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Keywords: We analyse UK airport origin—destination data from 1990 to 2021 to understand the extent to
Aviation which a modal shift to rail may reduce aviation emissions. We find that 41 % of UK aviation
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passengers travel on routes that can be done by rail in less than 24 h. However, these passengers
account for only 14 % of UK aviation emissions because long-haul flights contribute the majority
of emissions. Some popular destinations (e.g. Spanish Islands) are inaccessible by rail and may be
suitable for destination switching. We also find rapid growth in flights to international hub air-
ports used for connecting journeys. This has implications for carbon accounting, suggesting that a
significant and growing proportion of UK residents’ aviation emissions are being excluded from
national accounts. Finally, the paper recommends some interventions that might encourage a
modal shift to rail.
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1. Introduction

The United Kingdom is one of the largest international aviation markets in the world (Dyson and Sutherland, 2021). This represents
a significant source of climate impact, which is often excluded from domestic carbon budgets and planning. However, international
aviation emissions will be included in the UK’s 6th carbon budget (which will operate from 2033), and tackling them is critical to
meaningfully address the UK’s contribution to climate change. The vast majority (over 80 %) of passengers on international flights to
or from the UK are leisure travellers (CAA, 2019). While many in the aviation industry and the Government’s own Jet Zero strategy
argue that ongoing aviation growth is possible (DfT, 2022). Others, including the Government’s own advisory body, the Climate
Change Committee, argue that technological solutions are unlikely to be sufficient, and a significant reduction in the total number of
flights is required (CCC, 2021).

So, is the British holiday abroad doomed? Perhaps not. For, while the British fly internationally a lot, many flights are relatively
short, with over half of all passengers going to the five closest European countries (Eccles, 2022), as holiday travellers tend to favour
the convenience of the sub-3-hour flight (Cass, 2021). The distances involved for many trips are within the plausible operating range of
rail. Therefore, this paper explores the theoretical potential for modal shift between flying and rail to decarbonise the UK’s interna-
tional travel. It takes a geospatial approach to consider the scale of aviation passenger journeys that might have a viable rail alter-
native, and the likely impacts on emissions if such a switch took place.

Specifically, this paper attempts to answer the following research questions:
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1. Between which airports do travellers currently fly? What is the distribution of passengers, flights, passenger kilometres, and total
emissions?

2. What proportion of UK domestic and international aviation emissions are caused by routes that have a possible rail alternative now
or in the future, and what would be the emissions implications of modal shift occurring?

As such, the paper does not consider relative pricing, or customer preferences for ‘fastest route possible’ — it primarily aims to focus
on whether journeys actually have a viable rail alternative and what the emissions impact of a switch would be, whilst the discussion
section then takes a somewhat broader perspective about the mechanisms needed to achieve modal shift.

The central questions are timely for several reasons. First, the massive disruption caused to the aviation sector by COVID-19 means
that there is an opportunity to plan for major changes in transport behaviour. For example, the French Government required Air France
not to compete with domestic rail as a condition of its €7 billion bailout (Briginshaw, 2020), and has since banned domestic flights
between cities where there is a rail alternative of less than 2.5 h, as part of its 2021 Climate Law (Limb, 2021). A significant modal shift
might occur if this principle were adopted for international flights (Dobruszkes et al., 2014; Givoni et al., 2012; Karpman, 2022).
Second, the European Union is prioritising a Trans Europe Network (TEN) of high-speed rail (European Commission, 2023; Ros, 2023).
Thus, the European rail network’s speed and connectivity should improve over time. This will make rail an increasingly attractive
alternative to flights. Finally, as other sectors of the economy decarbonise, the rising emissions from aviation will become increasingly
hard to ignore. Policymakers will probably find it easier to address aviation demand, if they can promote modal shift from short-haul
flights to rail. If this is the case, understanding where alternatives exist, and the potential contribution to emission reductions of
encouraging such switching is essential.

2. Literature Review

While aviation emissions contribute a small overall percentage of greenhouse gas emissions (IEA, 2022), they are gaining increased
attention for several reasons. First, there is growing evidence that, in addition to their contribution to CO, emissions, planes also
contribute to climate change in a range of other ways (European Commission, 2020; Jungbluth and Meili, 2019; Lee et al., 2021).
Second, flying is recognised as the most polluting form of transport in terms of emissions per passenger kilometre (BEIS, 2022a), and so
there are calls to promote a modal shift to less polluting modes (Nelldal and Andersson, 2012). Third, demand for aviation has been
growing rapidly (Gossling and Humpe, 2020) and outstripped improvements in aircraft fuel efficiency, meaning that, aviation
emissions are growing in both absolute and relative terms (Teter and Kim, 2022). Finally, the literature on climate justice focuses on
the fact that flying is a luxury undertaken by a small minority of people (Cass, 2022). This pattern is observable internationally, with
most flights occurring in wealthy countries (Aamaas and Peters, 2017), and even within nations. For example, in the United Kingdom,
76 % of flights are taken by only 20 % of households (Biichs and Mattioli, 2021).

The UK has been a leader in the international aviation sector throughout its history. Significant technological innovations have
emerged from the UK, such as the invention of the jet engine (Wittle, 1930), and several major aviation companies, such as Airbus and
Rolls Royce, operate within the UK. The UK also has strong international links through the legacy of its empire, its role as a maritime
trading nation, and its roles in international organisations such as the United Nations. Finally, the UK’s location on the western edge of
Europe has made it a prominent hub for trans-Atlantic flights. London Heathrow has long been one of the busiest airports in Europe,
and the UK has fourteen airports in Europe’s top 100, which is more than any other country.

The UK was tightly integrated into the European aviation sector through its membership in the European Union and with the US
sector via the US-EU open skies agreement (European Parliament, 2007). However, these relationships have weakened after Brexit
(GSA, 2021). There has been an average passenger growth rate of around 5 % per year between the early 1970s and the pandemic,
albeit with some variability caused by economic changes (Cairns et al., 2006). The aviation sector underwent deregulation in the
1990s, leading to the rise of low-cost airlines (Diaconu, 2012). Falling ticket prices have largely resulted in wealthier households flying
more rather than an increase in flying by poorer households, with around half of UK households taking no flights in any given year
(Biichs and Mattioli, 2021; DfT, 2017).

Despite the growing research interest in flying, the available data remains limited. Many papers rely on surveys, such as the In-
ternational Passenger Survey, to measure travel behaviour, while papers focussed on emissions often use data on the consumption of
fuel as a measure of aviation demand. Fewer papers have investigated the types of origin-destination data which is common when
studying land transport (Grimme and Maertens, 2019). This is surprising as the commercial aviation industry is dominated by a
comparably small number of companies operating publicly timetabled services. Indeed, websites allow real-time tracking of aircraft
across the globe (Flightradar24, 2022) and could be a future way to track flights and emissions (Klenner et al., 2022; Quadros et al.,
2022) but not passenger flows. However, little research has been done on aviation origin—destination data because it is commercially
valuable and expensive to acquire outside the US (Park and O’Kelly, 2016; Puliafito, 2023). Some authors have used ABS-D data
(Klenner et al., 2022) or airport statistics (Puliafito, 2023). For example, Avogadro et al. and Reiter et al both used the commercial
Official Airline Guide (OAG) database (Avogadro et al., 2021; Reiter et al., 2022). This paper builds on that work, but with a somewhat
different focus — namely, all air trips with an origin or destination in the UK; use of a more detailed dataset; and use of a relatively broad
definition of ‘viable rail alternative’ (as described in the methodology).

2.1. Rail in the UK and Europe

In the age of steam, the UK often operated the fastest railways in the world, such as London and North Eastern Railway’s (LNER)
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Mallard, which set and retains the world speed record for a steam locomotive in 1938 at 203 km/h (National Railway Museum, 202.3).
However, the UK was slow to adopt the newer technologies being embraced in places such as Japan and France. Today, the UK has an
extensive but only partially electrified rail network, often limited to speeds less than 201 km/h. The opening of the Channel Tunnel
Rail Link (rebranded HS1) between 2003 and 2007 links London to the European rail network. Construction has begun on HS2, a new
line from London to Birmingham (HS2, 2023; NAO, 2020).

High-speed and long-distance rail options beyond the Channel Tunnel are significantly more advanced. Several European countries,
including France, Spain, Italy, and Germany, have constructed lines with speeds between 250 and 320 km/h (see Fig. 1). Many Eu-
ropean countries are expanding or upgrading their domestic rail networks through the European Union’s Trans-European Network
(TEN) programme, linking their high-speed rail networks together.

From the UK perspective, the most significant link is the Eurostar service that provides direct rail routes from London to Paris,
Brussels, and Amsterdam. The Eurostar is often used as an example of successfully achieving a modal shift from flying to rail, as it now
has about 80 % of the London to Paris market share (Doomernik, 2016). Paris is the hub of the French rail network and provides
onward connections to Germany, Switzerland, Italy and Spain.

Research on the modal shift between air and rail typically focus on routes between 300-700 km and regards trips longer than 1000
km as being uncompetitive (Zhang et al., 2019) (e.g. London to Marseille or Prague) as long as High-Speed Rail (HSR) exists. However,
most HSR journeys are less than three hours, implying shorter trips (e.g. London to Paris). Several studies examining the potential for
emissions reductions from a modal shift of short domestic flights find evidence of significant reductions (Avogadro et al., 2021;
Baumeister and Leung, 2021; Rajendran and Popfinger, 2022; Reiter et al., 2022). For example, Avogadro et al. explore opportunities
for air-to-rail modal shift for air trips in Europe of up to 800 km, and identify that 7.2 % of intra-European flights might be amenable to
modal shift (on the basis of an increase of up to 20 % in the weighted passenger travel time being acceptable), whilst Reiter at al (2022)
suggest domestic aviation emission reductions of 2.7 to 22 % are possible from air to rail switching within Germany, depending on the
scale of modal shift presumed to take place. Other papers have found that HSR can increase emissions by providing better airport
connectivity and thus increasing travel demand (Gu and Wan, 2022). There is also evidence that competition from HSR results in
airlines reducing fares (Bergantino et al., 2015), which may lead to increased demand for flying. All the research listed above considers
modal shift within the current socio-economic framework, where the choice between train and plane is seen as an individualistic
decision based on factors such as price and journey time. Yet policies such as the French ban on domestic flights show that more radical
collective action is possible. This paper therefore explores the possibilities of modal shift from flying to rail to seek an understanding of
how far rail can help solve the intractable problem of aviation emissions.

3. Methods and data

To understand the current and historical demand for aviation, we sought to construct an airport-to-airport origin-destination
matrix of the UK’s domestic and international flights. The UK’s Civil Aviation Authority (CAA) publishes detailed data on international
passengers between airports (CAA, 2022a). The CAA also published similar data on flight punctuality between major UK airports and
their destinations, which provides a count of total flights on most routes (CAA, 2022b).? A range of manual and automated data
processing techniques was employed to clean the data and link together data from different sources and years. Then the data was
geocoded to turn airport names into latitude/longitude coordinates, thus enabling the measurement of route distances.

Ultimately, cleaning these datasets into a consistent origin-destination dataset of domestic and international flights to/from the UK
was possible. This includes the correct locations of the airports, the number of passengers per year, and, when available, the number of
flights. Data was collected for each year from 1990 to 2021. However, between 1997 and 2000, the CAA did not publish data on
domestic flights, so this data is missing from our results.

In total, 1.4 % of origin—destination pairs could not be matched to a suitable pair of airports, representing 0.00004 % of passenger
flows in 2019. Most of these are caused by the CAA data including an “other airport” category for most countries. These are likely small
private aircraft flying to small airports and are unlikely to affect the overall results significantly.

3.1. Flight distance and passenger kilometres

Once the origins and destinations were calculated, the distances between airports were computed based on the great circle dis-
tances. In practice, this will be a slight underestimate as planes rarely fly the perfect route, instead having to navigate around airspace
restrictions. To account for these detours, we increase the length of the journey based on the great circle distance. Detour factors of
14.3 % (flights < 1000 km), 7.3 % (1000 — 4000 km) and 4.8 % (>4000 km) were used based on existing literature (Dobruszkes and
Peeters, 2019).° These distances were multiplied by the number of passengers to give annual passenger kilometres between each
airport pair. Note that this calculation is standardised over all routes and years, so does not account for local effects, such as airspace

2 Similar data exits for other European Countries on Eurostat, but it is not as spatiotemporally extensive https://ec.europa.eu/eurostat/
databrowser/explore/all/transp?lang=en&subtheme=avia.avia_pa.avia_par&display=list&sort=category&extractionld=AVIA_PAR_UK.

% Note that in the official UK statistics BEIS use a flat 8% detour factor for all distance bands (https://assets.publishing.service.gov.uk/
government/uploads/system/uploads/attachment_data/file/https://doi.org/1083857/2022-ghg-cf-methodology-paper.pdf). The average detour
factor used in this paper varies slightly from year to year due to the varying mix of long and short routes, but was 7.0% in 2021 and 6.5% for
1990-2021.
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Fig. 1. Map of the European high-speed rail network from OpenStreetMap (Geofabrik, 2021). Operating lines in red with selected under-
construction lines (thick black) and proposed lines (thin black). Place names highlight important connecting locations for trans-European rail
travel. Lines shown are limited to those of 160kph and above, to avoid overwhelming the map, although many countries, such as Germany, may
have lines which are nearly as fast operating across a richer network. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.).

closures during wars that may cause significant detours at certain times.

3.2. Emissions factors

To account for the improving fuel efficiency of aircraft between 1990 and 2021 and the different fuel burn rates of domestic, short-
haul, and long-haul flights, we used the annual BEIS emissions factors for business flights (BEIS, 2022a). These factors provide average
emissions per passenger kilometre and include the impacts of radiative forcing and the emissions associated with getting the fuel from
the oil well to the tank (WTT). Unfortunately, BEIS has only been providing these emissions factors since 2012, so for the period 1990
to 2012, we used Larsson’s estimates of average global aviation emissions per passenger kilometre (Larsson et al., 2018). As Fig. 2
shows, Larsson’s estimates overlap in time with the BEIS estimates, showing that they most closely match BEIS’s short-haul emission
figures. This is unsurprising, as the short-haul band would cover all flights between European countries and most domestic flights in
China and the USA. These markets collectively represent the bulk of the aviation sector (World Bank, 2020), so the global average
would be expected to approximate the short-haul average. Larson’s estimates do not appear to include WTT emissions and are slightly
less than the BEIS emission factors. We used the Larsson results to extrapolate historical emission factors for each year and distance
band, with the results shown in Fig. 2.

Finally, the appropriate emissions factor is applied to each flight’s passenger kilometres to estimate the total annual emissions.
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3.3. Defining areas reachable by rail

To identify flights with a rail alternative, it is necessary to define how far people may reasonably travel by train, both now and in the
future. For example, rail is traditionally considered competitive with flying on routes of less than 700-1000 km (Borjesson, 2014;
Givoni, 2006; Jansson and Nelldall, 2010). Using this definition would include unlikely cross-sea routes from London to Dublin (460
km). Furthermore, it would exclude longer but currently achievable journeys by rail, such as London to Rome (1,400 km), which may
become more attractive due to rail improvements and policies to discourage aviation.

To define a plausible rail study area, we combined published 5-hour travel time isochrones (Tran Dinh, 2022) for rail travel across
Europe from 21 other key locations (shown in Fig. 3). These 5-hour isochrones were combined to estimate travel time from London. For
example, Frankfurt is four hours from Paris, and Paris is two hours from London, so an estimate of 7 h (4 + 2 + a 1-hour connection) is
produced, which is similar to the actual travel time of 6 h 28 min. The isochrones were then cross-checked against the rail travel
website “the man in seat 617 (https://www.seat61.com) to ensure plausible routes had been considered. The intention was to define an
area that reflects the near future of the European rail network, of places that would be reachable in a day. While all the destinations
considered are reachable by rail today, some currently require an overnight stop due to the specifics of the current timetable. Fig. 3
shows the extent of the rail study area, coloured by rail travel time from London St Pancras station. The stations used to produce the
isochrones are labelled on the map. As the travel times were generated by combining isochrones, the travel times from London are
representative rather than an accurate reflection of current long-distance travel. For example, the map generally assumes that trav-
ellers do not have significant waiting time when making onward connections for each five-hour stage, and does not make allowance for
faster routes/services that take more than five hours. Fig. 3 also shows the extent of the European rail network, with red lines showing
the existing network and black lines highlighting selected lines proposed (thin) or under construction (thick) in black.

3.4. Rail emissions

While rail emissions per passenger km are typically much lower than flying, they are not zero and so must be accounted for. This is a
complex task due to the significant variations in trains, routes, and electricity grids across Europe, making a comprehensive analysis
beyond the scope of this paper. Thus, a simplification has been made by estimating the kgCO4 per passenger km for each section of the
European rail network. For non-electrified lines 0.036 kgCO5/pass-km is assumed which is comparable to the average diesel train in
the UK (ORR, 2021). For electrified lines a variable rate has been used based on the average carbon intensity of each country’s
electricity grid (EEA, 2024) and an assumed energy consumption of 0.08 kWh/pass-km (Andersson and Lukaszewicz, 2006). Note that
energy consumption per pass-km is very sensitive to the load factor of the train and so ranges from 0.07 to 0.18 kWh/pass-km
(Andersson and Lukaszewicz, 2006). The choice of 0.08 kWh/pass-km reflects the observed average for modern electric trains.
Thus, assumed emissions for electric trains range from 0.00064 kgCOo/pass-km in Sweden to 0.05544 kgCO,/pass-km in Estonia.

Unlike planes, whose routes approximate to a straight line (see above), trains may have to take significant detours along the rail
network. Consider a trip from Edinburgh to Copenhagen, which is a short flight due East. But by train requires a lengthy trip via
London, and Brussels. A simple shortest path analysis was performed on the European rail network to estimate the equivalent rail
distance for each flight, accounting for the maximum line speeds. While this does not account for timetabled services, it captures the
non-uniform travel distance increase implied by switching from air to rail. Each section of track was given a kgCO, weighing value
based on its length, whether it is electrified (as recorded in the OpenStreetMap), and the carbon intensity of the electricity grid in the
relevant country (EEA, 2024). These weighting factors were summed to provide an overall kgCOy/pass-km for each route.

4. Results

Fig. 4 shows the distribution of passengers, passenger kilometres, and emissions to all airports with direct UK flights in 2019, based
on the CAA data. Unsurprisingly, passenger kilometres and emissions are closely linked. We present data from 2019, as it is the most
recent pre-Covid year, and more representative of long-term trends than 2021 data. It is clear that the vast majority of passengers are
travelling to/from Europe, with a smaller cluster of demand in the United States, the Middle East, and South-East Asia. However, this
data does not include the final destination of passengers, just the destination of the plane departing/arriving in the UK. Therefore, it is
likely that hub airports such as New York, Dubai, and Hong Kong are over-represented, as onward connections by passengers are not
recorded. This is particularly noticeable for Australia and New Zealand, which are popular destinations for UK travellers, but have few
direct flights due to their distance from the UK.

Fig. 5 further illustrates the imbalance between passenger numbers and emissions by showing the distribution of passengers (left),
passenger kilometres (middle), and emissions (right). Data for countries in the top 10 for either passengers or passenger kilometres are
shown individually, while all other countries’ data is grouped into regions.

Fig. 5 shows that while around three-quarters of passengers travel domestically or short-haul to Europe and thus may have an
alternative to flying, these account for only about a third of passenger kilometres and less than a third of the UK’s aviation emissions.
Conversely, this means that a relatively small proportion of passengers are responsible for the majority of kilometres travelled and
emissions.

Fig. 6 shows the distributions over time, with the significant drop in flying due to the pandemic clearly visible. A smaller passenger
drop also followed the 2007/08 economic crisis, with passengers and passenger kilometres not exceeding pre-crisis levels until 2014.
Due to improvements in fuel efficiency, emissions have not returned to their 2007 peak. However, emissions have been rising since
2014 and would probably have exceeded the 2007 peak if the pandemic had not caused a drastic reduction in flights. The inclusion of


https://www.seat61.com

M. Morgan et al. Transportation Research Part D 138 (2025) 104513

0.6
[ T
O--o--
"“\0——&—0-—0\.
T e --e--0-o
05 L
L 8
\\
‘\
“e._
o
~0-.
E 04 ®ee
‘g_ ~-e
®--g--o--
> $-0-0-o--0-0-0-_o_
ON ‘.“'.'".“0\\
‘\
Ll,)‘,03>< X X ““
e ~~
o XX X X x oo
) ®--e oo
» X °
vy
E X X x X i S S e
5 02 X X X N
0.1
0.0
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Year
—@— Domestic (BEIS) Short-haul (BEIS) @®— Long-haul (BEIS) X Larssonetal
-=-@--Domestic (modelled) Short-haul (modelled) -=-@--Long-haul (modelled)

Fig. 2. Assumed emissions factors for domestic, short-haul (<3,700 km), and long-haul (>3,700 km) flights kg of CO, equivalent (GWP100).
data for connecting flights might also show a less positive picture for emissions.
4.1. Popular short and medium-haul routes

The previous section highlighted that most passengers were flying to the nearest European countries. As the data enables a route-
level analysis, it is possible to identify and map popular routes. Fig. 7 shows the passenger distribution in 2019 and highlights that
many of the most popular routes, such as London to Edinburgh, have a viable alternative to flying. However, the geography of the
British Isles also results in many frequently travelled routes that lack easy alternatives to flying, such as London to Belfast, Dublin, and
Jersey, all of which require sea crossings by ferries. The map also highlights the significant proportion of flights going to popular tourist
destinations such as the Spanish Islands.

Fig. 7 also highlights several important patterns in domestic aviation demand. First, as an archipelago of inhabited islands, Britain
has a long tail of short-distance low-demand routes such as the 396 people who flew the 19 km from Coll to Tiree (in the Hebrides) in
2019. Fig. 7 excludes the 6,598 routes (80 %) with less than 10,000 passengers per year which comprise 1.1 % of total passengers in
2019. The small scale of these flights makes their total emissions insignificant compared to the rest of the UK’s aviation sector, and they
are also likely to be relatively amenable to electrification. An extreme example of these short but hard-to-replace flights is the Channel
Islands, with 1.6 million passengers flying between the Channel Islands and the rest of the British Isles in 2019, an average of 9.2 flights
per resident on the islands. Given that Guernsey and Jersey have less than 700,000 tourists per year (ITV, 2020; Visit Jersey, 2023), this
is an exceptionally high flying rate compared to the UK average (4.4 flights per person).

The second part of the tail of the low-volume routes is private flights. Although the CAA passenger data does not distinguish be-
tween scheduled and chartered flights, the many routes that carry a tiny number of passengers suggest that these represent private
flights. For example, seven passengers flew the 60 km between Sheffield and Leeds. Although they do not account for a large share of
emissions, private flights are considered a particular environmental concern, given that they typically have higher emissions than
scheduled services due to less efficient passenger loadings, and there is a social equity issue, given that they are almost exclusively
undertaken by relatively wealthy people and organisations (Beevor and Murray, 2019).

Flights to the UK’s offshore oil rigs also contribute to a sizable number of domestic flights. The CAA data does not distinguish
between different oilrigs, and so we represent all oilrigs as a single point in the North Sea. It should be noted that these flights are
treated like other domestic flights in calculating emissions. However, they are taken by helicopter and are likely to consume more fuel
per passenger kilometre than fixed-wing aircraft.
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Fig. 3. Approximate train travel isochrones from London St Pancras station used to define the study area. Existing high-speed rail lines are shown in
red. Selected lines under construction (thick) or proposed (thin) are shown in black. Actual analysis is focused on all air travel between the UK and
Europe, and does not merely consider London. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
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4.2. Travel patterns over time

It has been well-documented that the number of aviation passengers has been growing rapidly for decades. However, this growth
has not been uniform across all routes. Some routes, such as London Heathrow to Dubai, have grown from obscurity to become one of
the most popular routes in the UK, while others, like London to Tokyo, are declining.

Individual routes can be misleading over thirty years as demand can switch between airports serving the same destinations. This is
especially true of London, which has six international airports. For example, passengers on the London Heathrow to Paris Charles De
Gaulle route have been declining in recent years while passengers between London Gatwick and Paris Charles De Gaulle have been
increasing. To compensate for these patterns, the airports were clustered into groups, comprising all airports within 90 km of each
other. The 90 km threshold was chosen so that all of London’s airports would be in the same cluster. This clustering then enabled the
creation of Fig. 8.

Fig. 8 shows the most popular routes from UK to other cities, based on the cities that have been within the ten most popular routes
for at least one year. In practice, this means that all routes involved London. Notably, several routes with rail alternatives, such as Paris,
Brussels, Glasgow, and Manchester/Liverpool, were in decline pre-Covid. However, other short-haul destinations such as Edinburgh,
Dublin, and Amsterdam/Rotterdam are growing. Amsterdam, Dublin, and Istanbul are popular hub airports for long-haul flights, and
some of the growth may be due to people making onward connections rather than increasing demand to visit these destinations.
However other hub airports (Paris, Frankfurt) have not seen a growth in demand. There was a notable inflexion point for several
European hub airports in 2010, which may be due to the UK’s main hub airport (Heathrow) being at capacity after 2009 (Hoon, 2009).
However, this also coincides with a general recovery in aviation after the 2007/8 economic crisis.

Dublin’s recent rapid growth may be linked to its introduction of pre-clearance of US immigration in 2011 (CAPA, 2016). If this is
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Fig. 4. Map of the distribution of international passengers (top), passenger kilometres (middle), and emissions (bottom) for direct flights starting/
finishing in the UK in 2019. For clarity, UK airports have been removed. No adjustments for connecting flights have been made.

the case, it highlights the risk of under-estimating British aviation emissions by only looking at direct flights, an approach which has
often been adopted when assessing the UK’s international aviation emissions (Biichs and Mattioli, 2021; DfT, 2017). In practice, this
can mean that emissions from a long-haul flight are split into a short-haul flight attributed to the UK and a long-haul flight attributed to
another country. Even more concerning is the rapid growth in passengers to hubs such as Dubai and Istanbul, which are used for
onward flights to India, East Asia, and Oceania.
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Fig. 5. Distribution of passengers, passenger kilometres, and emissions for direct flights between selected countries and regions and the UK in 2019.
The green blocks for the USA also mark the division between Europe and the rest of the world, highlighting the importance of domestic and Eu-
ropean travel in terms of the size of passenger flows (only). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.).

4.3. Comparing patterns of aviation with rail options

Fig. 9 shows the number of passengers from the UK flying to different European airports, with colour coding depending on whether
they are within the rail study area described earlier. Table 1 then provides summary statistics for each European country, breaking
down the data depending on whether the airport falls within or outside the rail study. In summary, it shows that 41 % of flights are
being made within the rail study area, but they only account for 14 % of emissions. Should this shift occur, although there would be
additional emissions from rail, our initial estimates suggest that these would be equivalent to only 9.9 % of the emissions from the
current flights.

Fig. 10 shows the routes used to calculate rail emissions. It is worth noting that the analysis tended to favour routes to Italy via
Switzerland, but in practice routes via the South of France can be easier due to fewer connections. The under-construction Turin-Lyon
high speed rail line will strongly favour a route via the south of France from the mid-2030 s and significantly cut rail journey times
between the UK and Italy.
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per year have been removed for clarity. Inset shows a zoomed-in map of flights within the British Isles.

5. Discussion

This paper has shown that a long-time series origin-destination dataset of UK aviation can reveal interesting patterns and trends in
flight demand. As a significant proportion of the global aviation sector, this dataset also sheds some light on global travel patterns. This
more spatially detailed dataset complements existing research on the trends in UK aviation, particularly the overall trend of rapid
demand growth outstripping fuel efficiency improvements (Teter and Kim, 2022). Greater detail nuances the narrative by highlighting
the importance of comparatively few routes. This is especially important when considering decarbonisation, as it helps focus the
debate. However, the data suggest that while flights to Spain are a significant proportion of trips, many are comparatively less
important from an emissions perspective as they are short-haul (Dobruszkes et al., 2022). Conversely, the rapid growth in flights to
Dubai, which has already overtaken popular destinations such as Barcelona and Rome in terms of passengers per year, is far more
concerning, given that it will comprise long-haul high-emissions flights, particularly when it is part of a connecting journey.

Identifying key routes also contributes to discussions around modal shift, particularly the opportunities for a shift to rail. The EU
has long-term ambitions to promote an integrated European high-speed rail network (European Commission, 2023), which could in
principle, include the UK. As it is already possible to travel from London to Paris (2 h 15 min), Brussels (1 h 48 min), and Amsterdam (4
h 07 min) by high-speed rail, other popular destinations could be connected to London. In particular, Barcelona, Cologne, Geneva/
Zurich, Frankfurt, and Milan/Rome would be worth further investigation, either by high-speed rail or sleeper trains. While such routes
may only account for a small proportion of aviation emissions, they account for a sizable proportion of trips and may shift public
attitudes about flying. This would be especially true if combined with policies to encourage destination switching, such as replacing a
flight to the Canary Isles with a train to Barcelona. If many holidaymakers shift their short-haul flights to rail, it may become easier to
question the social acceptability of long-haul flights, thus enabling more significant emissions savings.
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Fig. 9. Number of 2019 passengers flying to European airports from the UK. Colours match the rail travel time isochrones in Fig. 2, with airports
outside the rail study area shown in grey. British airports are marked with a blue diamond. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.).

5.1. Comparison with official statistics

The latest official Government estimate of the UK’s international aviation emissions was published in 2022 (BEIS, 2022b). While
the broad trends in emissions are the same, the total emissions are significantly lower. The Government estimates the peak emissions in
2007 to be less than 40 MtCO.e compared to over 160 MtCOze in our estimates. Such a significant difference (4x) is worth exploring in
depth. The first reason for the significant difference is that the UK Government only considers domestic, and international flights
departing the UK to contribute to the UK’s carbon footprint (DfT, 2017), which is consistent with the UNFCCC framework. In contrast,
we have included all flights in and out of the UK. Thus, our estimate is immediately doubled. Around two-thirds of passengers on flights
to and from the UK are residents of the UK (CAA, 2019). Thus, the UK arguably should receive a greater share of the responsibility for
the emissions. The share of UK residents on flights will vary by route, and it is likely that some planes, such as charter flights to Spain,
are flown almost exclusively by British tourists.

Conversely, Heathrow’s role as a major hub airport means that many long-haul flights may have a high proportion of non-UK
residents. Ideally, data on the nationality of passengers would be used for route-level analysis. This would be a productive area of
research to further investigate issues of climate justice raised by flying.
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Table 1

Summary of the passengers, passenger kilometres, and flight emissions from flights to/from UK airports in 2019. Note this does not include onward
connections. The final column estimates the emissions if these journeys had been done by rail rather than flying. Rail emissions are only estimated
within the study area.

Passengers (thousands) Passenger km (millions) Flight Emissions (MtCOe) Rail Emissions
(MtCO2)
Within the rail study In Out In Out In Out In
area
Spain 24,897 19,737 39,593 48,178 6.95 8.46 0.587
(9 %) (7.1 %) (5.2 %) (6.3 %) (4.5 %) (5.4 %)
Germany 14,480 54 13,161 66 2.31 0.01 0.278
(5.2 %) (0 %) 1.7 %) (0 %) (1.5 %) (0 %)
France 13,333 258 11,225 304 1.97 0.05 0.127
(4.8 %) (0.1 %) (1.5 %) (0 %) (1.3 %) (0 %)
Italy 12,917 3136 17,037 5867 2.99 1.03 0.254
(4.7 %) (1.1 %) (2.2 %) (0.8 %) (1.9 %) (0.7 %)
United Kingdom 11,807 9523 6885 3869 1.95 1.09 0.13
(4.3 %) (3.4 %) (0.9 %) (0.5 %) (1.3 %) (0.7 %)
Netherlands 11,128 186 5711 162 1 0.03 0.126
(4 %) (0.1 %) (0.7 %) (0 %) (0.6 %) (0 %)
Switzerland 5883 26 5468 33 0.96 0.01 0.054
(2.1 %) (0 %) (0.7 %) (0 %) (0.6 %) (0 %)
Poland 4985 3318 7241 5375 1.27 0.94 0.25
(1.8 %) (1.2 %) (0.9 %) (0.7 %) (0.8 %) (0.6 %)
Denmark 3447 120 3712 117 0.65 0.02 0.111
(1.2 %) (0 %) (0.5 %) (0 %) (0.4 %) (0 %)
Hungary 2404 189 3950 338 0.69 0.06 0.082
(0.9 %) (0.1 %) (0.5 %) (0 %) (0.4 %) (0 %)
Austria 2394 14 3167 22 0.56 0 0.068
(0.9 %) (0 %) (0.4 %) (0 %) (0.4 %) (0 %)
Czech Republic 2345 13 2788 20 0.49 0 0.088
(0.8 %) (0 %) (0.4 %) (0 %) (0.3 %) (0 %)
Belgium 1559 0 871 0 0.15 0 0.012
(0.6 %) (0 %) (0.1 %) (0 %) (0.1 %) (0 %)
Sweden 643 2049 728 3157 0.13 0.55 0.021
(0.2 %) (0.7 %) (0.1 %) (0.4 %) (0.1 %) (0.4 %)
Luxembourg 591 1 361 0 0.06 0 0.004
(0.2 %) (0 %) (0 %) (0 %) (0 %) (0 %)
Slovakia 500 233 735 387 0.13 0.07 0.016
(0.2 %) (0.1 %) (0.1 %) (0.1 %) (0.1 %) (0 %)
Ireland 13,213 6455 1.13
(4.8 %) (0.8 %) (0.7 %)
Portugal 8902 16,678 2.93
(3.2 %) (2.2 %) (1.9 %)
Greece 8103 21,941 3.85
(2.9 %) (2.9 %) (2.5 %)
Europe 21,540 39,540 7.01
(7.8 %) (5.2 %) (4.5 %)
World 8103 488,438 (64 106.01 (68.1
(2.9 %) %) %)
Total 113,312 (40.8 164,461 (59.2 122,631 (16.1 640,947 (83.9 22.28 (14.3 133.28 (85.7 2.209
%) %) %) %) %) %)

The UK Government accounts for international aviation based on refuelling from bunkers (DECC, 2019), leading to two minor
discrepancies with our estimates. First, the Well to Tank (WTT) emissions included in our calculations are accounted for elsewhere in
the UK’s carbon accounts. WTT emissions add around 0.022 kgCOze per passenger km (11 %). Second, as the UK emissions are based
on volumes of fuel sold in the UK, they do not account for fuel purchased outside the UK. Airlines may be tankering some fuel into the
UK to exploit relative differences in fuel prices between the UK and other countries (Eurocontrol, 2019).

However, these differences are small. The other major reason for difference between our estimates and Government figures is that
they do not make any allowance for the COze effects of non-CO5 emissions. Our methodology uses the BEIS recommendation, which
involves using a multiplier of 1.9 —i.e. it nearly doubles the aviation impacts. This is consistent with the GWP o central estimate in the
European Assessment of Transport Impacts on Climate Change and Ozone Depletion (Sausen et al., 2005).

Therefore, the differences between the estimates occur due to subjective choices on how to attribute emissions, and whether to
include the non-CO;, effects of aviation. While the UK government will likely retain its methodology for consistency and compatibility
with international reporting, the method underplays the true harms of flying and the benefits of reducing flight passenger kilometres.
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Fig. 10. Illustrative rail routes between airports in the study area. Lines are coloured by the number of annual passengers in 2019 if all passengers
travel by rail instead of flying. This is intended to highlight the relative importance of comparatively few lines for enabling international rail travel.

5.2. Possibility of significant modal shift to rail

This paper has explored the potential of rail to contribute to a modal shift away from flying. Given that, compared to the train, the
plane is often faster and cheaper on most routes it is unlikely that a modal shift will occur without significant policy intervention. More
taxation of flying and investment in rail are often suggested as generic solutions to promote a modal shift. These are critical issues, but
better covered elsewhere. Instead, here we explore some specific changes relevant to UK-Europe travel.

5.2.1. Reducing journey times with more direct services

Unlike airlines, which can offer many direct services, most train journeys between Britain and the continent require multiple
connections. Connections increase journey times and the complexity of travel, exposing travellers to the risk of missed connections. All
of these make rail a less attractive option for international travel.

More direct services to key destinations could help reduce the complexity and risks related to rail travel and reduce journey times.
For example, as Eurostar is compatible with the British and French systems, services could be extended to connect places with existing
direct services to London or Paris, providing routes such as Birmingham to Barcelona or Manchester to Munich. Routes such as these
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could significantly cut total journey times with limited changes to the existing network. For instance, the High Speed 1 line from
London to the Channel Tunnel comes within 600 m of the High Speed 2 line from London to Birmingham and linking these lines would
enable through services to operate.

While there are technical challenges to overcome in linking different main lines, which often have different signalling and elec-
trification systems, these are not insurmountable, especially in the medium to long term. Before the construction of HS1, Eurostar
services operated a bi-mode system using 25 kV AC overhead wires in France and switched to 750 V DC third rail electrification in
England. In contrast, HS1, HS2, and the French network are all designed to the same standards, and thus should be compatible with all
existing and future Eurostar trains.

A more significant barrier to more integrated routes is the UK Government’s requirement that passengers clear passport control
before boarding an international train. This prevents train services from serving a mix of national and international passengers, as is
common on trains between other European countries. This is a challenge as few rail routes would be viable if they only served the UK —
Europe market, but many more would work if intermediate stops were permitted. For example, a Birmingham to Barcelona train might
stop in London, Paris, Montpellier, and Girona, thus serving multiple in-demand routes.

A change in UK policy would be required to move passport checks from the station to the train to enable domestic travellers to
board and alight the train without a passport while only checking the passports of passengers crossing the Channel. Ideally, passport
checks would be conducted while the train was in motion. However, stopping the train to carry out such checks might still be
considerably less inconvenient for passengers than requiring them to change trains.

5.2.2. Travel through the Channel Tunnel

The high-speed line between London and Paris opened in 2007, with a low-speed alternative route used between 1994 and 2007.
The route is used for domestic and international passengers, freight trains, and the cross-channel shuttle service for road vehicles.
Eurostar is the only passenger rail operator on the route and runs about 20 services per day between London - Paris, 13 services
between London — Lille/Brussels, and four services between London — Amsterdam in each direction. Eurostar operates several train
variants on these routes, but their newest train seats 902 passengers. Thus, Eurostar has a maximum cross-channel capacity of 24
million passengers annually. In practice, they carry about 11 million passengers as each train is not full (Topham, 2023).

In comparison, Fig. 10 identifies 102 million passengers per year that might use the Channel Tunnel, a 4.25-fold increase from
current capacity, assuming each train was packed. Eurostar currently operates about 1.9 trains per hour in each direction between 5 am
and midnight, but high-speed lines are operated at higher capacities. For example, the French TGV service between Paris and Lyon
operates up to 13 trains per hour, and the UK’s HS2 line is planned to operate up to 18 trains per hour. To move 102 million passengers
per year would require at least seven trains per hour in each direction operating 24 h a day. The LeShuttle and freight trains also use the
tunnel, implying an overall average of 14.5 trains per hour. Currently, the tunnel operates a peak rate of 20 trains per hour (Getlink,
2023). So, while a significant shift from planes to trains is not beyond technical feasibility, it is likely that upgrades to the line would be
required, and the Channel Tunnel would reach capacity. Still, there is also considerable scope to increase passenger numbers from the
current situation before capacity limits are reached.

5.3. Sleeper trains

Sleeper trains are experiencing a revival in Europe (Bearne, 2023) and can make long journeys much more acceptable as time spent
both sleeping and travelling is efficient, and travellers arrive at their destination well-rested. Conversely, many short-haul budget
flights have early departure times, meaning travellers arrive at their destination tired. For example, the Eurostar overnight ski train to
the Alps already has a positive reputation for enabling passengers to do a whole day skiing on arrival. Sleeper trains also push transport
demand into the less busy nighttime, reducing the risk of domestic lines becoming congested with international trains (Georgiadis,
2023; Knowles and Farrington, 1998; Rapid Transition Alliance, 2022). Revisiting the knowledge gained as part of the subsequently
cancelled Nightstar services might be helpful in establishing costs and feasibility, whilst considering the changed context.

5.4. Package deals and prebooking

Many UK tourists take advantage of package deals combining travel and accommodation. These often include additional benefits
such as airport transfers or car rental, and thus are often cheaper and more convenient than booking each individually. The airline
industry has actively promoted these package holidays, which are also used to induce demand for aviation. For example, airlines will
promote deals when and where they have spare capacity on their planes. While this makes economic sense for the airlines, it draws
holidaymakers away from lower-carbon alternatives. There is an opportunity to promote lower carbon holidays by offering compa-
rable train plus hotel packages in the same places where existing package holidays are sold and/or to encourage people to destination
switch, thereby reducing both emissions per km, and total distance travelled.

Flights and trains also differ in how much they can be booked ahead of time. In particular, booking a train more than three months
ahead is often difficult, whereas flights can be booked much further in advance. Enabling more advanced bookings would better align
with the current conventions engendered by air travel. In the UK, there are still improvements to be made even to the booking of linked
Eurostar and onward European travel, and Eurostar does not seem to offer last-minute deals on services which are below capacity,
which might compete with the kind of last-minute deals available for flights.
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5.5. Connections to Ireland

Ireland was excluded from the analysis in this paper as there is no rail link between Great Britain and Ireland. However, it is clear
from Fig. 7 that there is significant travel demand between Great Britain, the Republic, and Northern Ireland. These are among the
shortest flights, so they are attractive candidates for a modal shift to less carbon-intensive modes. However, the recent public debate on
the issue also highlights the potential challenges with building new infrastructure. One option might be a Channel Tunnel style rail
link. Although the Irish Sea is much wider than the Channel, travel demand between the UK and the island of Ireland is also greater
today than the London-Paris travel demand when the Channel Tunnel opened.

Given that most flights are between London and Dublin, it would make sense to connect Dublin to Great Britain with an onward
connection to Belfast rather than the now-abandoned proposal for a link between Northern Ireland and Scotland (Walker, 2021). Short-
term solutions could include upgrading the North Wales Coast Line to enable direct trains between London and the ferry port at
Holyhead. Alternatively, as electric planes will only be suitable for short-range flights of < 300 km within the foreseeable future and
may not be common for decades (Schafer et al., 2018; Thomas, 2022) they could link Dublin to Birmingham airport, which will be a 37-
minute train journey from London on the HS2 line.

6. Conclusions
6.1. Limitations and further work

This study has not made a direct comparison of travel times and costs as in most cases the train is slower and more expensive than
the plane. Thus, this study is an exploration of possibilities rather than a prediction of routes likely to experience modal shift.
Nevertheless, an exploration of costs and travel times would likely allow a more in depth understanding of route and mode choice.

As discussed above the exclusion of onwards connections means that this study may significantly underestimate the long-haul
emissions of UK passengers. Further analysis particularly of major hub airports could provide estimates for how many UK passen-
gers make onward journeys and where they go.

6.2. Conclusions

In this paper, we have quantified the number of passengers, passenger kilometres, and emissions from the UK aviation sector over
the last three decades, and looked at the potential for rail to substitute for aviation. Five key results have emerged from the analysis.

First, 41 % of all passengers passing through UK airports could have a rail alternative, although in most cases, the current rail
alternative is slower and more expensive. As the rail network in Britain and Europe is expected to improve, especially regarding in-
ternational rail links, there is an opportunity to promote modal shift from planes to trains for a sizable share of passengers. Fig. 10
highlights that a small number of rail corridors could serve the majority of UK-Europe demand, and so this work highlights where to
focus further research.

Second, the 41 % of passengers that might be shifted to rail only account for 14 % of aviation emissions. The vast majority of
emissions are associated with long-haul flights beyond the practical range of rail networks. On the other hand, the passengers that
could be shifted accounted for approximately 22 MtCOze in 2019. While rail journeys are not yet emissions free the much lower per-km
emissions rate resulted in an average emissions saving of 90 % even when accounting for the longer trip distances required by some rail
routes. However, our method used simplified emissions rate for rail journeys, and did not account for the variety of load factors across
Europe. Nor does it factor in the embodied emissions of constructing rail infrastructure (Miyoshi and Givoni, 2013; Olugbenga et al.,
2019) or their non-CO,, effects.

Third, destination switching could boost the potential for emissions savings. For example, 5.4 % of all aviation emissions are from
flights to Spain outside the rail study area (mostly the Spanish Islands). While some of those passengers will need to visit those specific
locations, the majority will likely be travelling for a “beach holiday” and so could potentially be switched from a flight to Mallorca to a
train to Malaga. There are opportunities for the UK Government to develop a decarbonisation strategy for international holidays by
promoting domestic and near-Europe destinations with package holidays that include rail tickets rather than flights.

Fourth, the rapid growth in flights to major hub airports such as Dublin, Amsterdam, and Dubai suggest that many passengers are
connecting onto other flights. Quantifying this effect from the data used in this paper is not possible, but it is likely to be substantial. For
example, a passenger that flies from London to Sydney via Dubai hides 68 % of their passenger-kms from this analysis.

Finally, whilst addressing the quality and cost of the rail network (relative to air travel) will be key, there are also other in-
terventions that might encourage air-rail switching, including the introduction of more direct services; addressing cross-Channel
capacity issues; encouraging sleeper trains, package deals and prebooking; and improving links with Ireland.

While this paper has focused on the UK aviation market, it has shown how origin-destination data about aviation demand can
generally highlight opportunities for modal shift and decarbonisation. While the specific details of travel demand will vary between
countries, the methods will likely be generalisable, especially in Europe.
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