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Outline

Sustainable fuels for maritime applications.
Boosting fuel conversion efficiency with solid oxide fuel cells: ammonia example.
Improving onboard carbon capture with fuel cells methanol example.

Concluding remarks
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Sustainable fuels for maritime applications
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Sustainable fuels for maritime applications
The green energy allocation challenge

- The infrastructure for attaining 2050 decarbonization targets is enormous:

— Road: 20 EJ = Y
Bioenergy is a limited resource = 65 EJ !
~ Aviation: 2550 E @ S=
o _ . 250.000 6MW
— Shipping: 15 EJ A — —
pping NH,, H, by SOEC 800 GW {j 25 years * 60 GW/y
— Chemicals: 15 EJ

- The cost of green alternatives is 3—4 times higher than NG-based ones:

Grey methanol €/t

X3.8

Green methanol €/t @ 2020

X2.4

Green methanol €/t @ 2050

Download
MarE—Fuel report

11/06/2025 Technical University of Denmark
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Sustainable fuels for maritime applications
Estimates on the impact of consumer prices

- The higher fuel costs are estimated to have limited impact on the price of goods transported

20% increase in shipping rate

17 (equivalent to +100% increased fuel costs) j

A pair of running shoes A computer for $S800 1 banana for $0.25
for $100 would increase by would increase by would increase by
+ $S0.06 + S0.60 + S0.01
[+0.06%] [+0.08%] [+5%]
Source: Calculations by Maersk Download

Mersk sustainability
2020 report

11/06/2025 Technical University of Denmark Rafael Nogueira Nakashima (rafnn@dtu.dk)
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- Sustainable fuels for maritime applications
The roadmap for meeting decarbonization targets
- In an example scenario: v
ore
— Initial reliance on bio—based alternatives and LNG/LPG. details
— Green ammonia gradual adoption and later dominance. and
legend scenarios
50% GHG emissions 70% GHG emissions 99% GHG emissions B v.srorFosc
=2 reductions by 2050 reductions by 2050 reductions by 2050 B voo
o B vco
£ 150004 LNG
- I MeQH-grey
= 100001 | " ||| MeOH-ebio
e ||| "
= 5000 4 B veoH-DAc
2| 't i iy oo
E I:I 3 L] L L ----..'II L] : L — ! ---: L] I.- L] — 1 L] . NH3-blue
LE 2020 2030 2040 20502020 2030 2040 20502020 2030 2040 2050 [ NHe-green -
Refined Pyrolysis Oil -~
years arerrereet Bt
« ” “ ., B G Download
Scenarios for "behind—the—meter constraint with "medium” biomass availability PO

MarE—Fuel report
(full list of assumptions can be check in report —>)
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Boosting fuel conversion efficiency with solid oxide fuel
cells: ammonia example
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Comparison between different fuel cells
SOFCs outcompetes ICE efficiency for H, and green fuels

SOFCs can reduce emissions of maritime i
. . . . . . 1,000 KWh OUTPUT
transportation by increasing efficiency of ship .
INPUT
propulsion i
J | 0,218 kWh ' 0,353 kWh N 0,598 kwWh ' 0,786 kWh 0,031 kWh
Electrolysis Ammonla‘plaﬂ Synthesis Reformer  Fuel cellefficiency Electric motor
70 consamplen
65 NH3 - SOFC
60 OUTPUT 1,000 kWh
INPUT
55 3,421 KWh
50 1323 kWh
J 0,153 kWh 1 0,248 kKWh | 0,667 KWh 0,031 KWh
45 |
40 ‘9‘ | '
Electrolysis Ammonia Synthesis  Fuelcellefficiency Electric motor
35 e|§§rf'c'.u
consumption
30 NH3 - ICE
ICE PEMFC SOFC m—
Figure 19. Electrical efficiency comparison of an internal combustion engine with PEMFCs 4031 ko
and SOFCs 1,559 kih
I 0,180 kWh 1 0,292 KWh 'M_OOO kWh
Source: Comparative report on alternative fuels for ship propulsion. E,ed‘m,s e S
pla

Interreg North—-West Europe. H2SHIPS. 2020 oo 8
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= Recent NH3 SOFC projects at DTU Energy
B e NO ’! CNERGINET
HALDOR TORSOE uinor :
SOC4NH3 q DTU Energy []]1]
Orsted Vastas /v -
AARHUS UNIVERSITET p 4
IO VARD
AEGIR / @ SINTEE DTU Energy w
\\ﬂLFm// HALbor Torsoe @ SVITZER
oL
SOFC4MarItIme aersk Mc-Kinne er Center < Py Enerey UHU
%rZer‘c()“Cn)art')(on Srillp?gtlan"g Cent ﬁABS g
ot
DTU Energy []71]
AMON

Prof. Henrik Lund Frandsen
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Challenges of ammonia—SOFCs
Nitriding of metallic components

Significant reduction of stack lifetime due to the
nitriding process

n

Ammonia Hydrogen/Nitrogen
e o il 7 | ».-'__ ‘x

SEM of the Ni-mesh used for current collection in the long—term
cell test experiments [1].

NL D5,0 x300 300 um

Crofer 22 H — 650C —
with ammonia
[1] Hendriksen, P. V., Mondi, F., Sun, X., Caldogno, R., Frandsen, H. L., Rizvandi, O. B,,

) . Interconnect after exposure to ammonia
... & Hansen, J. (2023). Ammonia as an SOFC Fuel. ECS Transactions, 111(6), 2085.

11/06/2025 Technical University of Denmark Rafael Nogueira Nakashima (rafnn@dtu.dk)
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After burner

HE 4 H2+N>+H20

Solutions for ammonia—SOFCs - 77 M= ]
Ammonia pre—cracking and anode recirculation

i

— To protect the stack, we need an external cracker.

— To obtain high efficiency we need recirculation.

Air supply

— External cracker reduces the efficiency (high airflow for cooling).

7
6 =
_ > :Eﬁg%iﬁ{ %1;”{ [ 0% crack, 0% R ~ 534
. ne —Kn- Ocrack-50R. || ~
S Kn- Ocrack-T0R 80% crack, 0% R o1.4
:2 Kn- Ocrack-90R
=31 Kn-80crack-90R|] 0% crack, 50% R ~ 635
e —Kn-90crack-90R
2 — -NNi nitriding 0% crack, 70% R ~ 68.7
/1 0% crack, 90% R 742
] - Download
Safe case 0_5 > g 90% crack, 90% R 124 |

Full research article

Fuel / Elsevier

11/06/2025 Technical University of Denmark

Rafael Nogueira Nakashima (rafnn@dtu.dk)



=
—
—

i

Improving onboard carbon capture with fuel cells
methanol example
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- Integrating SOFCs with onboard carbon capture
Novel onboard carbon capture solutions enabled by fuel cells
Air « 7 68 % efficiency
Methanol . “frop”
C:30<'I=‘_|“0 HEAT free” capture and

liquifaction of CO,

e (CO, can be re—used for
methanol

H, CO CO,

ABSORPTION
COOLING

Download

Full research article
IJoHE / Elsevier

11/06/2025 Technical University of Denmark Rafael Nogueira Nakashima (rafnn@dtu.dk)
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Integrating SOFCs with onboard carbon capture

Total cost of ownership benchmark

Ammonia—SOFC is still the cheapest solution for decarbonization.
Onboard carbon capture is significantly cheaper than direct air capture alternative.

100 r
90 1 e
Er
E
a 807 T
E e
e Tl
g 70+ ———
3 e TT- Y - B - — =iy
"‘E 60 1 B s
s - Bl +
o 50 = B — S . gt T £
— B - S N TE=— e —— - T
.g _""“'——h-.__._.,_ [ S ——————
= e —_
40 4 0 o o o o —f==——= #
3'] T T T T T T T
2020 2025 2030 2035 2040 2045 2050
Year
== ‘fassal 1 - ICE - LSFO = Vessal 4 - HT-PEMFC - e-MaOH (PS)
= Vassal 2 - ICE - e-Ma0H (PS) ---- Vessal 5 - S0FC - a-MeOH (OCC)
—&—- Wassel 3 - 30FC - a-NH3 - - Vassal 6 - S30FC - e-MeOH (adjusted DAC)

Source: Techno—economic analysis of methanol fueled solid oxide fuel cell systems
with energy efficient carbon capture in maritime transportation (in preparation

Rafael Nogueira Nakashima (rafnn@dtu.dk)
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Closing remarks and acknowledgements
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Concluding remarks
Future perspectives

Decarbonization of maritime transport will call for (i) sustainable fuels (ii) efficient systems (iii)
onboard carbon capture solutions.

Main insights from DTU Energy:

Sustainable fuels are predicted to cost 2—4 time more until 2050

Limited bioenergy calls for ammonia and onboard carbon capture.

Only SOFCs can outcompete ICEs efficiency—wise.

« Ammonia problems can be solved by pre—reforming and anode recirculation.

Fuel cells enable efficient onboard carbon capture.

11/06/2025 Technical University of Denmark

Rafael Nogueira Nakashima (rafnn@dtu.dk)
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Backup slides
Cell operation with NH3



DTU

Use of ammonia in SOFC -> Durability at various T
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o
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Backup slides

Open—source initiative: NEST
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Vision: Modelica simulation
Work in progress

Detailed description of overpotential
sources for each cell segment

T e

fuel_out
ir_out

a

" Finite element methods to convert PDE into
| ot {9 multi—-ODE problem reusing cell segments
; % = é{g ﬂx%;paratura hemaReastor
i fuelin
i d "
‘‘‘‘‘‘ DR i
Single repeating unit
o — 730 - .
....... [ 4 Finite element representation
!

Cell segment unit

Equivalent circuit representation

24/10/2025 Technical University of Denmark

Module balance of plant integration

using Modelica library

system
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NEST - Kickoff meeting — August 2025
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Vision: Modelica simulation

User case example: EIS validation and parameter inference

30 ® Current density

’>; (A/m2)
:; 25 ® \/oltage (mV) 003 |
a0 @ Exp. B0O6C
O Mod, 806C - 56% TPB_ref

. = o Mod. 806C - 80% TPB ref

i (o] Mod. BO6C - 90% TPB_ref
2 20 .
2 ~ 002 [ I N
o~ ° £ [ /-
E 15 G
$ ) o
> m

£
E 10 ° ' 0.01
(]
o [ ]
2
[
g5 .
3 0.00 | . | .
.— 0.125 0.150 0.175 0.200
0 e Z_real (Q cm2)
1E-12 1E-09  0,000001 0,001 1
. Time — log scale (s)
. Dynamic response in time domain EIS simulation
Cell segment unit . . R o _
: o . > Potential step with current > Identification of modeling parameters
Equivalent circuit representation . . .
relaxation compared with experiments

24/10/2025 Technical University of Denmark NEST - Kickoff meeting — August 2025
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Fuel cell degradation and open science
dEMS — Degradation—aware EMS

(A) How PEMFC operation affects

degradation and performance?

Degradation model
Pgi Ppo.t P : :
Grid § :: Simplified model for EMS Download

NPEMFCs Factory dEMS
7 095 © BOL exp. Open—source software
—BOL mod.
—Pht—] 9 5348h exp.
H, [t 085 f 5348h mod.
Pat 10100h exp. “ L 'j"’
S 075 10100h mod. . | I
: p i T -
Npatteries / o 15000h mod. ' 3
2 0,65 o 20000h exp. il | | [
E ——20000h mod. . Il ‘
% 2 e
. < o 0,95 b
il |
I MR AT
0,45 | |
! - A 1
(B) How to optimize the non—-linear 0 05 : 15 9 Day
problem of operation and sizing” Current density (A/cm2) Operation optimization

11/11/2025 Technical University of Denmark Thermodynamic modelling and optimization applied to Power—to—X research
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