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Abstract: In this paper, we present the main results from the Second ATS-Level Assessment
of the Clean Sky 2 Technology Evaluator. We first present the models employed and
then move to the passenger and fleet forecast results up to 2050. Based upon these traffic
forecasts, we show the environmental effect of Clean Sky 2 technology in terms of CO,
emissions. The main benefit of the forecast method employed is its high resolution in
terms of each flight route between airports being modelled. Consequently, we can consider
effects such as airport capacity constraints which will have a substantial impact on future
passenger volume and fleet development.

Keywords: air transport level; airport capacity; Clean Sky 2; fleet modelling; passenger
volume forecast

1. Introduction

The Clean Sky programme is a large European research initiative to develop innovative
technology to reduce CO;, as well as other gas emissions and noise levels produced by
aircraft, and it belongs to EU’s Horizon 2020 programme. The Clean Sky 2 Joint Undertaking
was established by Council Regulation (EU) No 558/2014 of 6 May 2014 to develop cleaner
air transport technologies for the earliest possible deployment with a particular focus on
the integration, demonstration, and validation of technologies for the following purposes:

e  Increase aircraft fuel efficiency, thus reducing CO, emissions by 20% to 30% compared
to a “state-of-the-art” aircraft entering service as from 2014;

e  Reduce aircraft NOx and noise emissions by 20 to 30% compared to a “state-of-the-art”
aircraft entering service as from 2014 [1,2].

In the beginning it was recognised that successfully monitoring progress towards
the European environmental goals within aeronautics set by the Advisory Council for
Aeronautics Research in Europe and its strategic research agendas [3,4] as well as by
the Clean Sky programme itself would require a transversal evaluation platform in the
Clean Sky programme. Here, the so-called Technology Evaluator comes into play, and its
composition reflects the need to bring know-how, simulation, and modelling capability that
exist among industry, as well as research establishments and academia together. This paper
describes briefly the models employed in the Technology Evaluator and the main results
from the Second Assessment. Results from the First Assessment in 2021 are reported in [5].

Global air traffic has been, and remains, highly concentrated at a relatively small
number of important airports, the majority of which are facing capacity problems or will
face such problems in the coming years [6]. An outstanding example is London’s Heathrow
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airport, which is already operating at its maximum capacity and has been for over 20 years,
with there being still no solution to the capacity crunch in sight. Nevertheless, global air
traffic is expected to continue to grow in the long term, albeit at a pace that likely differs
greatly between Asia and the Middle East on the one hand and Europe and North America
on the other. For instance, as prosperity levels increase in these regions, demand has only
just begun to grow in the last few decades and is now growing rapidly in Asia. In North
America and Europe, however, demand development is more mature as there is already
a high level of propensity to fly, and the demand development shows signs of saturation,
with relatively low growth compared to other markets.

The general trend of the past decades in terms of scheduled commercial passenger
air traffic is towards larger aircraft because of increasing capacity constraints at airports
and due to the economic considerations of airlines. With increasing capacity constraints at
airports, this trend has become increasingly pronounced. However, this does not mean that
there is no longer a market for smaller aircraft.

The outline of this paper is as follows: In the next section, the past traffic development
of scheduled commercial air transport is presented. In Section 3, the models employed in
the Technology Evaluator are briefly described. Section 4 is about the results of the Second
Assessment up to 2050 and the lessons learnt for future fleet development. The focus of
this paper is on scheduled commercial passenger traffic, in that it makes up the bulk of
the global air traffic that is responsible for aviation-related CO,-emissions. Thus, air cargo
traffic and so-called “business aviation” and “general aviation” are excluded [7,8], as well
as military flights. In Section 5, this paper closes with a discussion of the major findings
and the conclusions that can be derived from the analysis.

2. Air Traffic Development up to 2023

In this section, we give an overview of the long-term development of air traffic and
the recent developments during and after the COVID-19 pandemic, which is important
for laying the foundations for a long-term forecast over several decades. Figure 1 shows
passenger volume development between 1950 and 2023 on a global scale [9]. Despite
periodic crises, such as the oil crisis in the seventies, 11 September, and the global financial
crisis in September 2008, long-term passenger volume development has been on a steady
long-term growth path. The more recent COVID-19 crisis, however, was unprecedented in
its extent, and in 2020 especially, there was a 57% drop in passenger volume, an impact
on air transportation that had never occurred before. Nevertheless, since 2021 /2022, air
traffic has been on a steep recovery path and, in retrospect, COVID-19 might be considered
as another temporary major crisis in the long term, albeit at a much larger extent. In their
latest forecast, Boeing [10] shows that the long-term development of revenue passenger
kilometres (RPKs) is still on the path, as forecast in 2004. While there are periodic crises in
air traffic (Figure 1), long-term development is not substantially affected, and modelling
future crises is not the subject of this paper. In fact, the nature of crises is that they are
unpredictable. As a result, the aim of this paper is the long-term development of passenger
demand and aircraft fleet of about ten years or more. “Typical” crises are levelled out over
such a time horizon, even the COVID-19 pandemic [10].

Figure 2 displays the development of passenger volume between 2010 and 2023 in
terms of seven major world regions [6]. There was a strong passenger volume growth in all
regions, but especially in Asia. However, due to COVID-19, there was a sharp decline in
passenger volume in all regions in 2020. This decline was extremely large in Asia, and the
Asian region is, apart from the Southwest Pacific region, the only one which experienced a
decline in 2021. On the other hand, the recovery was decidedly strong in North America,
Europe, and South America.
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Figure 1. Global air transport passenger volume from 1950 to 2023 ([9], USSR: Union of Soviet
Socialist Republics).
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Figure 2. Global air transport passenger volume by world region (2010-2023) [11].

In addition to the development of passenger volumes, Figure 3 illustrates the corre-
sponding flight volume development. Flight volume grew only very slowly in most regions
or even stagnated during the period from 2010 to 2019. The only exception is Asia, where a
strong growth in flight volume can be observed. However, it is still not as strong as the
passenger volume growth for this region. In all regions, flight volume development was
weaker than passenger volume growth, leading to an increase in the number of passengers
transported per flight. This was achieved by raising load factors and/or increasing the
seat capacity per flight, for example, by employing larger aircraft. As load factors are well
above 80% on a global level, and in some cases even approach 90%, raising seat capacity as
a major measure to serve an even larger passenger demand has only limited potential for
mitigating the capacity crunch in the long term.

A main driver of increasing passengers per flight is scarce airport capacity. Long-term
airport capacity is mainly determined by the capacity of the runway system, as this part of
the airport is most difficult to enlarge. This is because runway extensions usually require an
involvement of the public, which typically opposes such plans due to an expected increase
in noise and pollution emissions [12]. This is particularly the case in Western countries
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and, to some degree, in other countries as well. Even in Asian countries such as China,
where airport enlargements are relatively easier to realise than, for example, in Europe, the
forecast increase in passenger volume cannot be served without a substantial increase in
the number of passengers per flight. Nevertheless, the barrier to enhance airport capacity
in the form of extensions to the runway system is one of the highest in Europe, as can be
seen by the example of London’s Heathrow airport; the airport has been operating at its
capacity limit for about 20 years, and there is still no runway enhancement in sight; as a
consequence, the air traffic management (ATM) system has had to be designed in a rather
stringent and efficient manner. Other major European hubs such as Paris’s Charles de
Gaulle or Amsterdam’s Schiphol still have some capacity reserves but are fast approaching
their limits.
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Figure 3. Global flight volume by world region (2010-2023) [11].

Apart from the limited capacity at airports, a main driver of increasing passengers
per flight is the economic considerations of airlines, because it can be more economical
to transport more passengers per flight up to a certain limit, as long as the level of flight
frequency remains attractive from the point of view of the air traveller, i.e., the possibility to
take a flight for a certain connection in a flexible manner. If this is not the case, passengers
may look for other options, depending on factors such as trip purpose, destination, and
the season of the year. This might be a problem for smaller airports and put them under
pressure, because they may not be able to maintain an adequate level of flight frequency if
more passengers are transported per flight.

These developments lead to a different fleet structure in the longer term via the
employment of larger aircraft. This is particularly true regarding the European market
because of the high utilisation of hub airports and the barriers for the significant expansion
of their capacity. The future fleet therefore cannot be extrapolated from the current fleet,
adjusted by the growth in passenger volume. Rather, a different methodological approach
is needed, one which is briefly described in the next section.

3. Methods: Passenger Volume and Fleet Forecast Model

In this section, we provide a brief overview of the models that are used to generate the
forecast presented in Section 4 [6,13]. For a full technical description and discussion of the
models, the reader is referred especially to [6], as this is far beyond the scope of this paper.
However, the non-technical description of the model that follows should enable the reader
to better understand the model’s dynamics and results.

Figure 4 illustrates the model’s approach. In the first step, unconstrained passenger
and flight volumes are forecast. This includes new nonstop flights, which become viable



Aerospace 2025, 12, 185

50f22

due to the increase in origin—destination demand. There is, for example, some potential
for new nonstop flights in the long-haul market, i.e., on routes that are currently served
only by stopover flights [14,15]. The same is true regarding short- and medium-distance air
travel, where origin—destination demand rises above a threshold, and a nonstop flight with
smaller aircraft becomes viable. In Figure 4, boxes with blue frames refer to unconstrained
models, while boxes with red frames refer to constrained models that include the effects of
limited airport capacity and related aircraft up-gauging, i.e., more seats per aircraft. The box
with blue and red frames (aircraft up-gauging and aircraft fleet) refers to both categories.
Passenger and flight volumes per airport pair are modelled by a gravity model [16]. Gravity
models have a long history in air passenger demand and traffic modelling [17-24]. Grosche
et al. [17] employed two gravity models to estimate the air passenger volume of city
pairs without any air service. Tusi and Fung [18] analysed passenger flow at Hong Kong
International Airport (HKIA) and focused on a single airport. Matsumoto [19] and Shen [20]
based their gravity models on network analysis. Matsumoto’s model [19] was used to
estimate passenger and cargo flows between large cities such as Tokyo, London, Paris,
and New York, while Shen’s [20] was used to analyse inter-city airline passenger flow in a
25-node US network. Bhadra and Kee [21] employed a gravity model to analyse demand
characteristics, such as the fare and income elasticities of the US origin—destination market
over time. Endo [22] developed a gravity model to analyse the impact of a bilateral aviation
policy between the USA and Japan on passenger air transport, while Hazledine [23] utilised
a gravity model to analyse border effects in international air travel. Das et al. [24] develop
a gravity model to identify variables determining demand for air travel on new routes
connecting regional and remote locations in India to enhance connectivity in India.
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Figure 5 displays the major drivers of the unconstrained origin—destination (OD)
passenger demand of the model employed in this paper [6]. For example, if real airfares rise
by 1%, OD passenger demand decreases by 1.11%. On the other hand, if real gross domestic
product (GDP) per capita increases in the origin country by 1%, then OD passenger demand
rises by 0.45%. The use of the term ‘real” means that it is inflation-adjusted to reflect actual
purchasing power and is a measure of the wealth or income of the population per capita that
can, for example, be spent on air travel. It is split into GDP per capita for the origin and the
destination of a journey to allow for more complex relationships. In the past, real airfares
declined by about 1.5% per year on average on a global level [6] due to organisational and
technological innovations, i.e., due to better organisation, as well as the employment of
more efficient aircraft. It is difficult to assess if this assumption will hold for the future,
especially in light of increases in kerosene and SAF prices. Fuel costs make up about 15%
to 30% of the ticket price [25-27]. Nevertheless, the airfare variable enables the assessment
of technology and policy developments in terms of their cost impact on airfares, which in
turn influence passenger development. Therefore, we can create a link between technology,
policy scenarios, and passenger demand.

Population (destination country)

0.27%
Gross domestic product (GDP) per ) B
capita (origin country) Population (origin country)
0.45% \ 0.36%

Gross domestic product
(GDP) per capita e

(destination country)
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- 0, N .
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Gr— sti Vi %
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OD passenger
share

Total (leg)
passenger demand

Figure 5. Major elasticities of the unconstrained passenger demand volume model [13].

Total passenger demand growth, i.e., including transfer passengers, is influenced by
OD passenger share. If it is less than 32%, then total passenger volume growth is higher
than OD demand growth; however, if it is higher than 32%, total passenger volume growth
is slightly lower than OD demand growth. GDP is broken down into four parts: GDP per
capita for the origin and destination countries and population for the origin and destination
countries. However, total GDP elasticity is 1.31, and thus, OD passenger demand is elastic
to GDP variations. This conforms to typical results, such as those of [28,29]. However,
it is important to note that we must use additional variables such as distance, tourism
receipts, and expenditures to account for different market segments and an airfare variable.
The latter, which is generally not included in models because of a lack of suitable data on
airfares in the past, typically leads to a lower modelled income elasticity because both GDP
and airfares influence the purchasing power of air passengers.

The model allows for new nonstop flights between the airports. If OD demand is
sufficient to operate a viable flight connection, especially in terms of load factors and flight
frequency, it is introduced. Therefore, smaller and more efficient aircraft enable more new
nonstop flights. The potential passenger demand served by a direct flight is modelled
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using a gravity model. Explaining variables are OD passenger volume, the number of
flights, and flight distance, which all have a positive impact. Furthermore, the type of route
is important:

e  Hub: defined as having a share of less than 50% OD demand between two airports
compared to all passengers; for example, at least 50% are transfer passengers;

e  Point-to-point: they have an OD share of passengers of between 95% and 105%. These
are the typical nonstop flights of OD passengers;

o Low frequency: they have an OD share of passengers of more than 150%, and passen-
gers travelling between those airports often take a stopover flight;

e  The remaining routes belong to neither category.

Everything else being equal, a hub route has about twice as many passengers as a
point-to-point route and a low-frequency route, a little more than half of that of a point-to-
point route. This shows the importance of consolidating traffic at hubs in airline network
strategies, especially on longer flights, where passenger demand is rather thin [30,31]. As
the short-to-medium-haul network is already well developed and the long-haul network is
typically dominated by consolidating traffic at hubs, the passenger volume of new routes is
rather small in this model. This conforms with other long-term forecasts, e.g., the ICAO
Long-Term Forecast [32], where essentially a fixed network is assumed.

After obtaining the unconstrained passenger and flight volume forecast for each airport
pair, airport capacity constraints and aircraft up-gauging are applied. The airport capacity
constraints model contains an element that calculates current and future airport capacities
for each airport using data envelopment analysis (DEA) and regression models [33,34].
Here, we focus on the runway’s capacity, because it is the most critical element that
determines airport capacity in the long term. A standard airport, which is open for 18 h
year-round, has an annual capacity of about 240,000 aircraft movements. This value
is doubled for two independent runways and increased by 74% in cases of dependent
runways. Adding more dependent runways increases capacity less and less and stops after
eight runways. User-specified capacities can be used as well; however, the model’s results
have been proven to be quite accurate [12]. Whether or not a capacity enlargement can be
realised and in which time frame is determined using a logit model [35,36]. It models the
probability of airport capacity expansion if capacity is not sufficient to handle the forecast
demand. Based on this probability, an expected delay regarding the realisation of a new
runway can be derived using a Markov chain [37]. Main variables of the model include the
number of aircraft movements and the population living around an airport. The higher the
number of aircraft movements and the larger the population around an airport, the more
difficult it is and the more time it therefore takes to enlarge airport capacity, if it is possible
at all. A prime example is London’s Heathrow airport [38]. Typically, enlarging smaller
airports with only one runway and no large population surrounding them is not a long-term
problem, but large airports in the vicinity of large cities often face substantial barriers to
enlargement. This is even more the case in highly developed Western countries and less the
case in Asia, where a public plan approval procedure is typically not needed. As a result,
there are two significant barriers for the ever-increasing airport capacity: first, adding
more and more runways leads to decreasing gains of capacity because of dependencies
between runways and the runways need a significant land area. Second, as the number
of aircraft movements at an airport increases, people living in its vicinity face more and
more noise as well as pollution, and thus, the opposition against further airport capacity
enlargements increases.

Moving flights to secondary airports might be an option, and there is some research
available. For example, Cordera et al. [39] developed a random parameter logit model
for airport choice for a multi-airport area. Here, Bilbao and Seve Ballesteros—Santander
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airports (driving distance of about 100 km) are chosen for the case study. They identify
various factors that influence airport choice like airfares, connectivity, and access time. One
key takeaway is that increased access time heavily penalises the choice of the more distant
airport, which can be offset by a large reduction in airfares, but reduced connectivity, which
is to be expected at a secondary airport as it penalises its choice as well. Gudmundsson
et al. [40] and Redondi and Gudmundsson [41] conducted extensive analyses and devel-
oped an econometric model to assess the impact of airport capacity constraints on the flight
network and the development of secondary hubs. In their first study [40], they identified
significant spillover effects from London Heathrow to London Gatwick and London City,
as well as to airports such as Manchester and Birmingham. In their second study [41],
they identified significant spillover effects on European and intercontinental travel from
London Heathrow to Munich, Paris Charles de Gaulle, Madrid, and Doha, as well as from
Frankfurt to Munich, Amsterdam, Abu Dhabi, and Ataturk. Using discrete choice analysis,
Gelhausen [42] analysed the impact of airport capacity constraints on the airport choice
of travellers in the Stuttgart region of Germany and identified similar spillover effects.
Moving flights to secondary airports is considered in our model by specifying a maximum
length of detour that air passengers are willing to take. Other seminal papers that analyse
airport choice in detail with discrete choice models comprise, e.g., Hess and Polak [43] and
Pels et al. [44-46]. However, modelling this choice on a global scale for around 4000 airports
and 80,000 flight connections needs a different approach because of a lack of data like access
time, access cost, and detailed airfares to name a few.

Therefore, we have taken a simpler approach by shifting any unaccommodated de-
mand to neighbour airports within 100 km, which seems to be quite realistic, but of course,
this is still debatable. However, this is not sufficient for accommodating the whole uncon-
strained demand and has only a very limited effect [2]. Therefore, we have not included
any shifting of excess demand to neighbour airports in the forecast of the next section, as it
is sensitive to assumptions.

Aircraft up-gauging depends not only on the level of airport capacity constraints but
also on various other factors such as passenger demand volume and flight distance. It
affects constrained as well as unconstrained airports because of interdependencies in the
global air traffic network [47]. The up-gauging model belongs to both the unconstrained
and constrained models. The model is implemented using DEA and regression models
and incorporates factors such as passenger volume, flight distance, and the constraints’
situation at airports. The forecast result is the average number of passengers per flight
(“aircraft size”) for each airport pair. Combining future airport capacity and aircraft size
per airport pair with the unconstrained passenger forecast yields the constrained forecast
model. The forecast results are the constrained passenger and flight volume, as well as lost
passenger demand and restricted flight volume due to limited airport capacity.

Passenger and flight volumes per airport pair, either from the constrained or uncon-
strained forecast, are passed to the fleet model. Input into the fleet model are the base year
fleet, as well as the specifications of current and future aircraft, which can also be concept
aircraft. For future aircraft, information about entry into service (EIS) is needed. The model
is based on the 14 ICAO seat class categories but not limited to these. Furthermore, the seat
classes are not limited to one type of aircraft. Multiple aircraft per seat class are possible
to permit a more detailed fleet modelling. Examples include the simulation of multiple
aircraft concepts in a particular seat class, such as liquid hydrogen- and SAF-powered
aircraft. The assignment of different aircraft of a seat class to airport pairs can be based on
factors such as minimum and maximum flight ranges, cost-based rules, or any other rule
such as an equal market share approach.
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Passengers and flights are assigned to seat classes with the use of an optimisation
model. For each airport pair, we can calculate the average number of passengers per flight.
If we then apply a load factor, we obtain the average number of seats per airport pair. In the
next step, two seat classes neighbouring the average seat per flight value are chosen and
mixed share-wise so that they match the average seat per flight value, subject to constraints
like the maximum flight ranges of seat classes. This results in a rather compact distribution
around the mean value. Aircraft types are assigned to the flights of each seat class as
already described.

Up to this point, we can calculate the need for aircraft of different types. By applying
retirement curves to the actual fleet of the previous year, we can calculate the in-service
aircraft of the current year. Retirement curves can be customised and used as illustrated in
Figure 6. They are subdivided into the following categories:

e  Turboprop;

e Regional;

e  Narrowbody;
e  Widebody.

100%
90%
80%
70%
60%
50%
40%

Survival rate

30%
20%
10% K
0%
T 2 e X e NV D D N % Y
Aircraft age in years

—Narrowbody Widebody Regional Turboprop

Figure 6. Retirement curves employed in the DLR model.

Turboprops typically last the longest, whereas widebodies have the shortest lifespan,
as can be seen from the retirement curves.

By comparing the current fleet with the fleet needed, we can determine the need for
new aircraft. Here, it is possible to consider the production limits of aircraft, which can
influence the passenger demand that can be served.

Figure 7 displays the relationship between passenger demand volume, airport capacity,
and aircraft size on a very general level: Given a (forecast) passenger demand, it is possible
to determine the minimum airport capacity and average aircraft size that are needed to
meet this demand. Both aircraft size and airport capacity limit the maximum number of
passengers that can be handled. In this respect, aircraft size and airport capacity substitute
for each other to some degree: if a particular aircraft size is insufficient to serve a given
passenger demand volume, increasing the aircraft size can compensate for the lack of
airport capacity to meet that demand, at least within limits. For simplification, the influence
of the aircraft mix on airport capacity is neglected. The same applies regarding airport
capacity: Insufficient aircraft size can be substituted for by increased airport capacity so that
more flights, albeit with fewer average passengers per aircraft, can be handled. However,
airport capacity is typically the bottleneck.
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This relationship is particularly important in a world in which (future) airport capacity
tends to be scarce and is often neglected in established forecasts. The bottom line is that
if these interrelations between passenger demand, airport capacity, and aircraft size are
accounted for, adjustments to all three elements in a constrained forecast will be seen: there
will be some degree of unaccommodated passenger demand, stronger growth in average
aircraft size, and less airport capacity expansion in the future. An unconstrained forecast
always assumes a best-case scenario regarding the development of airport capacities, which
means that potential bottlenecks are neglected.

Passenger
demand
volume

Average
aircraft
size

Airport
capacity

Figure 7. Relationship between passenger demand, airport capacity, and aircraft size and how they
can substitute each other [13].

4. Results: Passenger Volume and Fleet Forecast up to 2050

In this section we discuss the forecast passenger demand and fleet development until
2050, derived from the model which we have briefly described in Section 3 of this paper.
The goal is to identify the impact of limited airport capacity on future passenger demand
and fleet development. To achieve this, we have produced two forecasts:

e  The constrained forecast (DLR CON): this forecast includes airport capacity limits.
Airport capacity for each airport is forecast. For example, this scenario is not just
limited to the status quo regarding capacity but includes capacity enlargements that
are possible;

e  The unconstrained forecast (DLR UC): this forecast assumes unlimited airport capacity,
which is the typical case for forecasts such as those of Airbus, Boeing, IATA, or ICAO.
The DLR UC forecast therefore serves as a bridge to the established forecasts.

We therefore begin with a comparison of the DLR UC with the established forecasts.
This serves to put the constrained forecast, DLR CON, into perspective. As Figure 8
illustrates, the DLR UC forecast corresponds quite well with the forecasts of Airbus and
Boeing as well as with those of IATA and ICAO. Airbus [48] and Boeing [49], respectively,
forecast 3.6% and 3.7% RPK volume growth per year for the period from 2019 to 2042. The
IATA forecast is a bit lower, with 3.3% p.a. for the period from 2019 to 2040 [50]. The ICAO
Post-COVID LTF ranges between 2.9% and 4.2% p.a., with the mid version forecasting 3.6%
p-a. RPK volume growth [32]. Of course, detailed assumptions of the Airbus, Boeing, IATA
and ICAO forecasts are difficult to obtain. Nevertheless, the fact that the DLR UC forecast,
which reflects the other three forecasts in terms of the capacity situation at airports, is very
close indicates that there is some common ground regarding the forecast assumptions, e.g.,
GDP, population, and airfare development.

Figure 9 displays the actual and forecast passenger volume developments between
2019 and 2050. Values up to 2023 are actual values, while those from 2024 onwards are
forecast values. Forecast data for input variables like GDP per capita, population, oil price,
and inflation are taken from IHS Markit of S&P Global [51], which are available for the next
30 years.
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In 2019, there were 4.4 billion passengers transported worldwide. Until 2050, pas-
senger volume will increase up to 13.2 billion passengers in DLR CON and 16.5 billion
passengers in DLR UC. This corresponds to an average annual growth of 3.6% and 4.4%, re-
spectively.
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4.2%
4.0%
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3.5% 33% 3.3%
3.0% 2.9%
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Airbus GMF  Boeing  |ATA 2019- ICAO Post— ICAO Post— ICAO Post—- DLR UC DLR CON
2023-42 CMO 2023- 40 COVID LTF COVID LTF COVID LTF 2019-50 2019-50
(base year 42 (base (Low) (Mid) (High)
2019) year 2019) 2018-50 2018-50 2018-50

RPK CAGR

Figure 8. Comparison of the DLR CON and DLR UC global RPK forecasts with the global forecasts
of Airbus, Boeing, IATA, and ICAO (CAGR: compound annual growth rate).
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Figure 9. Results of the DLR forecasts: global passenger volume until 2050.

Figure 10 illustrates the corresponding RPK volume. In 2019, there were 8.2 trillion
RPKs globally. By 2050, RPK volume is expected to increase to 22.4 trillion in DLR CON
and 27.4 trillion in DLR UC. This corresponds to an average annual growth rate of 3.3%
and 4.0%, respectively.

Figure 11 displays the increase in global flight volume between 2019 and 2050. In 2019,
there were 36 million flights worldwide. Until 2050, flight volume is expected to increase to
58.0 million in DLR CON and even rise to 89.1 million in DLR UC. This corresponds to an
average annual growth of 1.5% and 3.0%, respectively.

Figures 12 and 13 break the passenger and flight volumes for the years 2023 and 2050
down by the seven main world regions of Sabre [11]. The percentage values above the
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columns correspond to their share in 2023 and 2050, respectively. It becomes clear that
passenger and flight volumes will grow much more in Asia compared to more mature air
traffic markets like Europe or North America. This is mainly because Asia has by a large
margin the largest population of the seven regions and a dynamic economic growth, so the
propensity of the population to fly will increase.
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Figure 10. Results of the DLR forecasts: global RPK volume until 2050.
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Figure 11. Results of the DLR forecasts: global flight volume until 2050.

The difference between the passenger and flight volume growth rates is approximately
the average annual growth rate of the number of passengers per flight. This value is
substantially larger in the case of DLR CON than DLR UC because of the inclusion of
limited airport capacity. Airport capacity limitations are partially offset by employing
larger aircraft. Figures 12 and 13 illustrate this point at the main world region level for the
DLR CON forecast: the ratio of the columns for 2050 and 2023 is substantial larger for the
passenger volume compared to those for flight volume. This means that the number of
flights grows slower than the number of passengers, so more passengers are transported per
flight. This is even true for the highly dynamic growing Asian airports, because passenger
demand growth is expected to be so strong that airport capacity development cannot
keep up. As a result, the number of flights is a bit more evenly distributed among the
world regions compared to passenger volume, especially between Asia, North America,
and Europe.
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Figure 13. Distribution of global flight volume among the seven main world regions in 2023 and 2050
(DLR CON).

The capacity crunch also has a significant impact on passenger demand development:
passenger volume is significantly lower in DLR CON compared to DLR UC (13.2 billion vs.
16.5 billion, Figure 8). In DLR CON, the average number of passengers per flight increased
at an average annual rate of 3.6% — 1.5% = 2.1%. In DLR UC, this value increases by
4.4% — 3.0% = 1.4% on average per year. As a result, the number of passengers per flight
increases 50% faster in DLR CON compared to DLR UC. This has a substantial effect on the
distribution of passengers on the seat classes as we will see next.

In the remainder of this paper, we will concentrate on the DLR CON forecast, which is
the base, i.e., the most-likely forecast. The unconstrained forecast has capacity assumptions
which typically cannot be met. In particular, the regional and mainliner segments of
commercial scheduled passenger services is focused on medium and large airports, of
which the important hubs have only limited capacity. They play a crucial role in this
segment of air traffic in that, currently, the 120 largest airports worldwide handle about
50% of the flight volume [6].
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Figures 14 and 15 illustrate the aircraft seat class distribution between 2019 and 2050
in the DLR CON forecast. While there is a substantial shift towards larger aircraft in terms
of flight and passenger volumes for the medium and larger seat classes, there is a stable or
even increasing volume in the two smallest seat classes, i.e., up to 50 seats.

o % 2 S o, . X, % % 2, %

N
\]\9

Billion

N N w

[y

(2019-23 actual data, >2023 forecast values)

Global passenger volume by seat class for all aircraft

[y

0N SN g N N 2. N N 2
0 0 % %

RO N
H2019 m2020 m2021 m2022 m2023 2025 m2030 m2035 m2040 m2045 = 2050

Figure 14. Results of the DLR forecasts: global seat class distribution (passenger volume) until 2050
in the DLR CON forecast.
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Figure 15. Results of the DLR forecasts: global seat class distribution (flight volume) until 2050 in the
DLR CON forecast.

This is even more evident regarding the number of flights than for passenger volume.
This is because of the much lower number of seats and passengers, respectively, per flight.
Thus, more flights with a lower number of passengers per flight are needed. However, due
to capacity limits at larger airports, the focus of such flights is decentralised air travel, i.e.,
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between smaller or other non-hub airports. Here, we typically have no capacity problems,
and, in many cases, large aircraft cannot be handled because of infrastructure limitations,
e.g., technical runway and terminal requirements.

Figure 16 illustrates the aircraft delivery forecasts of Airbus [48], Boeing [49], and DLR
for aircraft with over 100 seats up to 2042. The aircraft delivery forecasts show the total
number of aircraft (Total), as well as the split into narrowbody (NB) and widebody (WB)
aircraft. In the case of the DLR forecast, we show both the results of the unconstrained
(DLR UC) as well as the constrained (DLR CON) forecasts, because the unconstrained one
is the closest to the approach used regarding the Airbus and Boeing forecasts. The DLR
UC forecast results are like those of Airbus and Boeing, both in total volume as well as the
split between narrowbody and widebody aircraft. If we add limited airport capacity to the
DLR CON forecast, the total volume of aircraft deliveries goes down, and the split between
narrowbody and widebody aircraft shifts towards larger aircraft. Larger aircraft with more
seat capacity per aircraft mean fewer aircraft given the passenger demand and aircraft
utilisation, i.e., the number of aircraft needed to serve a given flight schedule. However,
as we already saw in Figure §, there is less passenger demand forecast in DLR CON than
in DLR UC. This is because there are upper limits in terms of aircraft size depending on
the flight route, and some aircraft are simply not viable on certain routes, e.g., very large
aircraft on very short routes.
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32,620 32,420 31,613

29,521
30,000
20,000 18,791
10,730
10,000 8220 7440 6775
0 I I I
AN AN
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Figure 16. Comparison of aircraft delivery forecasts of Airbus, Boeing, and DLR in different scenarios

Number of new passenger aircraft (>100 seats) up to
2042

up to 2042 for aircraft with >100 seats (NB: narrowbody aircraft; WB: widebody aircraft).

This is true for all seat classes down to the smaller ones, and it is one of the reasons
why smaller aircraft cannot be substituted fully: there are routes where larger aircraft are
not viable, decentralised routes with no capacity problems, as well as routes with a low
demand, where larger aircraft cannot be employed viably at an attractive flight frequency.
The latter point is important for future demand development regarding small aircraft.
There are routes where origin—destination demand between two airports is currently too
low for a viable direct flight connection. As demand increases over time, some of these
routes may become viable for operations involving small aircraft. This is a market potential
for small aircraft; however, it must be acknowledged that in the end, small aircraft only
serve a small portion of the global commercial scheduled passenger demand.

Table 1 shows the entry into service (EIS) of the reference and concept aircraft using
the ICAO seat classes. Reference aircraft are from the base year 2019 or earlier, and
concept aircraft will enter the market after 2028. Concept aircraft are further subdivided



Aerospace 2025, 12, 185

16 of 22

into advanced (years 2028-2035) and ultra-advanced technologies (years 2035-2040). The
People Mover (PM) [1,2,52] is a high-seat-capacity aircraft (590 seats in a single-class layout)
with a range of up to 4000 km and is designed by DLR. Its design is inspired by an Airbus
A350-1000 and is tailored for short to medium flight distances with high passenger volume
to mitigate the capacity crunch at airports and improve the ecological footprint of air
transport. The model also includes all base year aircraft, which will be retired more and
more over time (Figure 17 and Table 2).

Table 1. Entry into service (EIS) of the reference and concept aircraft using the ICAO seat classes (A:
advanced technology; UA: ultra-advanced technology; * For the People mover (PM) scenario, the
replacement of the PM in seat classes 11 and 12 up to 4000 km distance).

Seat . Tech
Class Seats Aircraft Type EIS
1 1-19 19-Pax Reference Aircraft 2014
1-19 19-Pax loop2 Commuter A 2028
5 20-50 ATR42-500 2014
20-50 ATR42-500 Advanced A 2040
3 51-70 CASA C295 Civil (2014 Multi-Mission) 2014
51-70 Regional Multimission TP 70 seats A 2035
4 71-85 Bombardier Dash-8-400 2014
71-85 Bombardier Dash-8-400 Advanced A 2040
5 86-100 ATR72 Resized to 90 seats 2014
86-100 Advanced regional TP90 A 2030
6 101-125 Embraer E195 E2 2016
101-125 UA-SMR-Embraer E195 E2 UA 2040
7 126-150 Airbus A220-300 2016
126-150 Innovative Regional Turboprop 130 A 2035
8 151-175 Airbus A320neo 2016
151-175 UA-SMR-Airbus A320neo UA 2040
9 176-235 Airbus A321neo (SMR 2014 ref) 2016
176-235 Ultra—Advanced SMR UA 2040
10 235-300 Airbus A321neo (SMR 2014 ref) 2016

Airbus A321neo-like (stretched to 250

235-300 seats)—Ultra Advanced UA 2035

1 301400 Airbus A350-900 (LR 2014 ref) 2015
301-400  Airbus A350-900neo (Advanced Long Range) A 2034

1 401-500 Boeing 779 2015
401-500 Boeing 779 advanced A 2039

11/12 * 301-500 Airbus A350-900 (LR 2014 ref) 2015
301-500 DLR People Mover A 2034

Based upon the model described in Section 3 and the aircraft EIS list of Table 1, we can
calculate the global fleet evolution between 2019 and 2050 by technology level, as shown
in Figure 17. First, passenger demand for each airport pair is forecast, which determines
the need for aircraft type using the ICAO seat classes flying on each airport pair. Aircraft
productivity, i.e., how many aircraft are needed to serve a given flight plan, determines the
size and composition of the aircraft fleet. Retirement curves by aircraft type (turboprop,
regional, narrowbody, and widebody aircraft) evolve the fleet over time so that new aircraft
with new technology enter the market. The base year fleet [53] and the EIS list of Table 1
control this process. Finally, Figure 17 displays the results: base year aircraft, i.e., aircraft
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that are from 2019 or older, will make up 6% of the global fleet in 2050. Reference aircraft
with a technology level of 2019 will have a share of 23% in 2050. The concept aircraft
comprise advanced technology aircraft (SAT E-STOL, regional aircraft, i.e., 70-, 90- and
130-seater, as well as long-range aircraft) which will represent about 56% of the total ASK
in 2050, of which the largest part (54%) is made up of long-range aircraft. Ultra-advanced
technology aircraft (short- and medium-range aircraft) will represent about 15% of the total
ASK in 2050.

Table 2. Global fleet evolution from 2019 to 2050 in terms of the number of aircraft by technology level.

Aircraft from 2019 Aircraft with Aircraft with
Year Base Year Reference Advanced Clean Ultra-Advanced Clean
and Older Aircraft Sky 2 Technologies Sky 2 Technologies

2019 26,329 0 0 0
2020 25,627 4246 0 0
2021 24,932 5638 0 0
2022 24,214 5935 0 0
2023 23,441 6365 0 0
2024 22,654 6806 0 0
2025 21,845 9420 0 0
2026 21,037 12,805 0 0
2027 20,168 13,844 0 0
2028 19,275 14,807 95 0
2029 18,344 15,879 148 0
2030 17,397 16,895 284 0
2031 16,970 18,083 357 0
2032 16,527 19,969 432 0
2033 16,060 21,863 511 0
2034 15,014 23,412 1501 0
2035 13,955 23,220 2504 1731
2036 12,892 22,996 3227 2305
2037 11,830 22,734 3964 2890
2038 10,782 22,430 4712 3482
2039 9756 22,078 5472 4075
2040 8777 21,675 6259 4665
2041 7850 21,216 7288 5095
2042 6995 20,698 8318 5512
2043 6205 20,118 9351 5928
2044 5492 19,475 10,387 6396
2045 4851 18,766 11,429 6848
2046 4287 17,994 12,621 7246
2047 3790 17,158 13,900 7636
2048 3359 16,263 15,210 8145
2049 2979 15,312 16,513 8740
2050 2645 14,312 17,806 9351

Table 2 displays the corresponding global fleet evolution from 2019 to 2050 in terms of
the number of aircraft by technology level. By 2050, 6% of the aircraft fleet will be from
the base year or older, 32% from 2019 reference aircraft, 41% from aircraft with advanced
Clean Sky 2 technology, and 21% from aircraft with ultra-advanced Clean Sky 2 technology.
The high share of 2019 reference aircraft in 2050 results from advanced and ultra-advanced
aircraft of the larger seat classes entering the market in 2034 or later. This underlines
the importance of early market entry for substantial market penetration of new aircraft
technologies. As Figure 6 shows, 50% of aircraft are still in service after 20 to 30 years
depending on the aircraft type (turboprop: 30 years, narrowbody: 27 years, widebody:
25 years, and regional: 21 years). The different technology distributions between RPK and
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the number of aircraft result from the different flight profiles: Larger aircraft are typically
employed on longer routes so that their RPK share is higher than their share of the number
of aircraft. Ultra-advanced aircraft are not represented in the ICAQO seat classes 11 and 12

so that their RPK share is significantly lower than their number of aircraft shares (15% vs.
21%).
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Figure 17. Global fleet evolution from 2019 to 2050 in terms of available seat kilometres by technol-
ogy level.

Based on the fleet development regarding each airport pair, aircraft emissions were
calculated. The emission profiles of aircraft were retrieved from PianoX [54] for existing
aircraft and were provided by the CS2 Systems and Platform Demonstrators for concept
aircraft. Figure 18 shows the CO, reductions at the ATS level for the CS2 Reference, CS2
Design, and PM Design Fleet Scenarios. The largest improvements in CO, reduction are
achieved in the 300-600 seat classes due to the shift in fleet composition until 2050. CO,
can be reduced by 14.5% in the CS2 Design Fleet Scenario and even 17.5% in the PM Design
Fleet Scenario in 2050 compared to the CS2 Reference Fleet Scenario.
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Figure 18. CO; emissions in 2050 at the ATS level for the CS2 Reference Fleet (CS2 Ref), CS2 Design
Fleet (CS2 Design), and People Mover Design Fleet (PM Design) Fleet Scenarios.

5. Discussion

The purpose of this paper was to first briefly describe the DLR passenger and fleet
forecast model that was employed for the Technology Evaluator (TE) in Clean Sky 2 (CS2)
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and to present the results from the Second Assessment, i.e., the passenger and fleet forecasts
up to 2050 and the impact of CS2 technology on CO, emissions globally. Furthermore,
the results obtained are embedded in past and recent developments of global air traffic,
especially following the COVID-19 pandemic. During the First assessment in 2020 [5], it was
unclear whether the pandemic would have a long-term effect on air traffic development.
It turned out that the pandemic has no substantial long-lasting effect on air transport
development over the next few decades, which has also been verified by other forecasts,
e.g., [10]. In the short-term, there is a gap of about five years in the growth path, which is
expected to decrease more and more in the long term.

As a result, air traffic development is heading “back to normal” after the pandemic,
and, as already observed in the past, there is a general tendency for larger aircraft being
employed in scheduled commercial passenger air travel. This is not only because of the
economic considerations of airlines but increasingly due to capacity bottlenecks at major
airports worldwide [47]. Nevertheless, smaller aircraft still have an important but rather
small role to play in the forecast. There are flight routes where larger aircraft are not viable
because of the economic considerations or technical restrictions of the airports concerned.
This is often the case for decentralised air travel between smaller airports. Furthermore, the
potential passenger volume of thin routes, i.e., those with a low origin—destination demand
which are currently not viable for a nonstop flight, will increase over time due to demand
growth. As a result, these routes may become viable for direct flight connections in the
future. This is an important reservoir for the market for smaller aircraft. The DLR forecast
therefore identifies a significant demand for new small and medium aircraft, but more so
for larger aircraft for all distances, even large aircraft for distances up to 4000 km because
of large passenger volume and scarce airport capacity.

Here, the People Mover (PM) designed by DLR can help to substantially reduce
emissions and mitigate the impact of airport capacity constraints, especially at larger
airports with a high degree of capacity utilisation. The PM is optimised for short- to
medium-haul flights and high turnover situations. This is often a problem for widebody
aircraft, which are not designed for such a scenario, are less efficient, and suffer from
increased wear due to the large number of take-offs and landings.

In a world of unlimited capacity, of course, fleet development would be different, and
there would not be such a need for larger aircraft. From this perspective, new aircraft
models such as the Airbus 321 XLR, which has a range of up to 8700 km with up to 220 seats
and 30% less fuel burn compared to previous generations, are interesting: they can offer
high frequencies at viable load factors on long-range flights between secondary airports or
between secondary airports and hubs [15]. However, capacity limits at the hubs persist,
and a scenario of unlimited airport capacity is purely hypothetic and, in this paper, only
serves for comparison with established forecasts.

An important topic that needs more careful consideration in the future is the produc-
tion limits of larger aircraft. While there is a strong need for such aircraft in the long term,
there might be production limits which can act as a critical bottleneck in addition to airport
capacities. If this is the case, there may well be an impact on possible passenger volume. If
both airport and aircraft production capacities are substantially limited, passenger volume
that can be served might well decrease (Figure 7). This is an important point to consider,
because the DLR CON forecast, which does not consider aircraft production limits, is
already below established forecasts such as those by Airbus and Boeing. Nevertheless,
future research needs to explore the impact of limited aircraft production capacity on air
transport development. The high level of detail of the DLR model basically offers the
possibility to integrate research considering limited aircraft availability.
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Developing and certifying aircraft take a lot of time. New aircraft propulsion types
such as Hy and e-aircraft as well as the availability of sufficient sustainable aviation fuel
(SAF) and Hy, including the necessary infrastructure, represent further challenges for future
air transport [55-58]. They can limit the potential to serve air passenger demand if they are
not addressed in time. Furthermore, new fuels and propulsion types have an impact on the
airlines’ cost and likely lead to higher airfares, which decreases passenger demand [58-60].
The production rate limits of such aircraft can play an important role as well. The path to
greener aviation is currently a very important research topic which the DLR model can be
used for because of the integrated modelling of passenger demand and fleet development
on a high level of detail.

6. Conclusions

The discussion shows the importance of long-term forecasts and scenarios of air traffic
development to preserve sustainable and viable air traffic development for all stakeholders.
The Clean Sky 2 Technology Evaluator focuses on Clean Sky 2 technologies and short- to
medium-range aircraft with high capacity and illustrates the benefits in terms of limited
airport capacities and CO, reduction. Further research and studies should include the
challenges of new aircraft propulsion types and the impact of aircraft production capacity
as well as the required infrastructure to handle the new fuels. These new technologies
present some challenges like developing and producing such aircraft, aircraft turn-around,
and airport infrastructure, to name a few, but they might be a game-changer for greener
aviation once the challenges have been mastered. Because of the integrated modelling
of passenger demand and fleet development at the airport level, the DLR model can be
enhanced to help master these challenges.
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