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MOTIVATION e~ o5

@flightradar24

- Temperature change

—

- Precipitation change

- Rise of sea level

Aviation is a contributor to climate change (~3.5%, Lee et al. 2021)

Increasing number of flights

Urgent need to reduce emissions to meet climate mitigation goals (Paris
COP21 agreement)

Quick and disruptive measures
Flightradar24.com

MITIGATION MEASURES

' ... == Climate-optimal trajectory
1 = Cost-optimal trajectory ~

Alternative fuels: SAF, H2, Ammonia...

gﬁ;{ggz Electrification / Hybridization
o Advancements in drag/consumption reduction
= —) Policy-based —) Mostly CO2 oriented Medium to long-term
i H . Aircraft
uedm %rgﬁg'g?ﬁ ucdm %E Lee et al. The contribution of global aviation to anthropogenic climate forcing for 2000 to o Lab w
de Madrid PHD 2018, Atmospheric Environment, 2021
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MOTIVATION

Hydrogen has emerged as a promising long-term sustainable solution for aviation

Direct CO2 emissions are elimin
Hz + 02 H 2H20 + Energy Irect 1SS are eliminated Global Aviation Effective Radiative Forcing (ERF) Terms

Produced by renewable sources (199010 2016)

R
' —_———— e

Carbon dioxide (CO5)
emissions

34.3 (28,40) | 34.3 (31,38)

Nitrogen oxide (NO,) emissions
Short-term ozone increase
Long-term ozone decrease

larger noxious role to the environment.

49.3 (32,76) | 36.0 (23,56) | 1.37 | Med.
-10.6 (-20,-7.4)| -9.0 (-17,-6.3) | 1.18 | Low

Methane decrease -21.2 (-40, -15) | -17.9 (-34,-13) | 1.18 | Med.

Non-CO2 emissions: water vapour + contrails, can play an equally or even J
[ ]

Stratospheric water vapor decrease -3.2 (-6.0,-2.2) | -2.7 (-5.0,-1.9) | 1.18 | Low

1
1
[
[
T
Net for NOy emissions 1 17.5(0.6,29) | 8.2(-4.8,16) | —- | Low
|
I
' Water va;::; :::;::L:’;::: | J 2.0(0.8,32) | 2.0(08,32) | [1] | Med.
.
Ael [ |
-from soot emissions F | ! 0.94 (0.1, 4.0) | 0.94 (0.1,4.0) | [1] Low
: BB Best estimates
-from sulfur emissions }—ﬂ j |~ 5 - 95% confidence -7.4 (-19,-2.6) | -7.4 (-19,-26) | [1] | Low
1 1
-’ .—l"& 12 Aerosol-cloud interactions : :
-from sulfur emissions 1 == No best No best - | Very
https://rmi.org/contrail-mitigation-a-collaborative-approach-in-the-face-of-uncertainty/ -from soot emissions ! I estimates estimates | —- | low

Net aviation (Non-CO, terms) 66.6 (21, 111) | 114.8 (35, 194)

The mitigation of this non-CO2 effect has been proved promising through
operational strategies

Net aviation (All terms) 100.9 (55, 145) | 149.1 (70, 229)

A L e | | I E M [y By M ] P e S [ |

FL340 02 -50 0 50 100 150
—a =10 Effective Radiative Forcing (mW m2)
Strong dependency IégigetAatl. Ther(]:ontrllgun_on of gl(ibglog\fanon to anthropogenic climate forcing for 2000 to
4 on time and location » AlMospheric Environment,
2
0
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SCIENTIFIC OBJECTIVES

a)

Operational and trajectory study of

¢ Research and design of H2 aircraft
H2 aircraft

349% conceptual models

CO2

Non-CO2

Round off the problem

CONCEPTUAL DESIGN ! .
ANALYSIS AND
OPTIMIZATION

¢
4
di

&> casADi

H2 AIRCRAFT DESIGN AND OPTIMIZATION

A320 2 (a0 = 0.5) AOEW [%]

A

A
[
X

Capture its behaviour with a
set of differential equations

DYNAMICAL MODEL
(e cou() )t

INPUT: ENGINE

Numerical model of a H2 fitted turbofan

Performance

Emissions

............

ological prediction
+ H2fitted climate impact
assesment

AU

Tackling both CO2 and non-CO2 emissions impact

Maximizing the benefits

CLIMATE OPTIMAL TRAJECTORY PLANNING
OPTIMIZED PROFILES j

COST / IMPACT
BALANCE

FREE ROUTING:

@ ROC

Robust optimal control

FL340 1012

General objective: analyze the introduction of H2 aircraft quantifying
its climate impact reduction potential and derived costs

°
o
aCCF of contrails

55 | [K/km]

[1]

« Full 4D trajectory
optimization

+ Employs optimal control

* Incorporate uncertainty in
meteorological variables

Objective 1: H2 aircraft design analysis and optimization models.

A Cost [%]

OPTIMIZED PROFILES

r = 300
£ 200

+ Flight planning technique £ 150 5 —' '

STRUCTURED AIRSPACE:

@ ROOST

Robust optimization of
Structured Trajectories

.@ Objective 2: H2 aircraft emissions and climate impact modelling.

9

Y

Objective 3: Climate optimal trajectory planning algorithms for H2 aircraft. incorporating horizontal " p— . COST/IMPACT|
Q and vertical decision- =7 R TG | _BALANCE
making - .4—%"”"/:‘"_.’\”“» . =~
+ Heuristic graph-based e * ‘ L L — o
algorithm ATR (K]

Universidad ye3m

Carlos|ll
de Madrid

Uncertainty ranges due to considered
SRR

+ Incorporate uncertainty in sources ( h .

meteorological variables
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AIRCRAFT DESIGN

Digital tools that predict the potentials of the technology are

of paramount importance Quibén Figueroa, R., Cavallaro, R., Cini, A., & Soler Arnedo, M. (2023).
MOTIVATION (Mdao fOr susTalnable aViATION)-Framework development
for the design and optimization of H2 powered aircraft. In AIAA AVIATION

Design analysis and optimization 2023 Forum (p. 4151). o _ g
~ Mission profile e Aerodynamics - Stability
— Cost, emissions, impact, \ Seml-grfr;plrlcal relations from
| minimize f(x) | weight... _ 5 3 Turbofan ifferent sources.
[by varying x, <x; <Xx; | g?i(r)]gwetry, SIz€, power ) Vach. Alfitude. & Special adaptation to consider H2
subject to  gj(x) <0 o . " ’ ach, ATee, powertrain components and
Mission, airworthiness, e structures
hi(x) =0 physical feasibilities i
Trained model At heri
mospherics
Conceptual design H2 aircraft SOA Flight condition ’C’*l‘i“;ffie
Thrust, fuel flow, FAR, P3, T3 Cryogenic tanks
Tank Stability Mission Emissions
Thermodynamics Airworthiness l
Adl d Marti Y N N N N I
(Zogz)an artins es (o] (o] o (0] v Thrust _ f(a] » [ﬁ} -
Emissions 1 l
Proesmans and Yes No Yes No Yes 1 Tank status = f(S_ P)
Vos (2024) 1
Barton et al (2023) No No No No Yes b | } Fuel flow = f[S)
[
I l Jdt
Palaia et al (2024)  Yes Yes No No No Change & until : Fuel burn + vented 4
R'(hrust=0 1 ¢
Silberhorn et al Yes No No No Yes |
(2022) m(t) T : A/C weight q *
—
[
T LI I ! —
Objective 1: need for a platform to assess the conceptual MDO of | I Ryu=T-D-mg-siny Stability
a H2 tube-wing aircraft fulfilling all its specific requirements while 8 I I
computing its impact and compliant with current airworthiness m———————l
Universidad ye3m = Aircraft )
uc3m | Carloslil e B .
de Madrid  PHP ASD Lab




AIRCRAFT DESIGN: TEST CASE

SINGLE REAR TANK DOUBLE TANK

A320neo H2-modified aircraft:

« Equivalent to CFM56 turbofan
model optimized in pyCycle.

xwing

* LH2 tank introduction: stretch the
fuselage

» Double tank configuration: stability
and certification concerns

Weight o s | I lLHZaft
o 1] W
leabin = leabino — limz + Alfus leabin

Drag = leapino — lLHZaft
ll D) - lLHwad + Alfus
lfus = lfuso + Alfus i lfus = lfuso + Alfus i
Universidad ye3m == Aircraft .
uc3m | Carlos il e orzs S
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AIRCRAFT DESIGN

Optimization campaign:

« Altitude = 34,000 [ft]
* Ranges: 1,000 to 2,500 [NM]
+ Payloads: 14 to 20[t].

* MNgrav= 0.5

Total CO2:

+ Green H2: reductions of up to 99% can
be achieved.

* Blue H2: reduction is limited to 70%.

JET A-1

A [%]

125

100

75

50

25

=75

- téi
129.0%

117.0%

131.0%
124.0%

-13.0%
-17.4%
-63.0%
-69.0%
Energy-fuel Cost-fuel H,0 NOx

lfus
proportionally
shifts the wing
position.
Xwing @djusts
to satisfy
stability
constraints.

Shift of the
wing position
resulting from
the increased
weight of the
hydrogen
tanks.

For EINOxs; three kerosene generic correlation models have been
used, the trend is — EINOxg, = a » P € 104051 o(B+T3)

Density kg/m"3 814.7 70.2 70.2
LHV Mi/kg 43.1 118,35 118,35
2035 Price  $/kg 0.776 5.95 5,60
Universidad ye3m ==
uc3m | Carlos il ™ glEEEr

de Madrid

R. Quiben, R. Cavallaro, A. Cini, M. Soler: Hydrogen-powered aircraft

design: A multidisciplinary approach to minimize emissions and cost. En
AEROBEST 25. 2025.

Payload [kg]

Payload [kg]

AH> lfys [m]

42.0
40.8
39.6
38.4
37.2

36.0

1800 2000 2400

Range [NM]
AH3 Xwing [m]

2200

1400

1600

17.0

15.8
14.6
13.4
12.2

11.0

1800 2000 2400

Range [NM]

1400 2200

1600

Differences w.r.t. to DT configurations not
relevant under selected optimization
problem

Aircraft
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CONTRAIL ANALYSIS

How to handle all this excess in H20?
Flying this aircraft in a climate optimal way: contrail
analysis

Contrail formation and effect is still subject to huge uncertainties

H2 aviation particular case has nearly not been addressed: new particle
and environment scenario, no experimental evidence (available)

Current/accessible models for aircraft trajectory simulation:

Contrail Cirrus Simulation and Prediction (CoCiP)

H2 Adaptability Concerns

SAC Yes - Only formation, too simplistic

CoCiP Yes (?) Yes (?) Needs particle emissions input, huge number of
assumptions

APCEMM No ? Too complex to modify from user point of view

aCCFs No No Simulation-based on kerosene aircraft, restricted to
specific regions and weather patterns

Advection-diffusion (in- No Yes Needs already an ice particle distribution from another

house) model

New higher fidelity approaches for H2:

Method Phase focus Validation
Lottermoser and EULAG-LCM LES Vortex No
Unterstrasser (2025)
Ferreira et al (2024) E-L LES Jet and vortex No
Bier et al (2024) LCM box model Jet and vortex No

ucdm | Carloslll
de Madrid PHP

Universidad ye3m %g%& ‘@

Input:
Aircraft
(BADA)

Movements
(ATM data, DFS,

Meteorology
(NWP results,
ECMWF, DWD)

Contrail Cirrus
Prediction Tool

« From regional to global
+ Comp. to observations

CLIMaCCF

Output:
Contrail,
life cycle,
cover, radiation
Cirrus

Simulation
(insitu, Lidar,
Satellite)

Sensitivity

studies

Prediction

Climate impact

Objective 2: H2 aircraft emissions and climate impact modelling: adapt
current models or build a useful one for ATO from Hi-Fi

MAIN CONCERNS

Model/data for particle
emission is missing

Lack of reliability in existing
models

Lack of applicability in the new
approaches

Impossible to have date-driven
models

Aircraft

Lab m

ASD Lab
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CONTRAIL ANALYSIS <9

~P

ucdm

3D LES simulation

particle diameter
4.0e-08 4.2e-06

[ = ]

Understand predictability
and limitations of models

Universidad ye3m ==
Carlos il e
de Madrid  PHD

e Project with Stanford University

Objective 2: H2 aircraft emissions and climate impact modelling: « Compare under-construction solver against
adapt current models or build a useful one for ATO from Hi-Fi ‘

benchmark models, results and data
e« Eventual goal of augment the platform to H2
contrails

Ground-based camera imagery:

Stanford

University

Eulerian-Lagrangian
approach for two-
phase compressible
flow

Contrail's jet & early
vortex regimes over
short timescales (<5s)
— only formation

Focus on contrail formation

Using images as benchmark

Comparison against COCIiP/SAC and LES

Dependence on reliable data (atmospheric and aircraft)

Aircraft

Lab w
veIm’

uedm
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CONTRAIL FORMATION <9

Formation: SAC vs IC_LES

13000 -1.0 es Image o Imag
2 £3  SAC—NI
PR es SA 0 98% 99%
- COR’: O SAC—YI
(@51 _ 0 SA
12000 | % IC—NI 0 2% 1%
0  IC—VI -0.8
E Yes | (Yl) No | (NI)
11000 ,.E es Image ( o Image (NI)
[r—
: B Yes SAC (> 0.5)
E O.G_g
O = No SAC (< 0.5) 22% 52%
= 10000 . o °
= 798 =
= - 2
4caBe4 (RYRS52CE) E ~ O - 04 ?‘5
9000 * E
S Not much difference found between
4a21e0 (RVRIW) 02 SAC and IC for LES probability
8000 analysis — most contrails forms,
405f12 (EZY93FB) .
A B half persist
40643d (EZ(S6BY)
® o
7000 -0.0 Small set of cases: limitations on the
205 210 215 220 225 230 235 240 variability Of conditions
Tamb [K]

e Similar limitations and problems at first glance
e Implications for operational contrail avoidance — importance of accurate, real-time
atmospheric data (also for isolating the effect of aircraft/engine parameters)

o LES simulations can be a helpful tool to understand contrail formation. Ground cameras

— Revniwatt — I‘V e show potential to support the enhancement of contrail modelling: fine tuning parameters

EUROCONTROL

- _ . o and understanding their limitations.
Quibén Figueroa, R., Ferreira, T., Gorlé, C., and Soler Arnedo, M.: Comparing high-fidelity

LES of early contrail formation with ground-based images, EGU General Assembly 2025,
Vienna, Austria, 27 Apr—2 May 2025, EGU25-17191, https://doi.org/10.5194/egusphere-

egu25-17191, 2025. H -
Universidad ye3m . @Uﬁs;m;., 2025 Work still needed for H2 Aot
ucdm | Carloslll % L S
PHD ASD Lab
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TRAJECTORY OPTIMIZATION o5

Trajectory optimization: approaches

[ Direct: discretize the trajectory and solve as an NLP
Problem formulation problem
. . timal control -
min J;(to, tr,x,u) = M(to, tf,x(to), x(tf)) + / (t,x(t),u(t),p)dt | Cost, time, emissions, Optimal contro o : .
ueld climate impact Indirect: solve problem via PMP, complex to derive

with respect to: |x(t) = f(t p, x(t),u(t))| H2 aircraft dynamical model _ analytical solutions

h(x(t),u(t).p,t) =0 [ Meta-heuristi

. eta-neuristics
g(x ) < 0 Path and state constraints N imal
W ko, £, x(t ) x(t})) =0 on-optima - Gradient-based NLP
0, f,X\to - control
Mathematical programming
Climate optimal trajectory optimization SoA
Study Forcing agents Model Opt. algorithm Opt. type Uncertainty Routing Aircraft/Fuel I n- h ouse I I b raries
NiklaB et al. (2019) CO; and non-CO, aCCFs Direct OC Case-specific - Unconstrained Conventional
Yamashita et al. (2020) CO, and non-CO, aCCFs GA Case-specific - Unconstrained Unconstrained P ROC a Roo ST
Matthes et al. (2020) CO; and non-CO, aCCFs Direct OC Case-specific - Unconstrained Conventional Robust optimal control Robust optimi;ation_ of
Structured Trajectories
Liihrs et al. (2021) CO; and non-CO, aCCFs Direct OC Case-specific - Unconstrained Conventional « Full 4D trajectory Optimization . Fllght planning technique incorporating
Yamashitaetal. (2021)  CO,andnon-CO,  aCCFs  GA Casespecific - Unconstrained Conventional * Optimal control o _ horizontal and vertical decision-making
+ Incorporate uncertainty in meteorological » Heuristic graph-based algorithm
Yin et al. (2023) CO; and non-CO, aCCFs GA Case-specific - Unconstrained Conventional variables . |ncorp0rate uncertainty in meteoroiogicai
Simorghetal. (2023  COzandnon-CO;  aCCFs  ARS Case-specific  MET Structured airspace  Conventional * Freerouting variables
» Structured airspace
Simorgh et al. (2024) CO; and non-CO-2 aCCFs Robust OC Case-specific MET Unconstrained Conventional
B ] ] https://github.com/Aircraft-Operations-Lab/roc https://github.com/Aircraft-Operations-Lab/roost

Castino et al. (2024) CO; and non-CO»2 aCCFs GA Case-specific - Unconstrained Conventional

H2 is completely missing!
(©) Objective 3: Climate optimal trajectory planning algorithms for H2 aircraft, adapt and

Q augment current libraries: performance (O1), emissions and impact modelling (O2).
e s

ASD Lab
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TRAJECTORY OPTIMIZATION

U [he

240
Optimal Control Problem ‘ ,, ,, 12 =A™ |
G PO B — 220
’ , €10 )
v £ 200
ROC 3 )
Robust optimal control . g 8 |<_f 180
f(x) = a- Fuel(x) + B-Time(x) | 6 160
KYIV = FRANKFURT 0 500 0 500 0 500 0 500 0 500 0 500
« CONV: A320-214 ' e 60
« H2: Design and engine from z4 Z
optimization (payload = 18t, CONV, 60 t H2, 60t %40
range=2000nm) CONV, 68t === H2, 68t £ £
memm CONV, 76t == H2, 76t 20
35
n
— 0
5 T ~'50.4 0 500 0 500 0 500 . - B
©
-
E 50.2 75 \ —— = 1.00
= =70 £0.75
5 50.4 £ — = 3
_ E 265 = 0.50
Three different TOWSs £50.2 2 o
i 60 “0.25 k\
= 23 0.00
S Range [NM] Range [NM]
£50.2
©
- Aircraft

uedm

Universidad -
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TRAJECTORY OPTIMIZATION

Optimal Control Problem

@ ROC

Robust optimal control

f(x) = a- Fuel(x) + B-Time(x)

KYIV — FRANKFURT

« CONV: A320-214

« H2: Design and engine from
optimization (payload = 18t,
range=2000nm)

Three different TOWSs

Universidad ye3m =
vcdm | Carlosllil %
de Madrid  PHD

N

Fuel Consumed (t)

CO2 (t)
—
o

60 68 76
TOW (t)

60 68 76
TOW (t)

200

Energy (GJ)
=
o
o

=
o

(9]

Fuel Cost (k$)

60 68 76
TOW (t)
60 68 76
TOW (t)
Aircraft
ucdm e w
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NEXT STEPS

Finish the journal paper about MDO of H2 aircraft

* New parametric analysis on weights, ranges
and technological values

Improve the work presented in EGU with more results and analysis: potential publication

Include the impact of the H2 aircraft into flying the trajectory: climate impact assessment and climate optimal planning

EF generated by flight waypoint

46
']
L
.
.
(]
.
45 .
.
[ )
*
]
.

a4 4 ]
[
-
2
=
1B [ ]

43 .

42 4

41 4

T T T T
1.0 12 14 1.6

longitude

Universidad ye3m ==
Carlos il e
de Madrid  PHD

ucdm

lel3

- 0.50
F0.25
F 0.00
r—0.25

r—0.50

IO.?S
—1.00

- &~
o ~

»
v

latitude

43

42 1

41

£

| — Flight path

Contrail LW RF

T T T
1.0 15 20

2.5

3.0 35 40 45

longitude

100000

80000

60000

40000

20000

width

» Test CoCiP module for H2

» Compare against conventional aircraft
formation and impact under different
conditions

« Climate and cost-optimal optimizations

Ideally having particle emissions estimations

Aircraft

Lab w
veIm’
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CONTACT AND ACHIEVEMENTS

« Raul Quibén Figueroa: PhD student at Universidad Carlos Ill de Madrid (UC3M).
* rquiben@ing.uc3m.es
» https://www.linkedin.com/in/raul-quiben/

* @raulquiben g
e Rauno Cavallaro: Associate Professor at UC3M. rauno.cavallaro@uc3m.es

« Manuel Soler: Associate Professor at UC3M. msolera@ing.uc3m.es

Conference Papers:

R. Quiben, R. Cavallaro, A. Cini, M. Soler: MOTIVATION (Mdao
fOr susTalnable aViATION) - Framework development for the

Research stay: Stanford University (May 24 — July 24) SAiA4 design and optimization mid-range H2 powered aircraft. En AIAA

S[Ea.nfqrd Wind Engineering Laboratory, Civil and Environmental AVIATION 2023 Forum. 2023. p. 4151. (DOI:10.2514/6.2023-
niversity  Engineering Department 4151)

R. Quiben, R. Cavallaro, A. Cini, M. Soler: Hydrogen-powered
\3@, aircraft design: A multidisciplinary approach to minimize emissions

Journal Papers: and cost. En AEROBEST 25. 2025.
R. Quiben, R. Cavallaro, A. Cini: Feasibility Studies on Regional Conference presentations:
. Aircraft Retrofitted with Hybrid-Electric Powertrains Aerospace o o
Science and Tecnology, DOI: 10.2139/ssrn.4720849 % ECATS 4th ECATS Conference Delft 2023: M.ultldlsmpllnary optimization
of H2-powered aircraft to reduce emissions and costs (DOI:
[IN PREPARATION] R. Quiben, R. Cavallaro, A. Cini, M. Soler: 10.13140/RG.2.2.23549.95207).
Multidisciplinary optimization of H2-powered aircraft from a climate

EGU 25 Quibén Figueroa, R., Ferreira, T., Gorlé, C., and Soler
@GU Arnedo, M.: Comparing high-fidelity LES of early contrail

formation with ground-based images, EGU General Assembly
Scholarships: 2025, Vienna, Austria, 27 Apr—2 May 2025, EGU25-17191,.

perspective

Beca CAM | Contratacion para Investigadores predoctorales
en formacién 2023 (2023/00536/001). _—
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Author: Raul Quibén Figueroa
Supervisor: Manuel Soler, Rauno Cavallaro
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CONV, 60 t H2,60t H2_CFM, 60 t
~— CONV, 68 t — H2,68¢t H2_CFM, 68 t
- CONV, 76 t w—H2,:76't — H2_CFM, 76 t
150066 Altitude vs Distance flown Mass vs vistance riown CD vs Distance flown

0.0425
12000 7.0
0.0400
72.5
11000 -
5510 g 0.0375
— 10000 A
E 675 £ 0.0350
Y 9000 ‘n S
©
3 ﬁ 851 E 0.0325
£ 8000 [}
< 675 > 0.0300
7000 5 \
s0io] = 0.0275
6000
75 0.0250
5000 50 0.0225
0 200 400 600 800 o 200 400 600 800 0 200 400 600 800
Distance flown [nm] Distance flown [nm] Distance flown [nm]
True Airspeed vs Distance flown - Fuel Flow vs Distance flown Drag vs Distance flown
240 .

50000
47500
220
45000

200

180
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o (=] o -
> o © =)
Drag [N]
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o N
o w
(=] (=]
S o

37500
0.2 35000
160
32500
0.0
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Distance flown [nm] Distance flown [nm] Distance flown [nm]
Flight Path (Longitude vs Latitude Thrust vs Distance flown CT_0 vs Distance flown
1.0 ;
50.5 70000
60000 \ 0.8
50.4
s 50000
3 B 0.6
= 40000 S
§ 50.3 ‘5‘ UI
= i€ 30000 R 0.4
o
—50.2
20000
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501 10000
0 0.0
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