The main travel modes for long-distance travel in Europe are airplane, train and car. The emissions per passenger-kilometer of a
transport mode depend on many factors like vehicle occupancy, type of fuel or electricity mix, and type of propulsion. Usually, from an
environmental perspective, travelling by rail is associated with producing fewer emissions than travelling by car or plane. According to
the values indicated by Milieu Centraal et al. (2024), the CO, emissions associated with travelling by air are about 6 to 8 times higher
than those associated with travelling by rail. Depending on the travel distance and the composition and efficiency of both vehicle fleets,
car travel may be more or less polluting than air travel. One key policy goal for drastically reducing the contribution of aviation to
climate change is “reduced growth in air travel through a shift towards train trips” (Bleijenberg, 2020). Akerman et al. (2021) em-
phasizes that modal shift is seen as the main potential for reducing GHG emissions from transport. This can be achieved by the
implementation of demand-management transport policy strategies. Demand management strategies aim to set the right incentives so
as to stimulate a more sustainable travel behavior. Taxation is the most commonly applied instrument in both road transport and
aviation. Taxes are applied when purchasing flight tickets and are not directly related to the associated emissions, albeit a differen-
tiation between short- and long-haul flights is sometimes made, and tax levels vary significantly amongst European countries.
Consequently, their environmental effectiveness is limited. On the one hand, the actual emissions are not considered. On the other
hand, the national implementations induce tax competition, which can be perceived as unfair as well potentially leading to capacity
shifting to other markets thereby resulting in a general tendency towards under-taxation (Denstadli & Veisten, 2020).

1.2. Tradable mobility credits

There is an urgent need to devise policy instruments that will reduce GHG emissions to a sufficient extent in order to achieve the
climate targets. In the urban context, growing attention has been given in the past decades to market-based pricing instruments such as
congestion charging and tradeable mobility credits (TMC). These instruments can be designed to reduce the externalities associated
with motorized transport, and the private car in particular. TMC is seen as a promising instrument to drastically reduce emissions.
Under a TMC, the number of credits needed to undertake a trip can depend for instance on the CO, emissions of the trip. Provoost et al.
(2023) provide a framework for designing a TMC scheme and discusses the alternative design choices in relation to ownership, transfer
and consumptions of such credits as well as related governance aspects. In such schemes, credits are allocated to citizens by a
governmental institution. Citizens with a credit expenditure that exceeds the allocated credits can buy credits from citizens who do not
use all their allocated credits. This trade happens in a centralized market. The price of the credit is therefore dynamic, and is the
outcome of the equilibrium value that emerges from the current relation between demand and supply. Total emissions are capped by
the amount of credit supply introduced into the market. A TMC scheme is yet to be implemented in practice. However, it can be
compared to existing concepts which have been proven to be successful, like the EU emission trading system (ETS), fishing quotas, and
airport slot allocations (Dogterom, Ettema, & Dijst, 2017). In contrast to these concepts, TMC are distributed and consumed by in-
dividuals and not on a firm or industry level.

While in the case of taxation schemes the price is fixed and total emissions are not directly limited but rather the outcome of
travelers’ choices, for TMC this is the other way around, i.e. the total emissions are fixed by design whereas the price is the outcome of
travelers’ choices. Moreover, TMC is expected to gain a higher level of social acceptance than taxes. While under a TMC scheme,
everyone has free access to a certain extent of travel (if credits are allocated for free), taxes “price the poor out of the market” (Fleming
& Chamberlin, 2011). Moreover, money does not flow from citizens to regulating authorities, and citizens can - if they do not use all
their initially allocated credits — even financially benefit from the scheme. Dogterom et al. (2017) conclude that the effectiveness of a
TMC scheme in road transport is equal or superior to the effectiveness of other financial incentives with equivalent costs. We argue that
there are good reasons to expect that a TMC scheme affecting the aviation sector will be more effective than existing instruments. First,
under the EU emission trading system (ETS) airlines can purchase additional emission allowances which leads to an excess of total
emissions (van Geuns, 2021). Second, while under ETS the costs for allowances are first paid by the airline and therefore not
necessarily fully passed on to the traveler, under a TMC scheme the costs for the internalization of the emission costs are fully borne by
the traveler (Krenek & Schratzenstaller, 2017).

2. Research gaps and objective

Past research has hitherto provided limited insights into the impacts of TMC on travelers choices (Dogterom et al., 2017, Provoost
et al. 2023) for example in terms of impacts on modal split and trip cancellation. Moreover, the few studies such as those of Aziz et al.
(2015), Raux et al. (2015), Dogterom et al. (2018) or Tian et al. (2019), have focused on local implementations and land transport only,
i.e TMC applications in the urban mobility context. In contrast, despite the environmental relevance and favorable implementation
context (e.g. easier to enforce, fewer actors involved), the application of TMC for long-distance travel has not yet been investigated. We
hereby address this research gap.

Our objective is to estimate the impact of a TMC scheme on the modal split for long-distance leisure travel in Europe. Furthermore,
we aim to investigate the interaction between travel behavior and credit market behavior and the resulting credit price that will
emerge under equilibrium. Thereafter, we will analyze the resulting changes in travel demand patterns, including the potential
reduction in overall demand for long-distance leisure travel. We also test for the sensitivity of our findings in relation to a range of
values of price elasticity of demand and different developments in the share of electric cars and sustainable aviation fuels. The travel
modes considered in this study are air, rail and car.
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3. Methodology
3.1. Concept

We envision the introduction of a TMC scheme for long-distance travel at a large geographical scale, such as across Europe. One
central authority formed by all participating countries is responsible for the credit supply, for the imposition of credits (re-collecting
the credits people spend when travelling) and for the provision of a central credit market where people can trade credits. The proposed
scheme allocates credits for free and on an equal basis, i.e. each citizen of all countries within the perimeter receive an equal initial
number of credits. Each citizen living in a country within the perimeter of the TMC scheme is a user of the TMC. A user can trade credits
and is obliged to pay credits when travelling long-distance by air, rail or car. The number of credits consumed by each long-distance
trip is proportional to the amount of CO, emissions associated with this trip. The TMC scheme shall apply for leisure trips only because
leisure travelers bear the costs themselves, while for business trips the traveler makes the mode choice, but the company pays for it.
Moreover, the cost perception for business trips can be distorted as the costs of business travel are subsidized by governments (Leiper,
Witsel, & Perry Hobson, 2008). Therefore, the mode choice for leisure trips can be more directly steered by policy instruments directed
at individuals.

3.2. Modelling framework

The interactions between travel (mode, route, trip cancellation) choices of individuals and credit market (purchase or sell) choices
of individuals are illustrated in Fig. 1. The relation between total credit demand - the total credit expenditure resulting from the
collective outcome of individual travel choices — and credit supply — determined by the CO» emission reduction target set by the policy
maker — drives the credit price. A discrepancy between credit expenditure and credit allocation at the individual level leads at the
collective level to changes in credit price. The credit price determines in turn the extent to which travelers are stimulated to shift into
more sustainable travel behavior — modal shift, route shift and trip cancellation. The inter-relation between travel decisions and
trading decisions constitutes the main feedback loop that drives the market dynamics leading to the emergence of a credit price in
equilibrium. The change in travel behavior leads to a change in total CO, emissions. This iterative process results in a market equi-
librium state, at which the CO, emission target is attained.

3.3. Transport supply specifications

The specifications for air, rail and car for travel time and travel cost are illustrated in Fig. 2. Travel times for air and rail consist of
access, departure station/airport, in-vehicle and egress times, whereas car travel time corresponds to in-vehicle time only. It is assumed
that travelers live in the city center and car travel times between the city center and an airport are used to estimate the access/egress
times. Hence, access time to the airport depends on the specific city-airport combination, whereas access time to a train station is set
constant at 20 min. The time needed to get from the plane or train to the egress mode is neglected for both train and plane. Air and rail
in-vehicle time are specified directly based on the outcomes obtained from travel journey planners (for details see subsection 3.1).

For air and rail travel costs, real-world ticket costs are obtained from travel journey planners. Car travel costs are assumed to be the
sum of fuel costs and toll costs, whereas fixed costs are neglected as they are often seen as sunk costs and therefore not considered when
people choose a travel mode. Fuel costs are differentiated by country, and it is assumed that half of the fuel is tanked up in the origin
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Fig. 1. Interactions under TMC.
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Fig. 2. Mode specifications. Travel time (left), travel cost (right).

country and half in the destination country. The toll cost is set to 0.06€ per km, based on Discover Cars (2021). This calculation is also
applied for the access and egress legs of an air travel journey.

In addition to the travel time and cost specifications which traditionally influence individual travel choices, the CO, emissions
associated with travelling by each mode indirectly influence travelers’ choices through their impact on the number of credits charged.
The latter has a monetary value that then enters travelers’ choice consideration as described in the subsequent subsection. Further
specifications for air, rail and car travel for determining the related CO, emissions are provided in Table 1. Car occupancy is assumed to
be 1.9 for this travel distance and purpose (Reichert et al. 2016 and BFS and ARE 2017). The fuel consumption of a car is set to 7 L per
100 km. The detour factor (deviation from the direct distance) is assumed to be 1.3 for rail travel and 1.2 for car travel according to
own estimations. The CO5 emissions per vehicle and/or passenger-kilometer are derived from Milieu Centraal et al. (2015). Note that
for air travel, emissions per passenger-kilometer are assumed to decrease linearly for distances between 400 km and 1,000 km. Since
only about 2 % of all the cars in use where electric in Europe as of 2022 (IEA 202.3), we apply here the emission values for a combustion
engine. Based on these assumptions, air emissions per passenger-kilometer are higher than those for car for flights distances of 900 km
or longer.

All airports accessible within an hour from a given origin or destination city are considered feasible options and are assigned to a
city. For each OD-pair connection (OD-pair for one travel direction) where a city is involved which has multiple airport options, an
airport choice is undertaken. The generalized costs of a trip are computed for each airport pair, including all relevant travel time and
cost components as illustrated in Fig. 3. The airport pair for which the generalized costs are the lowest is selected. Fig. 3 shows the
airport choice for the feasible airports at the example of the OD-pair connection Amsterdam — Milan (exemplary values).

3.4. Transport demand specifications

The TMC scheme impacts the overall demand for long-distance travel as well as the modal split thereof. The trip cancellation rate is
calculated for each OD-pair connection and each mode using price elasticity of demand. The elasticity value derived from de Granados
et al. (2012) is assumed to be —0.6 for the base case. The new passenger volume is computed for each OD-pair connection using the
obtained trip cancellation rate.

To estimate the modal split under a TMC scheme, the costs of the credits needed for a trip are incorporated into the utility function.
Eq. (1) shows the calculation of the utility u for mode m for travelling from city i to city j. t stands for travel time, c for travel costs and 0
is the value of travel time (VTT).

Table 1
Further mode specifications.
Vehicle occupancy Fuel consumption Detour factor CO2 emissions per passenger-kilometer
Air Travel 1.0 <= 400km >=1,000km 400km - 1,000km access & egress
0.138' 0.101" 0.138 - 0.101 0.107
Rail Travel 1.3 0.017 '
Car Travel 1.9° 71t / 100km 1.2 0.107 (0.204" per vehicle-kilometer)

1 Milieu Centraal et al. (2024): Indicated values (0.234 for under 400 km and 0.172 for over 1'000 km) divided by 1.7, to obtain pure CO, emissions
(values indicated in the source include non-CO, effects).
2 BFS and ARE (2017), Reichert et al. (2016).
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The VTT of an area can be expressed as the GDP of the area divided by the population and the average working hours of the workers in
the area (Hu, Duan, & Li, 2022). Hence, the VTT is calculated for each country and adjusted for leisure travel (average of 11.82€ for
Europe, according to Wardman et al. 2016). To obtain the VTT per city-pair connection, it is assumed that all travelers between two
cities have origin in the countries of these cities and that the share of the traveler’s nationality equals the share of the population of the
origin and destination country.

The last term in Eq. (1) pertains to the credit costs which equal the credit price, p, times travel distance, d, times emissions per
passenger-kilometer, e. Even though credit allocation is free, the credit costs are always added up to the travel costs, as credits could be
sold if they were not used. Hence, travelers miss revenue if they use the allocated credits.

Next, the modal share of each mode for each city-pair connection is computed using a Logit model, as indicated in Eq. (2).

elim

Z eViim

The CO; emissions of all included trips, E, are then calculated based on the obtained travel flows per travel mode per OD pair as
follows:

Pjm = (2)

E= g Vij i (Pij.air i dij,air ® €jj air +Pij,rail L4 dij,rail ® Crqil +Pij.car L4 dlj,car L4 ecar) (3)
7

where Vj; is the travel flow from city i to city j and e;;, is the amount of emissions associated with travelling from city i to city j using
travel mode m.

3.5. Credit price dynamics

The total credit supply is determined by scaling down the total emissions generated by the current credit demand (CO5 emissions of
all included trips) based on the emission reduction target. Credit allocation, which is the same for all citizens, equals the total credit
supply divided by the number of citizens living within the perimeter. The income elasticity of long-distance travel demand is used to
assess the differences in credit expenditure between citizens of different countries and is set to 1.4 (Christensen & Nielsen, 2018).
Consequently, there are countries with citizens with a credit shortage (positive credit need) and countries with citizens with a credit
surplus (negative credit need). In each iteration of the feedback loop shown in Fig. 1 a new credit price prevails based on the relation
between credit demand and credit supply and individuals make new travel and TMC market decisions.

The credit price reaches its equilibrium state when the sum of credit needs of all citizens is zero, i.e. everyone is content with the
number of credits they have and no one is interested in either buying or selling credits. The credit price increases if that sum is above
zero (credit request higher than credit availability in the market) and decreases if it is below 0 (request lower than availability). We
hence assume that the market clears at all times, i.e. all credits on the market are always traded so that there are no leftover credits on
the market. We define an equilibrium state as one where the credit price of the current iteration differs by less than 1 % from the one
attained in the previous iteration.

4. Application, results and discussion
4.1. Case study description
We apply a TMC scheme for the geographical area spanning the European mainland and the United Kingdom. Considering the

#2030 Climate target plan” and assuming a linear decrease, the CO2 emissions reduction target is set to 30 % for the study year 2023
(European Commission, 2020). A selection of 73 main metropolitan areas to represent the European Network is adopted from Donners
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(2016). To obtain the selection of airports which are to be assigned to the selected cities, data from Grolle (2020) is used. A web
scraping script is developed in PyCharm to obtain ticket prices for air and rail travel. The booking platform kiwi.com is used for flight
ticket prices and trainline.com for rail ticket prices. For trainline.com, the first 8 options are saved and the one with the lowest
generalized cost is chosen. Finally, it results in 307 million trips performed between 2,998 OD-pair connections included in our case
study. Fig. 4 shows the cities included in the case study and number of OD-pair connections per city. All model runs are performed in
PyCharm, using the pandas library. The running time of the script to calculate the modal split and the modal shift is a matter of minutes
when run on a standard PC. Model outputs are available on a public repository (Tanner and Provoost, 2023).

4.2. Results and discussion

In our discussion of the results, we first present the evolution of the credit price under different emission reduction targets
throughout model iterations and the resulting equilibrium state (3.2.1). Then we turn to analyzing the overall impacts of the TMC
scheme on modal split referred to number of trips and trip cancellation (3.2.2). Thereafter the impacts on a selected set of city-pairs are
illustrated, followed by the analysis of the geographical disparities of the impacts of the TMC scheme (3.2.3).Last, we conduct a
sensitivity analysis for the price elasticity of demand and different technological developments (3.2.4).

4.2.1. Credit price evolution

Fig. 5 provides insights into the evolution of the credit price (left) and the emission change (right) for 20 model iterations until an
equilibrium state is obtained. The credit price that emerges in the market for an emission reduction target of 30 % is found to be 272€
per ton of CO,. We also test the equilibrium results for different reduction targets and find that up to a target of 80 % the credit price
increases approximately linearly. Higher reduction targets result in a drastic increase in the credit price as shown in Fig. 6. In the
remaining of our analysis, we proceed with the analysis of the TMC scheme designed to lead to an emission reduction of 30 %.

Number of available
connections
(inbound & outbound)

Node size:
Number of connections
oClazgisinbugh
135

@Newcasto Upon Tyna

ThessaiBaiki
o esepibl

Fig. 4. Number of OD-pair connections per city included in the case study.
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Fig. 6. Equilibrium credit price depending on emission reduction target.

4.2.2. Overall impacts of the TMC scheme on modal split and trip cancellation

The 30 % emission reduction is achieved by means of both trip cancellation and modal shift. In other words, the TMC leads to fewer
long-distance trips being performed and those performed are shifting towards less polluting modes of travel. Fig. 7 shows the modal
split referred to number of trips (averaged over all OD-pair connections and weighted by passenger volume). On the left, the situation
without TMC and on the right the situation with TMC are shown. In the absence of a TMC scheme, 50 % of the trips are undertaken by
air, 23 % by rail and 27 % by car. Under a TMC scheme, of those trips that are performed, air travel holds 42 %, rail travel 32 % and car

100%
80%
o
< 60% M Cancelled trips
"
g m Car trips
S 40%
= M Rail trips
20% W AIr trips
0%

Without TMC with TMC (incl.  with TMC (excl.
cancelled trips)  cancelled trips)

Fig. 7. Average modal shares without and with TMC.
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travel 26 %. Hence, there is a modal shift away from air travel of 8 %, towards rail travel of 9 % and away from car travel of 1 %. The
share of cancelled trips amounts to 20 %, amounting to 61million trips for our study year. When including the cancelled trips in the
modal split, air holds 34 %, rail 26 % and car 20 % (see numbers in Fig. 7).

To better understand the variation in the modal shift induced by the introduction of TMC among city-pair connections, we display
in Fig. 8 the distribution of the incurring modal shift caused by TMC for each mode using a violin plot. Air modal shift is in almost all
cases negative. Rail modal shift is in all cases positive, i.e. travelers shift towards rail in the presence of a TMC scheme. Car modal shift
is in nearly all cases negative. A closer inspection reveals that on the one hand, car modal share increases on a few certain OD-pair
connections which are short routes of up to 900 km and for which air emissions are higher than car emissions (see Table 1). Exam-
ples of which are the OD-pairs of Berlin — Essen and Dusseldorf — Arhus. On the other hand, air modal share increases on a few long OD-
pair connections for which air emissions are lower than car emissions and for which there is no suitable rail alternative. This is the case
for example for the OD pairs of Florence — Poznan and Gothenburg — Luxembourg.

Since the competitive position of each of the travel modes considered depends on the travel distance — due to relations between
costs and variable time components and distance, as well as the fading relative impact of fixed time components with increasing travel
distance — we investigate how the modal shift observed varies as a function of travel distance. Fig. 9 shows the impact of the TMC on
the modal split as a function of travel distance. The curves show the average modal shares as a function of distance between traveler’s
origin and destination, based on a third-degree polynomial regression of the OD-pairs connection data. The curves show that under a
TMC the share of rail travel increases by 10 percentage points for mid-range distances of 500-800 km.

While Fig. 9 is not weighted by the corresponding passenger volume per travel distance category, we are also interested in the
change in travel demand per mode for different distance ranges in absolute terms. Fig. 10 shows the third-degree polynomial
regression of the passenger volumes of each OD-pair connection for each mode in both the initial state as well as under the TMC, as a
function of distance between traveler’s origin and destination. For air, travel demand reduction is the largest of all modes, in line with
the aggregate results reported in Fig. 7. For example, demand for flights of 1000 km by one third from 60,000 to 40,000 passengers. It
can be observed that the longer the travel distance — and thereby the more credits are charged — the larger is the reduction in air
passenger volumes due (almost entirely) to trip cancellation.

The observed modal shifts and changes in passenger volumes are driven by the underlying credit prices which reflect the trade-offs
travelers make between travel preferences and monetary considerations which are ultimately reflected in both travel choices and
trading choices. Fig. 11 shows the credit cost distribution of all included trips per mode. The credit costs are lowest for rail travel. While
median credit costs for air and car travel are comparable, mean credit costs are higher for car travel due to the longest distance trips
which are associated with higher credit costs for car than for air. Under the found credit price of 272€ per ton of CO3 (3.2.1), the credit
costs for e.g. a trip from Amsterdam to Zurich are 21€ when travelling by plane, 4€ when travelling by train and 24€ when travelling by
car. Generally, also the percentual increase of monetary costs is highest for air and car and lowest for rail travel. For low-cost flights,
the credit costs often exceed the monetary travel costs.

4.2.3. Geographical variability in the impacts of the TMC scheme

It is evident from the results presented above that the impact of the TMC scheme varies across city-pair connections. Fig. 12 shows a
ternary plot for a selected set of city-pair connections, displaying the modal shift induced by the TMC for selected origin—destination
combinations. The dot size is proportional to the magnitude of passenger flow per direction per year and the dot color stands for the
(direct) trip distance. For instance, on the Paris-Madrid connection, air travel has a monopoly. The TMC scheme hardly induces a
modal shift towards rail and car. However, every fourth trip is cancelled (not shown in the figure). In contrast, the TMC scheme
strongly affects the market shares of different modes in the Amsterdam-Berlin case. The inclusion of credit costs increases the
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Fig. 8. Modal shift distribution per mode.
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competitiveness of rail, and a substantial share of travelers shifts from air to rail. Furthermore, rail is predominant on the Madrid-
Barcelona, Zurich-Paris and Berlin-Munich connections, which is due to the availability of a high-speed train connection. Conse-
quently, the share of rail is already relatively high to start with and further increase in the presence of a TMC scheme. In contrast, the
market share of rail is and remains with the TMC low on the Budapest-Prague connection despite the relatively short distance since
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Fig. 12. Ternary plot of the modal shift due to the TMC for selected city-pair connections.

travel speed is relatively low. Car remains the main travel mode for this connection as rail is still not a strong competitor. Generally, it
can be observed that medium-distance trips (500-700 km) tend to have the highest modal shifts (due to strong competition between

modes).

Next, we turn into analyzing the geographical disparities of the TMC scheme impacts by investigating which OD-pair connections
are most affected. Fig. 13 shows all OD-pair connections with an air modal share decrease of more than 10 %, corresponding to 6 % of
all OD-pair connections. The color range of the edges represents the modal share of air travel under TMC. Medium-distance
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connections dominate this chart. Arguably, these city-pair connections have a very competitive market which leads to none of the
transport modes dominating the market. This can be observed by the color of the edges — these OD-pair connections are characterized
by having neither a very high nor a very low air modal share and are therefore depicted in light red. Consequently, a small change in
travel costs due to the introduction of credit costs is sufficient for inducing a large behavioral response in the form of modal shift. In
contrast, the impact of the TMC on the modal split is relatively small for either very long or very short connections, as rail is often not
competitive or already holds a large modal share, respectively. Furthermore, Fig. 13 shows that cities in central-eastern European
countries have a high relative occurrence, which means that they are the origin or destination of many OD-pair connections for which
the share of air travel is significantly reduced. Travelers from these countries have a comparatively lower value of travel time.
Consequently, they rather accept longer travel times than higher travel costs, and therefore are more inclined to opt for the train or the
car over the plane in the presence of a TMC scheme.

Fig. 14 shows all OD-pair connections with an air trip cancellation rate of more than 50 %, corresponding to 4 % of all OD-pair
connections. The color range of the edges represents the initial modal share of rail travel. As can be seen, these OD-pair connec-
tions are characterized by a very low rail modal share (edges are mostly displayed in white). Upon further investigation we observe
that the vast majority of the trips amongst these OD-connections is performed by air, and in particular low-cost flights. Consequently,
the introduction of the TCM scheme leads to a high relative increase in travel costs. Cities at the edge of our case study area, whose
share of long-distance connections is high (Southern Italy, Spain, Poland), are amongst those most affected. In contrast, low trip
cancellation rates occur on OD-pair connections with a high initial modal share of rail.

4.2.4. Sensitivity analysis

Given the wide range of values reported in the literature for the price elasticity of demand, we test for lower and higher elasticity
values, i.e. e = -0.35, e = -0.85 and e = -0.1 (—0.6 in the base case). Fig. 15 shows the resulting credit price under these values. The
weaker the elasticity, the more travelers do not want to reduce travel and are therefore forced to shift modes because their credits
become a scarcer resource. The credit price ranges from 159€ to 424¢€, for price elasticities of —1.1 and —0.35, respectively.

Fig. 16 shows the difference in the modal shares for the three tested price elasticity values presented in relation to the reference
value of —0.6 (base case). For e = -0.35, the share of air travel remains nearly unchanged, whereas the share of rail travel increases by
3.5 percentage points and the share of car travel decreases by 1.3 percentage points. The share of cancelled trips decreases by 2.3
percentage points. For e = -0.85 and —1.1, modal shift trends are the other way around: Increasing car share and cancelled trips and
decreasing rail share. A stronger elasticity leads to a higher trip cancellation rate, hence modal shift away from car and towards rail is
reduced since more credits are available for those still traveling.

To test for the sensitivity for technological progress, we create two additional scenarios for 2030. The scenarios reflect medium
technological progress and high technological progress regarding the composition and efficiency of transport vehicle fleets. For the
first, the share of electric cars is assumed to be 25 % and the share of sustainable aviation fuels is assumed to be 5 % (Shehab et al. 2023
concluded that 4.8 % is the expected capacity of sustainable aviation fuels in the EU in 2030). The high technological progress scenario
reflects to a reality where 50 % of the car fleet is electric (forecasts reported in [EA 2023 put this share between 40 and 70 %) and the
share of sustainable aviation fuels amounts to 15 %. Emissions of electric cars are assumed to be a third of emissions of conventional
cars (Milieu Centraal et al., 2024), and emissions of sustainable aviation fuels are assumed to be 80 % lower than the ones of con-
ventional fuel (IATA, 2023). Rail emissions are identical for all scenarios. Table 2 gives an overview of the emissions depending on the
scenario which the reader may contrast with those reported for the base case scenario in Table 1.

To control for the impact of technological progress, we test for the case that such progress is made with and without the intro-
duction of TMC. Since we find that in the absence of TMC modal shares under the medium and high technological progress scenarios
are overall comparable to those obtained in the base case (differences below 2 %), we report in the following the results for the case
where those occur in conjunction with TMC. Fig. 17 shows the average modal split referred to number of trips for the situation without
TMC and for the three emission scenarios with TMC. Technological progress will contribute to achieving the required emission
reduction of 30 %, thereby mitigating the extent of behavioral change. The credit price decreases to 235€ in the medium scenario and
decreases further to 164€ in the high scenario. Compared to the base case, the main modal split difference caused by greater tech-
nological progress are observed in the shares of air travel, car travel and cancelled trips. In the medium scenario, the share of air travel
is two percentage points higher, the share of car travel three percentage points higher and the share of cancelled trips is four percentage
points lower than in the base case. For the high scenario, it is + 7 (from 34 to 41 %), +5 (from 20 to 25 %) and —10 (from 20 to 10 %)
percentage point changes, respectively. Fast progress in reducing the emissions generated by car and air travel result in tempering the
modal shift away from these modes when TMC is introduced.

5. Conclusion

The proposed Tradable Mobility Credit Scheme offers a potentially effective policy instrument for achieving the GHG emission
reduction goals. We estimated the impact of a TMC scheme on the modal split and trip cancellation for long-distance leisure travel in
Europe. With a TMC scheme applied for a large part of the European continent, the credit price that will emerge in the market is found
to be 272€ per ton of CO,, assuming an emission reduction target of 30 %. This carbon price is higher than the values estimated by
Kaufmann et al. (2020), by simulating economic and energy systems in a “near-term to net zero approach”. Assuming that carbon
pricing plays a role as a major decarbonization tool, they found that the carbon price has to be set to 120€ per ton CO in 2030 in order
to attain the 1.5° C goal. The discrepancy between the two credit estimates might be explained by the scope of the studies — while
Kaufmann et al. (2020) incorporated all sectors, this study estimated the carbon price for only part of the transport sector. It is known
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Fig. 13. OD-pair connections with a high modal shift away from air (<-10 %). Edge color: Modal share air under TMC. Node size and color: Relative
occurrence per city.

that decarbonization in long-distance transport is more challenging than in other sectors. Hence, it is reasonable that our estimated
carbon price is higher. Otherwise, the attained travel behavioral changes would not be sufficient. Modal shift and trip cancellation rate
mostly depend on the local value-of-time and the extent of modal competition. The TMC scheme causes a shift of 8 percentage units
away from air, a shift of 9 percentage units towards rail and a shift of 1 percentage unit away from car in our analysis. The total
reduction in the number of trips performed amounts to 20 %. We observe some geographical disparities with those residing at the edge
of our analysis area being most likely to cancel their trip due to the absence or limited rail alternatives combined with a lower than
average value of time.

The perimeter of the TMC scheme was limited in this analysis to the mainland of Europe and the United Kingdom. Hence, credit
costs can be circumvented by choosing an intercontinental destination instead of a European one, i.e. an undesired increase in
emissions resulting from trip destination shifts. Further research could examine the consequences of extending the perimeter of the
TMC scheme. Including long-distance bus (coach) travel would have provided a more complete picture of the impacts of the TMC
scheme, especially for city-pair connections where rail is not available or rail travel times are excessively long. Moreover, business
travelers shall also be included and distinguished in terms of their travel preferences and value-of-time considerations. Our study did
not consider the non COz-effects from aviation, mainly caused by contrails and cirrus clouds. The GWP100 (Global Warming Potential
with a 100-year horizon) is 1.7 times as high for CO, emitted during the cruise phase than on the ground, due to the altitude (Akerman
etal., 2021). Since we focus on the relative reduction of CO; in this study, the non-CO4 emissions would be cut to about the same extent
with the deducted credit price. Including non CO»-effects would lead to a higher reduction of air travel and stronger shift towards rail
and car travel. It should be noted that those travelers who cancel their trip make a financial gain because they can sell the credits they
would have otherwise used for performing the trip. For example, someone who decides not to fly from Rome to Amsterdam can earn
37€. Whether this is desirable from a societal perspective depends on the wider economic benefits associated with the intended trips (e.
g. contribution to local economy, missed business opportunities). Further research may aim at quantifying and incorporating such
benefits. Next to modal shift and trip cancellation, future studies may also include potential impacts on destination choice and thereby
trip distribution as well as additional determinants of travel choices such as mode-specific preferences and transfers. In addition,
extending the model to consider market dynamics will allow treating (air and rail) ticket prices as endogenous rather exogenous
variables with ticket prices determined based on revenue management practices.
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Fig. 15. Credit price under different values for price elasticity.

The results of our work contribute to the on-going debate surrounding instruments for stimulating sustainable (im)mobility, in
particular in the context of the long-distance travel market. TMC constitutes a demand management scheme for attaining a policy
target. A uniform and free credit allocation, as specified in this study, implies that this is achieved without inducing additional travel
costs or implying the transfer of money from citizens to governments or vice-versa. When the amount of credits consumed per travel
choice is determined by the respective amount of emissions as specified in this study, then the externalities associated with these
emissions are internalized by travelers based on the price that prevails in the market (rather than by a price tag set by the authorities).
Travelers that pollute more — because they travel more frequently, longer distances and more often by plane — will consume more
credits and are likely to buy credits from those that travel less frequently, shorter distances and more frequently by train. Different
values of times mean that some travelers rather sell their credits than consume them. Authorities may want to consider catering for
inequality emerging from geographical disadvantages. Finally, an investment in the quality of the rail alternative supply — more direct,
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Fig. 16. Credit price under different price elasticity values.

Table 2
Technological progress scenarios — emissions in kg CO, per passenger-kilometer.
Low scenario (base case) Medium scenario High scenario
Air Travel <= 400 km: 0.138 <= 400 km: 0.132 <= 400 km: 0.121
>= 1,000 km: 0.101 >= 1,000 km: 0.097 >= 1,000 km: 0.089
400 — 1,000 km: 0.138 — 0.101 400 — 1,000 km: 0.132 - 0.097 400 km — 1,000 km: 0.121 — 0.089
Rail Travel 0.017 0.017 0.017
Car Travel 0.107 0.089 0.071
100%
80%
2
o .
s 60% M Cancelled trips
wv
z m Car trips
S 40%
= M Rail trips
20% M Air trips
0%
Without low (base medium high
TMC case)

Fig. 17. Average modal shares without and with TMC for the technological progress scenarios.

faster and higher capacity connections — would increase the effectiveness of demand management schemes aimed at modal shifts
towards rail, which would decrease the trip cancellation rate and therefore increase social welfare. Investments should be prioritized
on medium-distance connections, where the market is most competitive. Such changes in transport supply can be accounted for in
applications of the model to future target years (e.g. 2050).
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