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A B S T R A C T

This study presents an empirical assessment of the influence of (high-speed) long-distance train connections on 
air travel demand. Specifically, we examine the impact of changes in train travel speed on the number of air 
passengers within Germany and from Germany to major cities in neighboring countries. Our analysis uses a panel 
dataset of air passenger numbers on non-stop city-pair routes for the years 2002–2019. We also explore the 
effects of other variables, including average airfares, night train connections, the presence of low-cost carriers, 
and the market concentration of airlines (Herfindahl-Hirschman Index). The empirical approach is rooted in a 
structural gravity model, incorporating recent advancements in gravity modeling. Our results show that 
improved rail travel speed has a significant impact on the number of airline passengers in a given city pair. 
Specifically, a 1 % increase in train travel speed corresponds to an overall decrease in air passengers of 0.55 %. 
This effect is more pronounced for domestic routes, with an average decrease of 0.74 %, as well as for shorter 
distances and business class passengers. For international connections only, however, the effect is insignificant, 
but the provision of a night train connection has the potential to shift passenger traffic from air services to train 
services by between 10 % to over 30 %. Our estimated elasticities can be used to calculate the CO2 emissions 
reduction potential for different modal shifts.

1. Introduction

In 2019, the transportation sector accounted for one quarter of the 
European Union’s (EU) greenhouse gas emissions. While emissions from 
other sectors and total greenhouse gas emissions in the EU have 
decreased in the past decades, transportation emissions have continued 
to rise (European Environment Agency, 2022). Consequently, the 
transportation sector specifically faces a significant challenge in meeting 
national and international climate goals. Various options exist to ach
ieve these goals, revolving around market-based measures and regula
tory instruments aimed at accelerating a green transition. Additionally, 
the aviation industry is exploring new aircraft technologies, such as 
electric or hydrogen-powered propulsion systems, and the adoption of 
sustainable aviation fuels (SAF) promises substantially lower lifecycle 
emissions than traditional fossil jet fuel. Another measure advocated by 
governments, especially for short-haul routes, is to encourage the use of 
less emission-intensive modes of transport. Rail transport, in particular, 
is significantly less carbon-intensive than aviation. In 2017, long- 
distance rail transport in Germany emitted 46 g of carbon dioxide 
equivalents (CO2e) per passenger kilometer, including emissions from 

infrastructure construction, compared to 218 g of CO2e for national 
aviation (UBA, 2021). Governments promote rail travel by establishing 
new high-speed rail (HSR) connections or improving the existing 
network in order to induce a shift in demand from air to rail. Investments 
in the development of HSR connections have been made particularly in 
Asia and Europe, with China, Spain, Japan, France, and Germany having 
the longest HSR networks in 2022 (International Union of Railways, 
2023). In Germany, selected railroad lines have been upgraded to 
200–230 km/h since the 1970’s and new lines have been built for 
250–300 km/h since the 1990’s. Between 2016 and 2030, the German 
government plans to invest a further 26.7 billion euros in the con
struction of new railway infrastructure (BMVI, 2016). In order to fully 
assess the usefulness of such investments, the modal shift from air travel 
must be estimated and is therefore of particular interest from a policy
making perspective.

From a theoretical point of view, air and train can be considered as 
substitutes on short- and medium-haul routes and often act in a duopo
listic market environment. Rail can serve as an alternative for air travel if 
it provides the same gross benefit to the consumer, namely transportation 
from A to B (Adler et al., 2010; Socorro and Viecens, 2013). The extent to 
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which air travel is substituted by rail depends on factors such as travel 
time differences, fares, frequency of services, accessibility of the transport 
modes and personal transport preferences. Travelers choose the mode of 
transport that brings them the highest total utility. Empirical results show 
that the most important decision criterion besides prices is the total travel 
time between location A and B (Adler et al., 2010). Assuming a monopoly 
market in which an airline is the only provider serving a given route, it can 
theoretically be shown that the introduction of an HSR service shifts 
demand from air to rail if the HSR service is a sufficiently good substitute 
(D’Alfonso et al., 2015). Empirical studies on this topic confirm that the 
introduction of new HSR connections has significantly reduced air traffic 
on many routes (Clewlow et al., 2014; Castillo-Manzano et al., 2015; Yang 
et al., 2018; Yu et al., 2021).

In this study, we evaluate the impact of long-distance train services on 
air travel demand in Germany and from Germany to major cities in 
neighboring countries. In particular, we estimate the effect of a change in 
travel speed by train on the number of air passengers on domestic and 
international short-haul routes. Our empirical approach builds on a 
structural gravity model and incorporates recent advances in the field of 
gravity modelling. In this way, the paper makes several empirical and 
methodological contributions: First, the previous literature focuses on 
different geographical areas but lacks a study of intra-German data, 
despite the fact that Germany has the third largest HSR network in Europe 
and the fifth largest worldwide (International Union of Railways, 2023). 
Only Clewlow et al. (2014) and Albalate et al. (2015) include data from a 
limited number of German city pairs in their studies, while most of the 
further research concerns Spain and China. By leveraging more recent 
data, we are able to incorporate significant recent infrastructure im
provements into our estimates. In addition, previous studies often do not 
use exact train travel time or travel speed measures, but use a dummy 
variable for HSR service (Jiménez and Betancor, 2012; Wan et al., 2016; 
Zhang and Zhang, 2016; Chen, 2017; Zhang et al., 2017). In contrast, we 
incorporate the average rail travel speed at city-pair level, which we 
calculate based on the minimum required travel time from timetable data 
and the straight-line distance between origin and destination. This 
measure of rail travel speed is independent of the actual train path, so 
both a change in train speed on the track and a change in the length of the 
train path can affect air passenger demand. In terms of methodology, to 
the best of our knowledge, structural gravity models with high- 
dimensional fixed effects and the Poisson pseudo maximum likelihood 
(PPML) estimator have not yet been applied to the impact of rail on air 
transport. We demonstrate that our findings differ from those obtained 
using the traditional gravity model, which appears to overestimate the 
train effect by approximately 0.3 percentage points. By employing an 
Instrumental variable (IV) approach as a robustness check, we confirm 
the consistency of our estimates. The results of our estimations reveal a 
significant impact of improved rail travel speed on the number of airline 
passengers in a given city pair. Specifically, a 1 % increase in train travel 
speed corresponds to a 0.55 % overall decrease in air passengers, and a 
0.74 % decrease for domestic routes. For very short distances, the effect 
on aviation is much more pronounced (decrease of over − 2 %).

The remainder of this paper is structured as follows: Section 2 pro
vides literature on previous empirical studies, Section 3 explains the 
methodological background and the empirical strategy. Section 4 details 
data sources and gives some descriptive statistics, followed by Section 5
that includes the empirical findings of our study. The paper closes with a 
discussion and policy implications in Section 6 and a conclusion in 
Section 7.

2. Literature review

The effects of the introduction and expansion of HSR rail connections 
on air traffic have been empirically examined in different studies. 
Regarding the addressed geographical scope, prior analyses concentrate 
on domestic routes within Western European countries, primarily 
France and Spain, as well as Far East Asian countries such as Japan, 

China, and Korea. Most recent studies primarily focus on examining the 
impacts of introducing HSR services in China, where HSR connections 
have increased rapidly over the last decade (Zhang and Zhang, 2016; 
Chen, 2017; Zhang et al., 2017; Wang et al., 2018; Yang et al., 2018; Yu 
et al., 2021; Yuan et al., 2023; Li et al., 2024).

Zhang and Zhang (2016) and Yang et al. (2018) model the de
terminants of air passenger traffic between Chinese cities up to the years 
2012 and 2013, incorporating the presence of HSR as one of the 
explanatory variables. Their findings indicate that air passenger demand 
decreases by 53 % and 40 % due to the presence of HSR. Chen (2017)
and Zhang et al. (2017) both conclude from their empirical analysis that 
domestic passenger demand in China declines by 20 % after the intro
duction of HSR on certain city pairs. The studies differentiate the 
analyzed routes based on travel distance, city type (Chen, 2017), and the 
level of market competition (Zhang et al., 2017). Wang et al. (2018)
investigate, both theoretically and empirically, the effect of train travel 
speed on air passenger numbers. Using a difference-in-differences 
approach to study the impact of a temporary 20 % reduction in travel 
speed in China in 2011, the authors show that air travel increases by 16 
% to 22 % in response. Yu et al. (2021) analyze the effects of an increase 
in rail operating speed on air traffic. Their panel data analysis reveals 
that a 1 % increase in rail speed results in a reduction of air travel de
mand by about 0.3 %. Finally, Yuan et al. (2023) and Li et al. (2024)
apply a difference-in-differences approach to evaluate the effects of HSR 
connections on the number of passengers and seats offered by airlines for 
different domestic routes in China. The inclusion of a HSR dummy 
variable leads to a 32 % reduction in passengers (Yuan et al., 2023) and 
an 8 % reduction in seats offered (Li et al., 2024).

Empirical studies with a focus on Europe emerged after new dedi
cated HSR lines were built on the continent between the 1980’s and the 
beginning of the 2000’s, particularly in France, Spain, and Germany. 
Román et al. (2007) conclude, based on a disaggregated demand model, 
that the demand for train services between Madrid and Sevilla, 
measured in market shares, would not exceed 35 %. In a comparable 
study, Pagliara et al. (2012) estimate the potential market share of HSR 
between Madrid and Barcelona could reach almost 45 %. Jiménez and 
Betancor (2012) employ various regression models to analyze the 
impact of the introduction of HSR in Spain on the frequency of air ser
vices, passenger numbers, and airline market shares. Their findings 
suggest that while the overall demand for transportation services in
creases, the number of flights decreases by 17 %. The empirical findings 
of Castillo-Manzano et al. (2015) challenge the theory of (perfect) sub
stitutes between plane and train. They discover that only 14 % of the 
demand for a new HSR connection in Spain comes from air travel and 
conclude that HSR primarily generates new demand for itself.

Dobruszkes (2011), Clewlow et al. (2014) and Albalate et al. (2015)
analyze the impact of HSR across a number of European countries, 
including Germany. Specifically, Clewlow et al. (2014) examine the 
impact of HSR between 1995 and 2004 for 90 airport pairs in France, 
Germany, Italy, Spain, and the United Kingdom (UK). The study con
cludes that improving rail travel times significantly reduces short-haul 
air travel, with dedicated HSR connections reducing air travel by 12 
%. However, the authors do not differentiate the results by country to 
explore potential country differences and the effect of different HSR 
networks and rail supporting policies. In contrast, Albalate et al. (2015)
examine the impact of HSR on supply metrics—such as airline fre
quencies and seats offered—across routes in France, Italy, Germany, and 
Spain, providing country-specific results. The authors show that in 
Spain, airlines cut both seats and flight frequencies on routes competing 
with high-speed trains, while in Germany only seat numbers decreased. 
In Italy and France, no significant impact on air service supply was 
observed. The authors also show that seat reductions are greater at hub 
airports, except in Germany, where hub airports do not show a net 
decrease—likely because Germany’s HSR network is less centralized 
than in France and Spain. In a descriptive study, Dobruszkes (2011) also 
highlights that HSR’s impact differs in Germany. In five case studies 
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analyzing HSR’s effect on airline supply, the German case showed no 
significant impact. The author attributes this to Germany’s rail network, 
in which trains do not run exclusively on high-speed lines and make 
multiple stops due to the population and rail network being more 
decentralized, which leads to longer travel times.

Table 1 summarizes the empirical studies mentioned, highlighting 
their geographical and methodological focus. Since 2016, all studies 
have concentrated on Asia, specifically China, with the most recent 
study on Western Europe dating back to 2015. The studies utilize various 
techniques to analyze panel data over different periods, commonly 
employing general panel data regression and differences-in-differences 
approaches. Notably, two studies use gravity models: Zhang and 
Zhang (2016) incorporate gravity model-specific fixed effects, while Yu 
et al. (2021) estimate the model with panel data regression models 
(Random and Fixed effects estimators). However, there is a gap in the 
literature: recent empirical studies focusing on European countries are 
lacking, as well as studies that comprehensively integrate all modern 
aspects of gravity modeling like a specific set of fixed effects. In addition, 
most previous studies use an HSR dummy variable as the variable of 
interest, while few studies use rail travel time (Clewlow et al., 2014; 
Yang et al., 2018) or rail speed related variables (Wang et al., 2018; Yu 
et al., 2021).

3. Methodology and empirical model

3.1. Methodology

We investigate the impact of changes in rail travel speed on the 
number of air passengers between cities within Germany and from 

Germany to neighboring cities such as Paris, Brussels, Vienna, or Zurich. 
In our analysis, we build on recent advances and standards in the field of 
gravity modelling. This includes the integration of so-called multilateral 
resistances, which are commonly integrated into the empirical gravity 
model through the inclusion of time-varying country (exporter/ 
importer) fixed effects (Anderson and van Wincoop, 2003; Feenstra, 
2004; Olivero and Yotov, 2012; Yotov et al., 2016). Additionally, to 
control for any unobservable bilateral resistances and to address con
cerns of endogeneity related to policy variables included in the model, 
Baier and Bergstrand (2007) proposed using panel data and incorpo
rating time-invariant country-pair fixed effects. Finally, concerning 
estimation techniques, rather than employing linear estimators like 
Ordinary least squares (OLS), it is now common practice to use a non- 
linear estimator, such as the Poisson pseudo maximum likelihood 
(PPML) estimator (Yotov et al., 2016). The use of PPML instead of OLS is 
mainly justified by two reasons: Firstly, gravity datasets often exhibit 
heteroskedasticity, leading to biased coefficient estimates when 
employing OLS as an estimator (Santos Silva and Tenreyro, 2006, 2011). 
Secondly, when using PPML, the dependent variable is not log- 
linearized, allowing for the consideration of zero flows in the estima
tion process (Correia et al., 2020).

In the field of aviation economics, only few studies have been pub
lished so far that consider these recent advances in gravity modeling.1

Previous studies examining the impact of rail competition on air 

Table 1 
Overview of empirical literature.

Study Country/ 
Region

Period Methodology/Estimator Dependent variable 
(Aviation)

Independent 
variable 
(Rail)

Results

Jiménez and Betancor 
(2012)

Spain 1999–2009 2SLS linear regression model 
(with airport fixed effects)

Number of flights, 
market share

HSR dummy 17 % reduction in flights

Clewlow et al. (2014) Europe 
(DE, ES, FR, IT, 
UK)

1995–2009 Panel data regression model 
(OLS and random effects)

Number of air 
passengers

HSR dummy, rail 
travel time

HSR dummy: 12 % reduction in air 
passengers

Albalate et al. (2015) Europe 
(DE, ES, FR, IT)

2002–2010 GLS random effects model Number of seats and 
flights

HSR dummy Statistically significant reduction in 
number of seats

Castillo-Manzano et al. 
(2015)

Spain 1999–2012 Time series model 
(Dynamic linear regression 
model)

Number of air 
passengers

HSR passengers 14 % reduction in air passengers 
(substitution effect)

Wan et al. (2016) China, Japan, 
South Korea

1994–2012 Diff-in-diff approach Number of seats HSR dummy Short-haul: 83 % reduction in seats

Zhang and Zhang (2016) China 2000–2012 Gravity model: Linear 
regression 
(with city-year fixed effects)

Number of air 
passengers

HSR dummy 53 % reduction in air passengers

Chen (2017) China 2001–2014 Panel data regression model 
(Fixed effects and random 
effects)

Number of air 
passengers, seats and 
flights

HSR dummy 28 % reduction in air passengers, 25 % 
reduction in flights, 28 % reduction in 
seats

Zhang et al. (2017) China 2010–2013 Panel data regression model 
(Fixed effects and random 
effects)

Number of air 
passengers

HSR dummy 27 % to 28 % reduction in air passengers

Yang et al. (2018) China 2007–2013 Panel data regression model 
(Fixed effects and random 
effects)

Number of air 
passengers

HSR dummy, rail 
travel time

HSR dummy: 27 % reduction in air 
passengers

Wang et al. (2018) China 2010–2013 Diff-in-diff approach Number of air 
passengers, airline yield

HSR dummy, rail 
speed

A 20 % reduction in rail speed increases 
air passenger numbers by 16 % to 22 %

Yu et al. (2021) China 2013–2017 Gravity model: Linear 
regression 
(no fixed effects)

Number of air 
passengers

Rail speed 1 % increase in rail speed leads to a 0.312 
% decline in air passengers

Yuan et al. (2023) China 2008–2017 Diff-in-diff approach Number of air 
passengers and flights

HSR dummy, rail 
frequencies

HSR dummy: 32 % reduction in air 
passengers, 29 % reduction in passenger 
flights

Li et al. (2024) China 2009–2019 Diff-in-diff approach Number of seats HSR dummy 8 % reduction in seats

Notes: The review includes literature using regression models. It does not include literature using logit/choice models. HSR = High-speed rail, DE = Germany, ES =
Spain, FR = France, IT = Italy, UK = United Kingdom, OLS = Ordinary least squares, 2SLS = Two-stage least squares, GLS = Generalized least squares, Diff-in-Diff =
Differences-in-differences.

1 Cristea et al. (2015), Piermartini and Rousová (2013), Oesingmann (2022a)
and Oesingmann (2022b) are examples of applying recent methods of gravity 
modeling to analyzing air transport flows.
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transport vary in terms of the methodology used. Early studies apply 
different forms of transportation choice models based on survey results 
or scenario modeling (Park and Ha, 2006; Steer Davies Gleave, 2006; 
Román et al., 2007; Pagliara et al., 2012). In more recent studies, linear 
Fixed effects (FE) regressions, Random effects (RE), or Two-stage least 
squares (2SLS) estimates are predominantly employed on panel datasets 
(Jiménez and Betancor, 2012; Clewlow et al., 2014; Castillo-Manzano 
et al., 2015; Zhang and Zhang, 2016; Chen, 2017; Zhang et al., 2017; 
Yu et al., 2021). Yang et al. (2018) tackle the issue of heteroskedasticity 
by conducting a variance component analysis. The number of air pas
sengers (demand) or the number of air seats offered (supply) between 
two cities serves as the dependent variable in the mentioned studies. To 
estimate the effects of HSR, most models introduce an HSR dummy 
variable. However, both Wang et al. (2018) and Yu et al. (2021) use rail 
travel speed as an indicator of the impact of rail services.

3.2. Empirical strategy

In our initial regression, we leave out any fixed effects to enable the 
estimation of coefficients for the traditional gravity model control var
iables. Equation (1) gives the regression equation of a simple gravity 
model in PPML form. Since we employ this non-linear estimator, the 
dependent variable is not log-linearized, allowing the regression to 
include zero values in the dependent variable. 

Xijt = exp
[
βʹGRAVITYit,jt,ij + γ1lnTrainspeedijt

]
+ εijt (1) 

Xijt denotes the number of air passenger flows from city i to city j at time 
t (Airpaxijt). The vector GRAVITYit,jt,ij consists of a set of time-varying 
and time-invariant control variables, including the average gross do
mestic product (GDP) per capita of city i and city j (GDPcit,jt), the total 
population size of both cities (Popit,jt), distance and common language 
(Distij, Langij), and a dummy variable denoting international air pas
senger flows 

(
Borderij

)
. Our variable of interest, Trainspeedijt, represents 

the travel speed by train measured in km/h between the cities i and j at 
time t. εijt gives the error term, and robust standard errors are clustered 
by city pair. All independent variables, with the exception of the dummy 
variables, are converted into their natural logarithmic form.

The variable Trainspeedijt can be treated as exogenous in our model. In 
Germany, investment decisions in federal transport infrastructure pro
jects, such as HSR lines, are primarily driven by the benefits and costs 
assessed through a formal benefit-cost analysis. The majority of the 
benefits from HSR projects arise from travel time savings for existing rail 
users, while modal shifts from air to rail contribute only a minor share. 
For example, in the case of the planned new and upgraded HSR corridor 
between Bielefeld and Berlin, approximately 55 % of the total benefits are 
attributed to time savings for current rail passengers, whereas less than 5 
% result from shifts in demand from air travel to rail (BMDV, n.d.).

In the next step, we expand our gravity model. As outlined in the 
introduction, the substitution between plane and train depends not only 
on the travel time between two cities but also on the prices of the two 
modes. The variable Trainfaret is a yearly measure for long-distance 
train fares, comparable to an economy-wide price index. The variable 
is derived from yearly average train revenues per passenger kilometer. 
We also insert the variable Airfareijt which gives the annual average 
airfare on an origin–destination (O-D) basis, weighted by passengers, for 
city pair ij in year t. Given that the variable on airfares is only available 
for observations with passenger flows greater than zero, zero-flows will 
now be dropped from the regression. As introduced by Baier and Berg
strand (2007), we also include time-invariant city-pair fixed effects (νij). 
These fixed effects capture all bilateral, time-invariant controls. More
over, city-pair fixed effects in panel data settings can help address 
endogeneity concerns related to specific variables (Baier and Berg
strand, 2007; Yotov et al., 2016).

For a further regression, we additionally include time-varying city i 

and city j fixed effects (λit , μjt). The city-specific fixed effects capture 
observable and unobservable multilateral resistances (Feenstra, 2004; 
Olivero and Yotov, 2012; Yotov et al., 2016). These resistances include 
demand and supply factors such as the accessibility of the origin and 
destination transport nodes, hub status of the airports, as well as airport 
user fees and train track access charges. Equation (2) represents the 
structural version of our gravity model and by this our main model. 
Since the variable Trainfaret varies only by year and not across city pairs, 
it is excluded from the regressions due to collinearity with the time- 
varying fixed effects, which capture the same variation. 

Xijt = exp
[
γ1lnTrainspeedijt + γ2lnAirfareijt + νij + λit + μjt

]
+ εijt (2) 

We perform different robustness checks and additional regressions. In a 
first step, we insert an additional rail-specific dummy variable, Ntrainijt, 
which takes the value one if a night train connection exists on the 
respective city pair. We will also include two variables that impact air 
passenger numbers: a dummy variable, LCCijt , indicating the presence of 
a low-cost carrier (LCC), and a variable HHIijt, giving the degree of 
market concentration. The market concentration is measured by the 
Herfindahl-Hirschman Index (HHI) which we calculate based on airline 
data for each city-pair/year combination. We also run the regressions on 
two subsets obtained by dividing the original data set into observations 
with a distance greater/smaller than the median value of the distance 
variable and by considering only German domestic observations. Lastly, 
we compare our PPML estimated results that incorporate the airfare 
variable with different linear estimators, that is standard OLS (Equation 
(3)) and an IV-approach with 2SLS to address possible residual issues of 
endogeneity of airfares. Endogeneity, caused by the reverse causality 
between air passengers and air fares, may lead to biased estimates.2

lnXijt = γ1lnTrainspeedijt + γ2lnAirfareijt + νij + λit + μjt + εijt (3) 

The two stages of the 2SLS approach are shown in equations (4a) and 
(4b), with the instrument variable IVijt. We use airfares in other markets 
(routes) with a similar length of haul and the HHI index as instrument 
variables. Both instruments are commonly used in IV approaches 
involving airfares to estimate price elasticities and address endogeneity 
concerns. While the variable airfare in other markets (routes) refers to a 
Hausman-type price instrument, the HHI index refers to the instrument 
type of competition and market power (Mumbower et al., 2014; Morlotti 
et al., 2017). 

lnAirfareijt = π1lnIVijt + π2lnTrainspeedijt + νij + λit + μjt+ηijt (4a) 

lnXijt = γ1lnTrainspeedijt + γ2ln ̂Airfareijt + νij + λit + μjt+εijt (4b) 

4. Data and data sources

4.1. Data sources

The dataset is mainly based on two data sources: The air transport- 
related Sabre Market Intelligence (MI) database (Sabre, 2023) and the 
train schedule database Fernbahn.de (Grahnert and Krings, 2023). The 
Sabre MI database is a subscription-based product of the company Sabre 
Inc. which is a global distribution system provider for air tickets. This 
database includes monthly data on O-D passenger flows between indi
vidual airports and shows characteristics such as the number of air 
passengers, the average fare paid and the operating airline. Fernbahn.de
is a freely accessible database that includes all long-distance timetables 
of Deutsche Bahn (German Railways) between 1987 and 2023. Since the 

2 Please note that apart from the airfare variable, the low-cost carrier vari
able may exhibit potential endogeneity. Therefore, we use this variable not in 
the main but only in additional regressions.
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data in the Sabre MI database is available back to the year 2002, and we 
aim to exclude the effects of the COVID-19 pandemic, our dataset is 
limited to the years 2002 to 2019.

Our analysis focuses on direct (non-stop) passenger flows and non- 
transfer rail connections, as only these offer competitive travel times 
in the considered (ultra)-short-haul markets. Hence, data limitations on 
rail timetable database would restrict the ability to include rail transfer 
connections, but those passengers using two long-distance trains ac
count for only around 14.5 % of the total rail passengers (Brand and 
Sieg, 2020). During the observation period, direct rail services operated 
regularly only between major German cities. Additionally, city pairs 
without direct train connections several times a day were excluded from 
the dataset for the reason of connectivity. We therefore consider con
nections to and from cities in Germany with an own airport and more 
than 500,000 inhabitants in 2019 (Berlin, Bremen, Cologne, Dortmund, 
Düsseldorf, Dresden, Frankfurt, Hamburg, Hanover, Leipzig, Munich, 
Nuremberg, Stuttgart). In the neighboring countries of Germany, we 
each consider the most populous city as the origin or destination of a 
cross-border connection (Amsterdam, Brussels, Copenhagen, Paris, 
Prague, Vienna, Zurich). In almost all cases, this city is also the capital 
city, with the exception of Zurich in Switzerland. As the database Fe 
rnbahn.de is restricted to city pairs with origin and/or destination in 
Germany, our analysis is focused on German domestic and cross-border 
connections.3 Fig. 1 shows the resulting 94 intra-German and cross- 
border city-pair connections and the corresponding geographical loca
tions of the origin and destination cities in the dataset.

The Sabre MI database provides information on the number of air 
passengers (Airpaxijt), average airfare (Airfareijt), presence of LCCs 

(LCCijt), and airline market concentration (HHIijt). LCCs are defined as 
those listed in the Low-Cost Monitor of the German Aerospace Center 
(DLR) (Berster et al., 2019). Market concentration is calculated as the 
square sum of the market shares of the individual airlines in a city-pair 
market, whereby airlines owned by the same company are treated as a 
single airline (e.g. Lufthansa and Lufthansa City Line as part of the 
Lufthansa Group). From the Deutsche Bahn timetables obtained from Fe 
rnbahn.de, we extract the train connection with the minimum possible 
travel time for each timetable year and city pair. The focus on the fastest 
connections is justified by the fact that it can be assumed that most 
passengers book the fastest trains. Slower trains often serve multiple 
intermediate stops or have different starting or ending points, making 

Fig. 1. Domestic and international city-pair connections.
Source: Own figure.

Table 2 
Variables and data sources.

Variable Description Unit Data source(s)

Airpaxijt Number of O-D air 
passengers

– Sabre MI Database

Trainspeedijt Train travel speed 
(average)

km/h Fernbahn.de

Airfareijt Airfare (average) €2019 Sabre MI Database
Distij Distance km Sabre MI Database
GDPcit,jt GDP per capita €2019 Eurostat, City of Zurich
Popit,jt Population – Eurostat, City of Zurich
Borderij International connection Dummy –
Langij Same official language Dummy CEPII Gravity Database
Ntrainijt Night train Dummy Fernbahn.de
Trainfaret Train fare per pkm 

(average)
€2019 German Railways (DB), 

Federal Network 
Agency

LCCijt Low-cost carrier Dummy Sabre MI Database
HHIijt Herfindahl-Hirschman 

Index in air travel market
between 
0 and 1

Sabre MI Database

Notes: O-D = Origin and destination, pkm = passenger kilometer.

3 Train schedule data that comprehensively covers multiple European 
countries, such as the MERITS database provided by the International Union of 
Railways (UIC), is not freely accessible but comes with additional costs and is 
intended for railway companies. https://uic.org/passenger/passenger-service 
s-group/merits.
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them more relevant for passengers with other origins or destinations. 
Based on the minimum travel times, we calculate the average rail travel 
speed (Trainspeedijt) based on the straight-line distance between the 
origin and destination city center. This measure of rail travel speed is 
independent of the actual train path, so that both a change in train speed 
on the track as well as a change in the length of the train path can have 
an effect on air passenger demand. As the variable enters our model in 
logarithmic form, it can be interpreted as an effect of a percentage 
change in speed. Consequently, the result also applies to the actual speed 
of the train on the track as long as the length of the train path remains 
unchanged. For rail, there is no average price data at the city-pair level 
available. However, in order to account for changes in the national price 
level in rail transport relative to air transport, we construct the variable 
Trainfaret, which represents the average annual price paid per passenger 
kilometer in long-distance rail transport. Data sources for this variable 
are annual reports of Deutsche Bahn and publications of the German 
Federal Network Agency. City GDP per capita and population data are 
from Eurostat and the City of Zurich. The dummy variable same official 
language (Langij) comes from the CEPII Gravity Database (Conte et al., 
2022). Table 2 summarizes all the variables and their data sources.

4.2. Summary and descriptive statistics

The resulting dataset includes 188 O-D city pairs (counted in both 
directions) that had regular direct connections during the observation 
period between 2002 and 2019. This results in a total of 3,342 obser
vations. Summary statistics of the variables are shown in Table 3.4 The 
average number of air passengers per city pair and year is around 
99,000. The maximum of about 905,000 passengers was observed on the 
Cologne-Berlin route in 2011. The average rail travel speed in relation to 
the straight-line distance is 96 km/h. The fastest average speed of just 
under 170 km/h was achieved without intermediate stops between 2005 
and 2007 on the Hamburg-Berlin route. The distance between the origin 

Table 3 
Summary statistics.

Variable Observations Mean Std. Dev. Minimum Maximum

Airpaxijt 3,342 98,711 165,882 0 904,661
Trainspeedijt 3,342 95.83 21.61 35.95 169.80
Airfareijt 2,877 123.88 75.19 10.26 2,287.88
Distij 3,342 344.08 170.32 34.43 768.31
OrgGDPcit 3,342 64,764 26,006 28,647 168,628
DesGDPcjt 3,342 64,770 26,000 28,647 168,628
OrgPopit 3,342 1,135,666 787,400 364,528 3,658,229
DesPopjt 3,342 1,135,666 787,099 364,528 3,658,229
Borderij 3,342 0.30 0.46 0 1
Langij 3,342 0.16 0.37 0 1
Ntrainijt 3,342 0.09 0.28 0 1
Trainfaret 3,342 0.14 0.01 0.13 0.15
LCCijt 3,342 0.46 0.50 0 1
HHIijt 2,877 0.79 0.23 0.23 1

Fig. 2. Development of train travel speed on selected routes between 2002 and 2019.
Source: Own figure.

4 We tested the data set for heteroscedasticity using the White test, and as is 
common with gravity data, our data set also violates the assumption of ho
moscedasticity. As explained in the Methodology section, this favors using a 
non-linear estimator like PPML.
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and destination city ranges from 34 km (Düsseldorf – Cologne) to 
768 km (Düsseldorf – Vienna).5

Fig. 2 illustrates the development of train travel speed on the city 
pair routes that experienced the highest percentage increases between 
2002 and 2019. The relative speed increase on these routes ranges from 
59 % to 92 %. HSR lines with maximum permissible speeds of at least 
300 km/h were introduced on all these routes during the period under 
consideration. These HSR lines include: Cologne – Frankfurt (opened 
August 2002), Nuremberg – Ingolstadt (May 2006), the LGV Est between 
Paris and Strasbourg (first section in June 2007, second section in July 
2016), Erfurt – Leipzig (December 2015) and Ebensfeld – Erfurt 
(December 2017).

Fig. 3 plots the relationship between city-pair distance and number 
of air passengers. For distances of less than 300 km, there is only little air 
passenger traffic, with car and rail presumably dominating this segment. 
The highest air passenger numbers can be observed between 300 km and 
650 km, in particular on domestic routes. The advantages of air travel 
increase with distance and, in combination with stronger demand on 
domestic routes, lead to high traffic volumes. City-pair connections with 
a distance between 650 km and 800 km are exclusively international 
connections, which in turn have lower passenger numbers.

5. Results and discussion

5.1. Results of main specifications

Table 4 shows the results for the different specifications of our main 
empirical model. Regressions are estimated with the Stata command 
ppmlhdfe by Correia et al. (2020). Columns 1 and 2 report the tradi
tional versions of the gravity model, while columns 3 to 6 report the 
structural versions as fixed effects are included. As can be seen, almost 
all parameter estimates are significantly different from zero. In column 1 
and 2, the parameter estimates for the traditional gravity variables, 
distance, GDP per capita, population, language, and border, have all the 
expected signs.6 Distance has a strongly positive effect on the number of 
air passengers because with increasing distance the higher travel speed 

of the aircraft compensates for the longer access and egress times 
compared to rail. This substitution effect is larger in the short-haul 
markets considered than the generally negative effect of distance on 
total transport demand, resulting in a positive net effect. In the struc
tural versions of the gravity model, city-pair and city-year fixed effects 
control for heterogeneity between city pairs and over time. The main 
variable of interest, train speed, has a significant negative effect on the 
number of air passengers in all six specifications. In our preferred 
structural version of the gravity model (column 5) the coefficient is 
− 0.55, implying that a 1 % increase in train travel speed decreases the 
number of air passengers by − 0.55 %. The parameter − 0.55 can be used 
to estimate the expected decrease in air passenger numbers due to the 
development of HSR. For example, increasing rail speed by 20 % from an 
average of 150 km/h to 180 km/h would lead to an 11 % decrease in air 
passengers on a specific route.

The airfare variable is highly significant and its parameter value of 
about − 0.37 can be interpreted as a price elasticity of demand, meaning 
that a 1 % increase in the airfare results in a decrease of the number of 
air passengers of − 0.37 %. For comparison, there are only a few other 
studies estimating price elasticities for European air transport markets 
with distances of less than 800 km, and some of these studies are quite 
dated. Jorge-Calderón (1997) uses data on international European 
routes from 1989 and finds an average price elasticity of − 0.71 for 
markets with distances of up to 600 km. Morlotti et al. (2017) analyse 
price elasticities on EasyJet routes from Amsterdam in 2015 and esti
mate them to be − 0.57 for the Amsterdam – Berlin route (578 km) and 
− 0.54 for the Amsterdam – Hamburg route (367 km). Compared to these 
findings, our result appears to be broadly in line with the literature, 
though slightly below previous estimates. We analyse remaining 
possible endogeneity despite the use of panel data and city pair effects in 
the robustness section using an IV-approach (refer to section 5.3).

In specification 3, without city-year fixed effects, the parameter es
timate of train fare is significantly positive and above one, which can be 
interpreted as a cross-price elasticity of about 1.3, meaning that a 1 % 
increase in the price level of long-distance train services increases air 
travel demand by 1.3 %. When we also include the airfare variable, the 
cross-price elasticity reduces to about 0.6 %. In our preferred specifi
cations (columns 5 and 6) we cannot include the train fare variable, as it 
would be completely absorbed by the city-year fixed effects.

5.2. Robustness checks with different variables and scopes

To validate the robustness of our results, alternative specifications of 
our preferred model specification are tested. The results are presented in 
Table 5. Column 1 reports the results of our preferred specification for 
comparison. Column 2 additionally includes the night train dummy and 
column 3 the LCC dummy and the HHI variable. Column 4 includes the 
airfare variable instead of the LCC dummy and HHI variable. The 
parameter estimates for the additional variables are all significant and 
have the expected signs: Night train connections and greater market 
concentration among airlines reduce air passenger volumes by 10 % and 
30 % respectively (see column 3), whereas the market entry of LCCs 
increases air passenger demand by almost 20 %. The parameter estimate 
for the variable of our main interest, train speed, differs only marginally 
between specifications. The same applies to the parameter of airfare, 
which together supports the robustness of our results.

Finally, we explore how the results differ for subsamples of our 
dataset and split the dataset in a first step to longer and shorter distances 
at the median city-pair distance (344 km). In the subsample with ob
servations equal to and less than 344 km distance, the share of domestic 
routes is 80 %, and in the subsample with observations greater than 344 
km distance, the share of domestic routes is 60 %. As can be seen in 
Table 6, the effect of a relative increase in rail travel speed is consid
erably larger for city-pair markets with shorter distances (<344 km). 
This seems to confirm the observation that especially on shorter routes, 
the upgrading of the rail network to higher speeds has drastically 

Fig. 3. Distance of routing and air passenger numbers.
Source: Own figure. Notes: The figure plots each observation (origin-destina
tion-year combination) in the dataset according to the routing distance (in km) 
and the number of air passengers for the period from 2002 to 2019.

5 Airfare data, used to construct the HHI variable, is only available for ob
servations with a passenger count above zero. As our dataset also includes in
stances where the passenger count for a given O-D city pair in a given year is 
zero, the number of observations with passenger data exceeds those with airfare 
and HHI data.

6 We tested for multicollinearity and the mean VIF (variance inflation factor) 
of all variables in the model is 1.54. The variables border and language have the 
largest VIF with a value of 2.34 and 2.03. The other variables show values 
between 1 and 2.
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reduced or completely eliminated air traffic. In addition, the price 
elasticity is found to be lower in absolute terms on shorter distances. 
This seems plausible, as an even higher proportion of business travellers 
and time-sensitive leisure travellers can be assumed on these routes.

To approve the assumption that business related travellers are more 
time sensitive and travel on shorter routes, we retrieved additional data 
categorised by booking class. Note that, due to data availability, this is 
only possible for the period 2011–2019. Furthermore, the purchased 
booking class does not indicate the purpose of travel, but rather the 
booked cabin type. The regressions confirm that an increase in train 
speed has a much greater impact on business class passengers than on 
those who booked standard economy tickets. The regression coefficient 
for the train speed variable is − 2.75 (Table 7) which is close to the 
impact reported for shorter distances in column 1 of Table 6 of − 2.47. 
Moreover, when plotting route distances against the share of business 
class passengers, the fitted line slopes downward, indicating that the 
proportion of business class passengers decreases as route length in
creases (Fig. 4).

In an additional analysis, we separate our dataset to domestic ob
servations only and city pairs with destinations in neighboring countries 
(see Table 8). Compared to the specifications of our model shown in 

Table 4 
Main Gravity model specifications.

(1) (2) (3) (4) (5) (6)

​ Airpax Airpax Airpax Airpax Airpax Airpax
lnDist 2.170*** 2.159*** ​ ​ ​ ​
​ (0.188) (0.188) ​ ​ ​ ​
lnGDPc 1.473*** 1.496*** 0.394 0.669** ​ ​
​ (0.202) (0.202) (0.317) (0.271) ​ ​
lnPop 1.035*** 1.052*** 0.490 − 0.061 ​ ​
​ (0.112) (0.112) (0.508) (0.450) ​ ​
Lang 0.646*** 0.655*** ​ ​ ​ ​
​ (0.205) (0.206) ​ ​ ​ ​
Border − 2.174*** − 2.189*** ​ ​ ​ ​
​ (0.198) (0.199) ​ ​ ​ ​
lnTrainspeed − 0.857*** − 0.895*** − 0.602*** − 0.768*** − 0.546*** − 0.595***
​ (0.311) (0.317) (0.182) (0.180) (0.146) (0.128)
lnTrainfare ​ 1.908*** 1.269*** 0.595*** ​ ​
​ ​ (0.126) (0.121) (0.104) ​ ​
lnAirfare ​ ​ ​ − 0.332*** ​ − 0.368***
​ ​ ​ ​ (0.029) ​ (0.029)
City-pair FE No No Yes Yes Yes Yes
City-year FE No No No No Yes Yes
N 3,342 3,342 3,342 2,876 3,304 2,836
pseudo R2 0.790 0.795 0.967 0.969 0.983 0.984

Notes: All models are estimated with PPML. (Robust) standard errors, clustered by city pair, are given in parentheses. *p < 0.10; **p < 0.05; ***p < 0.01. FE = fixed 
effects; city-year FE include both origin and destination city-year FE.

Table 5 
Main model specification with additional variables.

(1) (2) (3) (4)

​ Airpax Airpax Airpax Airpax
lnTrainspeed − 0.546*** − 0.582*** − 0.536*** − 0.639***
​ (0.146) (0.148) (0.134) (0.129)
Ntrain ​ − 0.077*** − 0.104*** − 0.089***
​ ​ (0.024) (0.024) (0.022)
LCC ​ ​ 0.196*** ​
​ ​ ​ (0.030) ​
HHI ​ ​ − 0.298*** ​
​ ​ ​ (0.048) ​
lnAirfare ​ ​ ​ − 0.374*** 

(0.029)
City-pair FE Yes Yes Yes Yes
City-year FE Yes Yes Yes Yes
N 3,304 3,304 2,836 2,836
pseudo R2 0.983 0.983 0.985 0.985

Notes: All models are estimated with PPML. (Robust) standard errors, clustered 
by city pair, are given in parentheses. *p < 0.10; **p < 0.05; ***p < 0.01. FE =
fixed effects; city-year FE include both origin and destination city-year FE. To 
calculate (semi-) elasticities of the dummy variables: 100*(exp(β) –1).

Table 6 
Regressions differentiated by city-pair distance.

(1) (2) (3) (4) (5) (6)

​ Airpax Airpax Airpax Airpax Airpax Airpax
lnTrainspeed − 2.473*** − 1.664*** − 2.078*** − 0.435*** − 0.434*** − 0.500***
​ (0.556) (0.413) (0.476) (0.159) (0.146) (0.147)
Ntrain ​ 0.000 0.000 ​ − 0.095*** − 0.087***
​ ​ (.) (.) ​ (0.026) (0.026)
LCC ​ 0.163*** ​ ​ 0.173*** ​
​ ​ (0.052) ​ ​ (0.040) ​
HHI ​ − 0.874*** ​ ​ − 0.266*** ​
​ ​ (0.138) ​ ​ (0.054) ​
lnAirfare ​ ​ − 0.284*** ​ ​ − 0.394***
​ ​ ​ (0.069) ​ ​ (0.034)
Scope <344 km <344 km <344 km >344 km >344 km >344 km
City-pair FE Yes Yes Yes Yes Yes Yes
City-year FE Yes Yes Yes Yes Yes Yes
N 1,837 1,367 1,367 1,368 1,339 1,339
pseudo R2 0.983 0.986 0.984 0.977 0.981 0.981

Notes: All models are estimated with PPML. (Robust) standard errors, clustered by city pair, are given in parentheses. *p < 0.10; **p < 0.05; ***p < 0.01. FE = fixed 
effects; city-year FE include both origin and destination city-year FE. To calculate (semi-) elasticities of the dummy variables: 100*(exp(β) –1).
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Table 5, the effect of an increase in rail speed on air passenger numbers 
rises to almost − 0.8 % for domestic observations, while the price elas
ticity remains similar at around − 0.3 %. The results are consistent with 
the regressions shown in Table 6, where the impact of higher rail speed 
is much larger for shorter distances below 344 km, consisting of 80 % 
domestic routes in the subsample, than for longer distances, consisting 
of only 60 % domestic routes. For international connections, the effect is 
insignificant, indicating that faster train speeds do not encourage trav
elers to switch from air to rail for cross-border trips. In contrast, the 
effect is more pronounced for cross-border night train connections (− 36 

%) compared to both the full sample and the domestic-only sample. 
However, it should be noted that the number of observations in the 
cross-border sample is substantially smaller than in the main or 
domestic-only regressions.

5.3. Robustness checks with different estimators

Table 9 presents additional regressions using OLS and 2SLS, 
compared to the PPML estimator. For the OLS and 2SLS regressions, we 
employ the Stata commands reghdfe and ivreghdfe by Correia (2023)
which facilitate the estimation of these models with multiple levels of 
fixed effects. The first column presents the PPML regressions, including 
the variable Airfare without any fixed effects. Airfare is not significantly 
different from zero in the model specification shown in column 1. This 
indicates that the airfare variable is endogenous in this specification, 
because parameter estimates are biased towards zero in the presence of 
endogeneity and unobserved market characteristics may insufficiently 
be controlled for. In our preferred model specification (column 2), the 
structural approach with high-dimensional fixed effects controls for 
unobservable market characteristics. Columns 3 and 4 present the OLS 
estimates. The coefficient for the train speed variable is notably larger 
compared to the PPML regressions. The airfare variable shows a positive 
effect in the model without fixed effects but becomes insignificant once 
the full set of fixed effects is included. The last two columns report re
sults from an IV approach. In column 5, the airfare variable is instru
mented using airfare in other markets (routes) with a similar length of 
haul, while in the final column, we include the HHI index as instrument.

Compared to previous studies, the impact of HSR or changes in train 
speed on passenger numbers appears to be significantly overestimated 

Table 7 
Regressions differentiated by flight booking class.

(1)Airpax (2)Airpax (3)Airpax

​ Total air 
passengers

Economy class passengers Business class passengers

lnTrainspeed − 0.431*** − 0.411*** − 2.753***
​ (0.116) (0.111) (0.495)
City-pair FE Yes Yes Yes
City-year FE Yes Yes Yes
Time period 2011–2019 2011–2019 2011–2019
N 1,638 1,638 1,633
pseudo R2 0.995 0.995 0.953

Notes: For the purposes of this analysis, passengers with premium, business or first-class tickets are categorized as business class passengers. All regressions include 
both domestic and international observations, and are estimated with PPML. (Robust) standard errors, clustered by city pair, are given in parentheses. *p < 0.10; **p <
0.05; ***p < 0.01. FE = fixed effects; city-year FE include both origin and destination city-year FE.

Fig. 4. Distance of routing and business passengers share.
Source: Own figure. Notes: This figure plots each observation (origin-destina
tion-year combination) in the dataset according to routing distance (in km) and 
business passengers share (in %) for the period from 2011 to 2019.

Table 8 
Regressions for domestic and international observations.

(1) (2) (3) (4) (5) (6)

​ Airpax Airpax Airpax Airpax Airpax Airpax
lnTrainspeed − 0.737*** − 0.796*** − 0.780*** − 0.042 0.131 − 0.047
​ (0.163) (0.138) (0.140) (0.650) (0.604) (0.531)
Ntrain ​ − 0.076*** − 0.072*** ​ − 0.358*** − 0.222***
​ ​ (0.019) (0.018) ​ (0.045) (0.058)
LCC ​ 0.240*** ​ ​ 0.121*** ​
​ ​ (0.035) ​ ​ (0.041) ​
HHI ​ − 0.446*** ​ ​ − 0.270*** ​
​ ​ (0.040) ​ ​ (0.094) ​

lnAirfare ​ ​ − 0.315*** ​ ​ − 0.340***
​ ​ ​ (0.041) ​ ​ (0.085)
Scope Domestic Domestic Domestic Cross-border Cross-border Cross-border
City-pair FE Yes Yes Yes Yes Yes Yes
City-year FE Yes Yes Yes Yes Yes Yes
N 2,336 1,905 1,905 858 856 856
pseudo R2 0.988 0.991 0.989 0.974 0.978 0.978

Notes: All models are estimated with PPML. (Robust) standard errors, clustered by city pair, are given in parentheses. *p < 0.10; **p < 0.05; ***p < 0.01. FE = fixed 
effects; city-year FE include both origin and destination city-year FE. To calculate (semi-) elasticities of the dummy variables: 100*(exp(β)–1).
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when using OLS and 2SLS. In these models, the elasticity estimates, 
including fixed effects, approach or exceed − 2. Regarding the airfare 
variable, the 2SLS regressions in column 5—where price is instrumented 
using fare data from other markets—yield price elasticity estimates of 
approximately − 0.45, which differ only slightly from our PPML esti
mates (− 0.37). However, when the HHI index is used as an instrument, 
the price elasticity increases to − 2, which again appears overestimated 
compared to previous studies (Mumbower et al., 2014; Morlotti et al., 
2017). Based on these robustness checks, we consider our PPML esti
mates with fixed effects to be the preferred specification, although it has 
to be acknowledged that the price elasticities may be slightly under
estimated by around 0.1 percentage points.

6. Discussion and policy implications

Our findings complement earlier research on the European HSR 
market. Previous studies have estimated reductions in air travel demand 
of between − 12 % and − 14 % when analysing the impact of new HSR 
connections—typically captured using a dummy variable (Clewlow 
et al., 2014; Castillo-Manzano et al., 2015). These results are not directly 
comparable to our findings, as our analysis focuses on the effects of 
travel speed improvements within the (HSR) rail network. Our overall 
estimates for intra-German and cross border connections indicate elas
ticities of the train speed variable of − 0.55 %. A 20 % increase in 
average rail speed, from 150 km/h to 180 km/h for example, would then 
decrease air passengers by 11 %. In a methodology-wise more compa
rable study on the impact of HSR in China (Yu et al., 2021), the authors 
find that increasing train travel speed by 1 % results in a 0.3 % decline in 
air passenger numbers. A 20 % increase in rail speed would then only 
result in 6 % of passengers switching from air to rail. Our estimates 
overall indicate higher elasticities, particularly for domestic only and 
very short distances (− 0.7 %; − 2.5 %) which suggests that train speed 
elasticities appear to rise as travel distances decrease.

Variations in the overall length of HSR networks and specific route 
characteristics across countries therefore can lead to differing outcomes 
between studies. The average route length in the Chinese HSR network is 
significantly higher than average routing length in Germany 
(International Union of Railways, 2023). Our findings suggest that the 
substitution effect between rail and air travel reduces as travel distances 
and travel times increase. However, in the case of international con
nections, the border effect seems to prevent this substitution. Moreover, 
comparisons of studies involving Germany and other European coun
tries in the literature section show that Germany’s decentralized rail 
network may affect air travel differently than the more centralized 
networks in Spain and France. Multiple stops lead to an increase in travel 
time; on the other hand, having multiple economic and airline hub cities 
prevents the effects from being concentrated to one city. Finally, it is 
important to note that our estimated values represent annual averages, 
and elasticities may fluctuate throughout the year. For example, a higher 
share of leisure travelers in the summer compared to winter may affect 

elasticities, as these travelers are generally less sensitive to travel time.
The estimation results have different implications for decision 

makers. As outlined in the introduction, policymakers have various 
options to reduce the climate impact of the transportation sector. 
Beyond market-based measures like carbon taxes or an emissions 
trading system, regulatory instruments such as a SAF quota, along with 
infrastructure investments, offer alternative means to reduce emissions 
from aviation. Our results enable policymakers to assess the extent to 
which investment in HSR induce a modal shift away from air transport, 
potentially contributing to climate change mitigation. Furthermore, by 
utilizing the calculated price elasticities from our results, it is possible to 
simulate the effects on demand of any increase in airfares that arises 
from market-based measures such as ticket taxes or emissions trading 
schemes. However, policy measures aimed at reducing emissions by 
inducing a modal shift from one transport mode to another are only 
effective as long as the emissions per passenger kilometre of these modes 
differ (substantially) also in the long-term. This consideration is espe
cially crucial given the substantial planned investments in HSR networks 
in many countries.

For example, in Germany, the Deutschlandtakt (Germany schedule) 
envisages a further reduction in travel times on many routes through 
expansion of HSR sections. In particular, for the entire route between 
Cologne/Düsseldorf and Berlin, a further 9.8 % reduction in travel time 
is planned. This corresponds to a 10.8 % increase in average train travel 
speed and could shift, based on the lower and upper bounds of our 
parameter estimates for domestic routes and routes longer than 344 km 
(− 0.434 and − 0.796, see Tables 6 and 8), between 4.7 % and 8.6 %, or 
approximately 122,000 to 224,000 annual air trips to rail. According to 
UBA (2021), domestic air travel in Germany emits 218 g of CO2e per 
passenger kilometer, while high-speed rail emits nearly 80 % less per 
passenger kilometer (46 g CO2e). These figures include emissions from 
both transport operations and infrastructure construction. Over the 
distance of 477 km between Cologne/Düsseldorf and Berlin, this trans
lates into annual emission savings of between 10,000 and 18,400 tons of 
CO2e.7

On the other hand, alternative energy carriers like synthetic aviation 
fuels, so-called power-to-liquid or e-fuels, can also achieve up to or even 
exceed an 80 % reduction in life-cycle CO2 emissions, while also miti
gating other non-CO2 effects compared to conventional kerosene. 
Moreover, sustainable aviation fuels can be used without complex 

Table 9 
Regressions with different estimators.

(1) 
PPML

(2) 
PPML

(3) 
OLS

(4) 
OLS

(5) 
2SLS

(6) 
2SLS

​ Airpax Airpax lnAirpax lnAirpax lnAirpax lnAirpax
lnTrainspeed − 0.890*** − 0.595*** − 2.679*** − 1.830*** − 1.888*** − 2.207***
​ (0.316) (0.128) (0.557) (0.680) (0.674) (0.723)
lnAirfare − 0.073 − 0.368*** 0.715*** − 0.151 − 0.448*** − 2.055***
​ (0.057) (0.029) (0.131) (0.104) (0.120) (0.572)
Instrument variable ​ ​ ​ ​ Airfares in other markets HHI index
Controls Yes No Yes No No No
City-pair FE No Yes No Yes Yes Yes
City-year FE No Yes No Yes Yes Yes
N 2,877 2,836 2,877 2,836 2,836 2,836

Notes: (Robust) standard errors, clustered by city pair, are given in parentheses. *p < 0.10; **p < 0.05; ***p < 0.01. FE = fixed effects; city-year FE include both origin 
and destination city-year FE.

7 In 2019, rail travel time between Cologne/Düsseldorf and Berlin was 258 
min. A total of 2.6 million passengers travelled on the two routes by air (vice 
versa). A 9.8% reduction in rail travel time raises average speed from 111 km/h 
to 123 km/h (a 10.8% increase). The reduction in air passengers is estimated by 
applying this speed increase to regression-based train speed parameters and 
passenger numbers. CO2 savings are calculated by multiplying the number of 
passengers switching to rail by the per-passenger savings of 82 kg CO2e (172 g 
CO2e × 477 km).
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infrastructure or aircraft adjustments. However, their widespread 
adoption is currently constrained by limited production capacities and 
considerably higher costs relative to fossil fuels (Braun et al., 2024). In 
2025, the EU therefore introduced an obligatory mandate for the usage 
of sustainable aviation fuels to increase both demand and supply. In the 
future, the development of the prices and accessibility of alternative 
energy carriers in aviation will be crucial for prioritising decarbon
isation options and weighing up mitigation alternatives.

7. Conclusion

This paper investigates the impact of a reduction in travel times in 
German domestic and cross-border rail transport on the number of air 
passengers. Our empirical approach is based on a structural gravity 
model that is estimated using PPML. By transferring this approach from 
the recent empirical trade literature to the interaction between air and 
rail transport, we demonstrate its usefulness for similar research ques
tions. The results show that for city-pair connections with a distance of 
less than 800 km, a 1 % increase in rail travel speed leads on average to 
about a 0.6 % decrease in the number of air passengers. This effect is 
even more pronounced for German domestic routes, shorter distances 
and business class passengers, with reductions of over 0.7 % and over 2 
% respectively. For cross-border connections only, the effect though is 
insignificant. Our further estimates indicate that the existence of a night 
train connection has the potential to additionally reduce aviation de
mand by up to between 10 % to 36 %, with stronger impacts on inter
national connections. The price elasticities obtained by various forms of 
our regressions are below − 0.4 in absolute terms, suggesting a low price 
sensitivity of air travellers on the analysed routes, especially on very 
short distances under 344 km. This observation may be attributed to the 
predominantly business-related nature of short-haul intra-German air 
travel. As expected, the presence of LCCs increases the number of air 
passengers, while higher market concentration, as measured by the HHI, 
leads to a reduction in air travel numbers.

Our results provide insights for policymakers seeking to assess the 
extent to which investments in HSR can encourage a modal shift to rail 
transport. Such a shift has the potential to reduce carbon emissions and 
contribute to climate change mitigation goals, particularly in regions 
where rail offers a more sustainable alternative for short- and medium- 
distance travel over other modes of transport. In the future, sustainable 
aviation fuels may offer an additional pathway for reducing emissions 
from aviation, potentially achieving emissions reductions comparable to 
those from a modal shift to high-speed rail, and especially on longer 
routes where rail is less competitive. In addition to the relevance for 
policymakers, our results also have implications for industry stake
holders. Airports and airlines can use them to better assess the impact of 
current and planned rail infrastructure projects on future demand at 
individual airports or on individual flight routes.
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