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1. Introduction

> The project “DEvelopment Pathways for Aviation up to 2070” (DEPA 2070) was conducted at the
German Aerospace Center in the time frame from 2022 to 2024. It concentrated on the following strategic
objectives:

1. Definition, description and evaluation of possible development pathways for aviation
up to 2070 in consideration of major trends in special regard of air transport market and
technological developments, energy availability, infrastructure requirements and potential
changes on the political and social level (e.g. as a result of the European Green Deal and the
Covid-19 pandemic)

2. Detailed assessment of technology-related scenarios and corresponding conse-
guences for sustainability and air transport infrastructure

3. lllustration and discussion of realistic development perspectives of the air transport
system in consideration of the long-term ecological, economical and societal impact

Similarly, to the forerunner project “DEvelopment Pathways for Aviation up to 2050” (DEPA 2050) two sce-
narios for the further development of the air transport industry were described and assessed with the inten-
tion to provide diverging future states of the aviation sector in 2070.

The first, so-called progressive scenario assumed an accelerated insertion and a higher market distribution
of sustainable aviation technologies with the focus on CO, emission reductions.

Meanwhile, the conservative scenario was rather designed as a business-as-usual scenario assuming a
later entry into service of specific aviation technologies and especially no significant progress in alternative
propulsion.

As a third scenario the DEPA 2070 project developed a normative scenario to estimate which technology re-
duction potentials with regard to different aircraft types might be needed to reach the goal of “Zero CO,
emissions in 2050".

2. Vehicle Roadmaps by Fuel Type

On this basis, extended scenario and technology analyses were conducted in the project in order to develop
detailed technology and vehicle roadmaps for all relevant categories in passenger air transportation consid-
ering also supersonic aircraft as a new market segment within the next 50 years. The following figure shows
in this respect the potential energy mix for different aircraft market segments with regard to the conserva-
tive and the progressive DEPA 2070 scenario.

It becomes clear in this respect that the progressive scenario assumes very optimistic conditions — especially
for the market entry of hydrogen carriers in the mainliner segment — while the conservative scenario is rather
based on a longer usage of fossil aviation fuels which is then step-by-step replaced by sustainable aviation
fuels (SAF) and (hybrid)-electric propulsion. Consequently, the progressive scenario analyses more in the
character of a “what-if study” what could be possible from a technical point of view if optimal conditions
for hydrogen propulsion are given and adequate aircraft becomes available from 2035 onwards.
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Figure 1: DEPA 2070 Vehicle roadmaps by fuel typ

Seite | 4



DEPA 2070 - Study Report Summary

DLR

2. Vehicle Technology Scenarios by Market Segment

B

The more detailed assumptions for the two DEPA 2070 technology scenarios are also summarised in

the next figures for each of the different market segments that were regarded in the DEPA 2070 study.
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Figure 2: DEPA 2070 technology scenario for mainliner aircraft
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Figure 3: DEPA 2070 technology scenario for regional aircraft
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Figure 4: DEPA 2070 technology scenario for small air transport
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Figure 5: DEPA 2070 technology scenario for business jets
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Figure 6: DEPA 2070 technology scenario for supersonic aircraft
3. Vehicle Segment Demand Forecast
> Based on the underlying scenario assumptions that were also extended to aviation external develop-

ments by a STEEP (Society, Technology, Economy, Environment, Policies) analysis a detailed demand forecast
that considered also future capacity constraints at airports was elaborated for the different vehicle segments.
The results are displayed in the following figures, separately for mainliner and regional, as well as for SAT

and supersonic air travel.
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Figure 7: Global flight volume forecast up to 2070 for mainliner and regional air traffic
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For the mainliner and regional market segment it can be seen that the air transport sector will face a contin-
uous growth over the next decades. With an average annual growth rate of 1.5% the number of flights will
increase in total from 36 million in 2019 to more than 76 million in 2070. Meanwhile for the SAT market
segment, a flight volume increase from 1.2 million in 2019 to 2.6 million in 2070 was forecasted.

Annual flight volume in million

2019 2020 2021 2022 2023 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070

Figure 8: Development of SAT flights up to 2070

In the same time span the number of business jet flights will grow from 6.5 million to almost 14 million. As
the economic growth is the most important driver in this respect the demand development can be assumed
as relatively stable and the compound annual average growth rate is very similar to the one for mainliner
and regional air traffic. In contrast, business jet flights as well as SAT flights will be less affected by airport
capacity constraints in the future, as normally smaller airports with sufficient capacity reserves are served.
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Figure 9: Development of business jet flights up to 2070
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Finally, for the new market segment of supersonic air travel a split in two scenarios (a progressive one and a
conservative one) was done in order to follow the DEPA 2070 scenario taxonomy and in order to address
the higher uncertainty for the development of this innovative market segment.” To prepare the best condi-
tions for a more detailed demand analysis in relation to mobility and connectivity effects at the same time
the forecast displayed in the figure below also concentrated solely on the number of potentially new routes
(and not on the number of flights) for supersonic air travel. If this key figure is considered, the difference be-
tween the two scenarios becomes evident. In the conservative scenario, the number of supersonic transport
routes increases from 300 in 2030 to over 800 in 2070. Meanwhile, in the progressive scenario, more than
600 routes can already be expected for the year 2030.
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Figure 10: Number of supersonic routes in both DEPA 2070 scenarios

4. Future Fleet Development

> Based on the demand forecast results and the technology projections detailed vehicle design studies
and assessments were carried out in the course of the DEPA 2070 project. Thus, a differentiated projection
of the future fleet development could be provided. For this purpose, for all of the 13 ICAQO seat categories
and the two DEPA 2070 scenarios vehicle concepts were developed and evaluated according to their tech-
nical performance and their economic viability. The forecast of the global flight volume per seat class for the
time span 2019-2070 (cf. figure 11) was in this respect the next analysis step to identify the need for new
aircraft. For the further estimation of the development of the global fleet aircraft replacement needs were
also considered. Together with the findings of the trend analysis for the air transport market, propul-
sion/technology development and sustainable aviation fuels the calculation for the future energy mix in avia-
tion could be conducted. The results for the year 2070 are provided in figure 12.

1 Especially the entry into service and the market diffusion of supersonic air vehicles is currently unclear as there have been several
postponements in the past. This is why the following analyses concentrated only the calculation of demand potentials without con-
sidering the supply side.
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As it can be seen liquid hydrogen has a leading role in the progressive DEPA 2070 scenario while SAF has a
lower significance in this scenario. Instead, it plays a crucial role in the conservative scenario. For full-electric
and hybrid-electric propulsion a smaller share of aircraft is projected in both scenarios given that distance
limitations that reduce the usage opportunities for these types of aircraft. For this market segment the dif-
ferences between the two DEPA 2070 scenarios become rather visible with regard to the share of full-elec-
tric aircraft. For the progressive scenario the share in 2070 is significantly higher in total figures than in the
conservative scenario due to more ambitious assumptions of entry into service and market diffusion of full-
electric propulsion. In contrast, the conservative scenario expects a slower progress in this field which leads
to a majority of hybrid-electric vehicles compared to their full-electric counterpart. Finally, the share of kero-
sene-fueled aircraft is significantly reduced in both scenarios in favour of advanced aircraft propulsion.

5. Emission Reduction Potentials

> Thus, in general a significant CO, emission reduction can be reached in both DEPA 2070 scenarios
despite of a nearly doubling of flight volumes in the time span from 2019 to 2070 (cf. figure 7). This change
is mainly driven by technological improvement and the different energy mix in aviation. Game changers in
this respect consist of the introduction of carriers powered by liquid hydrogen in the progressive scenario
while SAF plays in both scenarios also an important role and is especially in the conservative scenario the key
driver for the CO, emissions reduction. The following figure shows in this respect the total reduction poten-
tials over the next decades for the life-cycle CO, emissions.? The life-cycle CO, emissions development was
also regarded in relation to the forecasted traffic volumes (cf. the following figure).

2500
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Figure 13: Life-cycle CO, emissions for the DEPA 2070 scenarios with and without consideration of SAF

2 The reduction of life-cycle COz emissions due to SAF were considered with 80 % in contrast to normal Jet A-1 kerosene. SAF was
treated equally in the conservative and progressive scenario.
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With consideration of SAF, the life-cycle CO, emission levels of 2019 will never be reached again. Neither in
the conservative nor in the progressive scenario. From 2030 to 2045 the increasing share of SAF is compen-
sating the higher demand and thus higher CO, emissions. Because of the large increase of SAF share be-
tween 2045 and 2050 (32% to 70%), the life-cycle CO, emissions decrease rapidly. Also, the life-cycle emis-
sions per 100 revenue passenger kilometres (RPK) decrease in all DEPA 2070 scenarios and are displayed in
the next figure.

/\

Life-cycle COz emissions [kg/(100 RPK)]
O - N W » U1 OO N 00 U O

2019 2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070

== Progressive Scenario - with SAF Conservative Scenario - with SAF

Progressive Scenario - no SAF === Conservative Scenario - no SAF

Figure 14: Life-cycle CO; emissions per 100 RPK for the DEPA 2070 scenarios with and without consideration of SAF

The curves show that a significant reduction could be possible in this case for all of the investigated scenar-
ios. While the reference years 2019/2020 show the highest value of nearly 9 kg CO, emissions per 100 RPK
already the conservative scenario, without consideration of SAF, shows a decrease of this value by 30.5%
until 2070 as a result of improved aircraft technology as well as a higher seat load factor and aircraft seating
capacity. The introduction of SAF leads to a further reduction of the life-cycle impact up to 86% - again
compared to 2019 values. This value increases in the progressive scenario without the consideration of SAF
up to a value of 90% and with the consideration of SAF up to 98%. Nevertheless, it has to be considered
that the life-cycle reduction of SAF is dependent on different aspects such as SAF-type, feed stock, carbon
intensity of the electricity used to produce SAF and much more.

As further part of the DEPA 2070 project aircraft noise research was conducted. In this case, technology is
also a key factor to reduce total noise immissions and the resulting negative impacts. For this purpose, noise
reduction technologies were investigated in the project and an additional focus was put on the further de-
velopment of noise estimation and assessment methods. The challenge behind is that noise immissions are a
local impact of air transportation and the noise situation differs from one airport to the other. Nevertheless,
in order to estimate and assess the total impact of noise-optimised aircraft and noise reducing technologies,
a more global picture is needed with regard to the status quo situation and potential future situation of a
broader set of airports. In order to enable future research in this domain a new method for noise assessment
was developed within the DEPA 2070 project. The big advantage here is that this method provides quick
and reliable results and can be coupled with the DEPA 2070 demand forecast on airport level. Dedicated
noise assessment studies in future projects are possible on this basis.
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6. Economic Development

> As further part of the impact analysis the economic outcome of the future air transport development
in terms of gross value added and employment was analysed in the DEPA 2070 project. Based on the fore-
casted air transport demand growth of the DEPA 2070 scenarios from around 36 million in 2019 to more
than 76 million flights in 2070, the added value generated by air transport related activities will increase
from 1,073 billion Euros to 2,249 billion on global scale. For the EU-27-member states it will grow from 119
billion Euros to 197 billion Euros over the next five decades. The further economic footprint in relation to air
transport-related employment shows that aviation has supported around 17 million jobs on global scale and
1.9 million jobs within EU-27 in the year 2019. All of these values cover direct, indirect and induced effects
of air transport’s economic outcome. For the year 2070 around 37.3 million jobs on global scale are esti-
mated as an effect of air transport growth while 2.9 million jobs could be supported by aviation on EU level.
The detailed results of the economic analyses are also provided in the next figures.

Employment (million jobs) Gross value added (billion euro)
50.0- 2,500 -
2,249
40.0- 3733 2,000 - 408
e
- § 30.0- Induced 1,500 - Induced
§ E Indirect 1073 1132 ’ Indirect
Et 20.0- i 1,000 -3 i
S S . Direct : 205 . Direct
£ g 527 |
c = 10.0- 500 -
o -
[
.
- 0.0- 0-
o ¥+
GRS 2019 2070 2019 2070

Figure 15: Long-term global economic impact of air transport — direct, indirect and induced employment effects
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Figure 16: Economic impact of air transport in the EU-27 — direct, indirect and induced employment effects
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7. Mobility Impacts

> With regard to mobility impacts a focus on new transport segments was put in the DEPA 2070 pro-
ject. This included electric SAT solely as well as in combination with supersonic transportation. In order to
estimate social benefits, it was in this context analysed how travel times for the European society could be
improved. For this purpose, first, a fully electric SAT vehicle with a capacity of 16 passengers was regarded in
a conservative scenario and in a progressive scenario assuming increasing ranges over the years. In the con-
servative scenario 4.8% of all European routes with a maximum distance of 203 kilometres could have a
theoretical time advantage of at least 1 hour in 2070 when full electric SAT can be operated and is replacing
car traffic. In the progressive scenario this share increases up to 64% (200,000 routes in total) with a maxi-
mum distance of 416 kilometres due to an assumed accelerated technological progress. Even if only busi-
ness travel is regarded on these routes as in this market segment there is a higher willingness to pay for air
transportation this travel option stays attractive. 14,726 routes in 2070 assuming a number higher than 0
business travelers/year or 2,675 routes assuming a number higher than 5,000 business travelers/year remain.
Finally, it could also be shown in the DEPA 2070 project that the travel time savings and therefore the social

impact might be especially high in those regions in Europe that are characterised by physical barriers or ad-
ministrative borders.

A further analysis was conducted in order to check the potential CO, emissions reduction potential from
switching car travelers that might use electrified SAT travel instead in the future. However, this analysis was
solely concentrated on the theoretical CO, reduction potential® based on a certain amount of underlying as-
sumptions, as the switching willingness of passengers is highly uncertain for the future and car travel will
also be more and more electrified. Taking these constraints into account the theoretically highest possible
CO; emission savings were again calculated for a conservative and a progressive scenario and are displayed
in the next figure. While the CO, emissions savings in the progressive scenario with more than 300 daily
electrified SAT flights in 2070 are quite high and total almost 1.2 million tons of CO, the conservative sce-
nario shows a significantly lower share with approximately 0.2 million tons in total.
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Figure 17: saved CO; emissions through switching car passengers to full electric SAT vehicles; Assumption: 112,2 g/km CO; in car
traffic, no consideration of electric car shares

3 For example, 112.2 g COz emissions/km were assumed for car traffic not considering that this share might decrease over the next
decades due to a higher share of electrified cars. In addition, it was not considered for both transport market segments (car transport
and air travel) if the electricity can be generated from renewable sources.
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Table 1: Time advantage of SST (supersonic transport) and SAT from airports with SST traffic in 2070 in hours
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As a third part of the DEPA 2070 mobility impact study the potential of SAT feeder traffic within Europe in
combination with supersonic transport (SST) which could serve European airports in the future was re-
garded. To identify travel time savings the innovative travel chain of SAT and supersonic air travel was in this
respect compared to the traditional travel chain of mainliner routes and car travel.

Although time advantages significantly depend on the analysed routes and airports in total travel time sav-
ings of SST in combination with SAT amounted to a minimum of 2.6 hours and a maximum of 5.5 hours in
total which leads to an average time saving of 4.1 hours in relation to the whole set of analysed airports.
The single results for all airports covered in the DEPA 2070 study are provided in the previous table.

To conclude, there is a relevant market potential for electrified SAT and also supersonic air transport which
can be exploited if the adequate technologies and transportation concepts are realised in the time span up
to 2070. This goes hand in hand with significant benefits with regard to society and mobility.

8. Aviation Infrastructure

> The impact studies in the DEPA 2070 project were finally completed by an analysis of the needed
progress in aviation infrastructure. In this respect, the outcome of the DEPA 2070 development pathways
were compared with the status quo of airport infrastructure. Special emphasis was put on the required
changes with regard to the potential introduction of new energy sources in aviation (i.e. hydrogen, electric-
ity and SAF). For this purpose, challenges and constraints were analysed in regard of their short-, medium-
and long-term impact.

The results are provided in the next figure.

4

Very high Complexity

Hydrogen Supply &
Pipelines Hydrogen Storage
Capacities

Hydrogen Fueling
Airport Specific Capabilities
Hydrogen Safety
Regulations

Enhanced Cybersecurity

Multimodal Infrastructure
Non-drop-in SAF

Infrastructure .
‘ Effects of Larger Wingspans Hydrogen: @
Battery:
. SAF:
- Drop-in SAF General: @
Infrastructure
2025 2070

Time Horizon

Figure 18: Infrastructure requirements in relation to the DEPA 2070 scenarios
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It can be noted that with regard to the short-term (three to five years), airports are especially asked to do a
strategic analysis and to elaborate detailed plans in order to set the right priorities for their future enhance-
ment. This should optimally be done in form of scenarios as the further development in aviation as well as
the framework conditions are characterised by a high uncertainty. Particularly regional differentiation, the
competitive situation of each individual airport, cooperation options, capacity bottlenecks and the potential
expansion of infrastructure, especially with regard to the use of new energy sources such as SAF and hydro-
gen, should play a major role in these scenarios. In the medium-term (five to fifteen years) the investment
phase should start the latest.

However, this also creates new challenges in order to estimate and realise the right level of production and
distribution infrastructure for alternative fuels. In addition, airport operations and processes have to be
adapted to new aircraft types. In the long-term (> fifteen years), availability and capacity aspects might take
centre stage due to increasing demand as it is reflected in both DEPA 2070 development pathways. The un-
derlying challenges and constraints are quite complex and will require a coordinated approach of all aviation
stakeholders in order to set the right priorities in the current environment.

The corresponding framework conditions and the fundamental changes of the air transport system that
have to be considered in this respect and are described in more detail in the full study report of the DEPA
2070 project. Besides this, the report provides also an extended overview of the structure and approach of
the project as well as its major findings and further research needs.
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