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Executive Summary
Worried about the impact of climate change, international institutions, nations and other groups are
promoting change to reduce emissions and hold the current global temperature increase below 2.0ºC
compared to pre-industrial times. Aircraft manufacturers must contribute to this effort because the
improvements shown by the development trends in aerodynamic and propulsion performance and fleet
operations have lead to an insufficient reduction of emissions since 1960, partially due to the large air
traffic growth. Hydrogen, which combines high energy density with low carbon emissions, might be the
solution the aerospace sector has been looking for, as long as it can overcome some of its shortfalls, like
the volume needed for its storage in current commercial aircraft.

However, as specialized literature states, the repercussions on climate impact from hydrogen aviation
are not clear, e.g. the radiative forcing from cryogenic contrails is uncertain (Marquart et al., 2005); the
bounds for NO emissions are broad (Funke et al., 2019); and the impact of these emissions is highly
dependent on the flight altitude (Grewe & Stenke, 2008), which by the way will increase for hydrogen
aircraft. This study is not meant to solve these uncertainties, but to provide a methodology in which
these uncertainties can be adapted and investigated. Therefore, the objective of this study is to create
and use a methodology to determine the surface temperature increase caused by a fleet of both hydrogen
and kerosene combustion aircraft.

This research evaluates the impact on climate change of an aircraft using hydrogen combustion. Figure 1
displays an overview of the research methodology and how information flows through the different
modules. Inputs required for the study include the aircraft information to be analyzed and a flight
database to create a routing network. Data from two aircraft with a similar mission range and payload
are used to understand the surface temperature increase caused by hydrogen and kerosene. The aircraft
selected are the hydrogen FZM1G (standard tube-and-wing design) and the kerosene B767S (with
improvements added in aerodynamics, weight and engines) from (Beddoes et al., 2022). A flight database
(FlightRadar24 ) is used to extract precise flight datapoints required to investigate non-CO2 effects,
which are dependent on latitude and altitude.

The routing design then selects the routes to be flown based on flight range, frequency and global
coverage. Moreover, it removes non-commercial flights from the database to standardize data. Then,
the flight simulation module uses those routes and the aircraft parameters to simulate the flights; when
a certain route is selected, total range is used to compute initial weight of the aircraft (Initial Weight
Estimator). Next, aircraft speed and rate of climb and descent are used to compute the flight plan
(Flight Planner). When the flight iteration begins, the state of the aircraft (angle of attack, speed,
flight path angle, weight, etc.) is ran through a module which declares if the aircraft should climb,
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cruise or descend (Auto Pilot). Then the state of the aircraft is ran through the flight dynamics model
which updates its status using the energy equations from Eurocontrol (2004). An interpolation over
an engine model (created for each aircraft using Proesmans and Vos (2021)) is used to rapidly convert
engine thrust in fuel flow. Fuel flow is used to compute NO Emission Index (EINO ) at every step
of the flight and to update the fuel weight of the aircraft. EINO is calculated using the BFFM2
method (Turgut & Usanmaz, 2017). Next, aircraft weight and flown distance are updated. When flown
distance equals the total range of the flight, the extra fuel weight is computed (contingency fuel). If fuel
remaining is 10 % of required contingency fuel (5% of the consumed fuel), the simulation is finished,
and the next route can be analyzed. Finally, when all flights have been simulated, an emission inventory
with the following information is created: longitude and latitude, pressure altitude, fuel burn and NO
emitted, flown distance and flight frequency. The emission inventory will serve as input for the climate
assessment model.

The last module observed in Figure 1 is the climate impact module. AirClim is the tool selected to
compute final surface temperature increase due to its availability, versatility and climate metric, which
provided numerous advantages with respect to other tools as CAST (Planès et al., 2021), MAGICC
(Meinshausen et al., 2011) or LinClim (Lim & Lee, 2006). Using any climate impact tool requires a well
defined scenario as displayed in Table 1.

Simulation Start Year 2030 Simulation End Year 2130
B767S (ker) Start Year 2030 FMZ1G (hyd) Start Year 2030
Market Growth BAU (2019-2025) 6.0% Market Growth BAU (2025-2050) 1.2%
Market Growth BAU (2050-2075) 1.0% Market Growth BAU (2075-2130) 0.8%

The scenario includes a simulation start and end year, in this case separated by 100 years, a tech-
nology start time, which corresponds with the beginning of the simulation, and the market growth over
the course of the simulation (Grewe et al., 2021). Simulation cannot be fully realistic because, in order
to compare fleets, all of them were introduced in the market simultaneously and instantaneously, with
hydrogen technology being fully operational by 2030. It is also important to mention changes intro-
duced in AirClim to account for hydrogen technology in the simulation: radiative forcing of hydrogen
contrails is reduced by 69% with respect to kerosene contrails due to the reduction in soot particles;
and emission indexes of CO and H O become 0 and 9 as observed in Table 2.

Fuel
Contrail RF

Change
(Soot)

EICO EIH O

Kerosene - 3.155 1.25
Hydrogen - 69% 0 9

From the routing design module, 1128 city-pairs that satisfied the route requirements are chosen,
for a total of 2.24 million flights. These flights are unevenly distributed in latitude: 78% on temperate
areas, 21 % on the Tropics and less than 1 % on frigid areas. Emissions of the two aircraft analyzed
in the study are displayed in Table 3. It can be observed that the fuel consumption of the kerosnee
B767S is 2.48 times larger than the hydrogen FZM1G due to the higher energy density of hydrogen fuel.
EINO is reduced from 13.1 to 10.8 because the engine is able to use the lower lean limit of hydrogen.
CO is completely removed for the hydrogen aircraft while H O emissions are almost tripled.
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FZM1G 16.7 179 10.8 0.0898 0 0 0 150 9 0.075
B767S 41.5 544 13.1 0.305 131 3.155 0.734 51.8 1.25 0.029

These emissions can be transformed into surface temperature change using AirClim, which also uses
them to generate data on contrails and their effects. Figure 2 displays surface temperature increase by
2130 for emissions and contrails. As it can be observed, effects of hydrogen aviation on temperature rise
are lower than those of kerosene aviation, with several considerations. Contrail effects are the largest
individual contributor to climate change for both kerosene and hydrogen aircraft, followed by CO in
the case of the B767S and NO in the case of hydrogen aviation (FZM1G). H O effect on climate change
from hydrogen aviation is 4.7 times higher than that from kerosene aviation, due to the higher emission
index of H O of hydrogen combustion.

The lower effect of hydrogen contrails in surface temperature is caused by its lower contrail radiative
forcing (69%); the difference between hydrogen and kerosene contrails effect on climate would be further
enlarged if hydrogen aircraft flew at lower altitudes. NO influence is 67% lower in the case of Hydrogen
because of the reduction in NO due to the higher energy density of hydrogen and the reduction in
EINO that takes advantage of the lower lean limit of hydrogen in the combustion chamber.

Adding the individual contributions of the species, hydrogen aviation effect on temperature change
is 12.6 lower than that of kerosene aviation (18.9 vs 6.3 , a 1/3 ratio). But analyzing trend over
time is also important: in Figure 3 it can be observed how the hydrogen aircraft temperature change
slope (FZM1G) is less steep over time, while the kerosene aircraft slope (B767S) remains steep. This
difference is due to the cumulative nature of CO emissions, which are non-existent for the hydrogen
aircraft.
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The non-CO geographic effects were also investigated for each aircraft. Table 4 displays temperature
change caused by aircraft flying over specific latitudes. It can be observed that temperature increase
caused by hydrogen aircraft is larger than that of kerosene aircraft above the Tropics (14% vs. 12.7%).
This is due to the higher cruise altitude of hydrogen aircraft, which translates in a higher contrail
probability of formation. In frigid areas, this effect is the opposite, because of the lower limit of contrail
formation probability, as observed in Figure 4.

FZM1G 0.0820 1.3 5.34 84.7 0.883 14.0
B767S 0.309 1.63 16.2 85.6 2.41 12.7
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Two study cases were proposed in this study: the first one considers an alternative aircraft, the
Flying-V, either kerosene powered (named FV8) or hydrogen powered (named FVHY). The second
proposes a more realistic scenario, where the kerosene B767S and the FZM1G previously mentioned,
are introduced in the market in 2030 and 2050 respectively.

The results of the first study case show that both Flying-V aircraft are comparable in terms of fuel
consumption to their respective competitors (FZM1G vs. FVHY and B767S vs. FV8) as observed in
Table 5. However, the larger wing area of the Flying-V technology requires these alternative designs to
fly at a higher altitude, which causes a detrimental effect on climate as observed in Figure 5.

FZM1G 16.7 191 11.5 0.0958 0 0 0 150 9 0.075
B767S 41.5 544 13.1 0.305 131 3.155 0.734 51.8 1.25 0.029
FV8 42.9 669 15.6 0.363 135 3.155 0.734 53.6 1.25 0.029

FVHY 16.2 206 12.7 0.106 0 0 0 146 9 0.075

Figure 5 shows how the effects of NO , contrails and H O of the Flying-V aircraft are magnified
due to the higher cruise altitude. Although the NO emitted by the FVHY is similar to the NO
emitted by the FZM1G, the higher altitude of the FVHY increases the surface temperature change by
5 . Overall, the surface temperature increase for the kerosene Flying-V compared with the kerosene
B767S is 95% (18.0 ). For the hydrogen Flying-V, the total temperature increase with respect to
the FZ1MG is 134% (8.45 ).

In the second study case a new baseline aircraft is introduced to represent current aviation (B767ER),
also used by Beddoes et al. (2022). As observed in Figure 6, in 2130, 100 years after the introduction of
the B767S, the surface temperature change with respect to the baseline aircraft is 33% lower. Moreover,
the hydrogen aircraft (FZM1G) temperature change is 78% lower than the baseline aircraft after 100
years of flying (2050-2150).
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Many uncertainties and deviations in literature exist when measuring climate impact from hydrogen,
which have to do with EINO hydrogen reduction and hydrogen contrails radiative forcing. This study
assumes a hydrogen contrail radiative forcing reduction with respect to kerosene of 69% (Burkhardt
et al., 2018) due to soot reduction. However Marquart et al. (2005) considers percentages ranging from
-30% to 30%. This study also assumes a 0.75 EINO ratio of hydrogen to kerosene (Carter, 2021), even
though Funke et al. (2019) says it can be reduced to 0.1 if using micromix combustion or even increased
to 1.3 if the lower lean limit of hydrogen combustion is not used.

To account for all these uncertainties, a sensitive study has been carried out where worst (30%
increase in hydrogen contrails radiating forcing and 1.3 EINO hydrogen ratio) and best case scenarios
(69% decrease in hydrogen contrails radiating forcing and 0.1 EINO hydrogen ratio) have been analyzed
for hydrogen aircraft (Figure 7). The green area unites these bounds for the hydrogen aircraft (FZM1G).
It can be noted that the worst case scenario creates a slightly higher climate warming than the B767S
kerosene aircraft until 2100, however, beyond that year, temperature change is lower than the kerosene
aircraft. The difference is again due to the cumulative nature of the CO emissions.

The sensitivity study also includes the analysis of flight altitude variations. The higher the cruise
altitude, the lower the fuel consumption, however, as it has been noted before, a higher altitude comes
at a cost, which is a higher impact on surface temperature change. Results show that the increase in
surface temperature with altitude was higher for the kerosene aircraft than for the hydrogen aircraft.
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This study develops a methodology to model and compare emissions and surface temperature change
(climate impact) of hydrogen and non-hydrogen aircraft flying defined flight plans. Results show benefits
for hydrogen aviation when compared to kerosene aviation:

• Lower fuel consumption: 16.7 megatons of hydrogen compared to 41.5 megatons of kerosene.
• Lower surface temperature increase: 6.3 for hydrogen models compared to 18.9 for

kerosene models.
• Lower climate susceptibility to cruise altitude: climate wise, hydrogen aircraft always perform

better than kerosene aircraft when flying at the same altitude. Variation delta with altitude is
also lower.

• Non-cumulative effects of hydrogen emissions: evolution with time shows better results than
kerosene powered aircraft due to lack of CO effects.

Disadvantages of hydrogen relate to altitude and geographical location. Lighter hydrogen powered
aircraft must use higher altitudes, and even though they perform better compared to kerosene, it has
an impact on surface temperature. This is more notable when flying in tropical regions due to higher
contrail probability of formation at higher altitudes.

At the end of the study, I believe that hydrogen combustion has the potential to become a new
milestone in the development of a much more sustainable aviation. We have demonstrated that even the
worst case situation for hydrogen aircraft is advantageous with respect to kerosene aviation. However,
aviation on its own will not cure all environmental problems, since humanity as a whole is still far from
meeting the Paris Agreement Goals.
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