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Why ammonia as a fuel?
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Biomass availability

Sustainable biomass, globally?2

200 EJ

33EJ 61EJ 33EJ 73 EJ
Wood & Agriculturalwaste Wet waste, Energy crops
residues 0ils & manure

Demand for carbon-based fuels [EJ]"

Low scenario

High scenario

Shipping Upto 20 Up to 20
Plastics 60 120
Peak heating 30 50
Buildings 30 40
Industry 20 40
Aviation 15 20
Cement 0 30
Electricity balancing 10 20
Steel 5 20
Road transport 5 10
Total 175 370




Decarbonization —
using green ammonia

 No carbon sources needed
e Can be easily liquified

* Toxic —but has been
transported safely for
+100 years
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Why use the SOFC technology
with ammonia?
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Cost aspects

* In maritime transportation: CAPEX / OPEX: ~10/ 90 %
* The fuel cost is significant

* Future green fuels will be relatively more expensive
* Energy efficiency improvements likely to pay off

e Current maritime engines reaches efficiencies between ~¥45 - 54 %
(LHV)

« Ammonia fed SOFC is expected to reach efficiencies of: ~¥65 - 70 %

+35%



Other aspects Less materials for

 Wind turbines, solar,

A  (Cables, inverters
H,0+ O + 4 —H,+%0 ‘
? et . Less land use
3H,+N,— NH + 11720,
The risk of development
SOEC shared between technologies
Catalysis Storage
11
_ W [ﬂm @j S T T
H H

RTE NH; (SOC): 45-50 %
1 ~60%
RTE H, current tech 25-30 % —

MHHJH]LI_HH‘] «Heat storage» in NH; molecule

Cryogenic air separation

&
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What are the challenges?
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The solid oxide cells and stacks
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Ammonia in the Solid oxide fuel cells

v o ~750°C

13



Testing and modelling of cells with NH,

(a) pre-cracked ammonia

1.2

—
o

o N2H2 - 700 - exp g |
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Cell voltage [V]
(=]
oo

e
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o N2H2 - 850 - exp

Current stack technologies
—max 70-80 %

- =N2H2 - 700 - sim
oT0) — =N2H?2 - 750 - sim FU = 70%
[ = 0.4 H= -N2H2 - 800 - sim |
— — =N2H2 - 850 - sim @ 0.5 A/cm?2
Q 0.0 0.1 0.2 0.3 0.4
ge)
S

fuel utilization

Nemati, A., Rizvandi, O. B., Mondi, F., & Frandsen, H. L. (2024). Energy Conversion and Management, 308, 118396.
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(b) direct ammonia
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Solid understanding of

combined cracking and
electro-chemical reactions
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Nitriding — might be an issue@ 600-800 °C

At inlet At outlet

P :
Ni/YSZ electrode
2 @l elyte

2 pm® EHT = 100kV Signal A = InLers Stage at Z = 34 938 mm Wiath = 60.00 pm D1U 2 EHT = 100 kV Signal A = InLens Stage at Z = 34 938 mm Width = 60.00 pm [TIU
}“ | IProbe= 129pA  ESBGad= 1500V StageetT= 00° Mag= 1231KX , '“ { IProbe= 129pA  ESBGad= 1500V  StageatT= 00° Mag= 1231KX
R WD = 42mm Tit Angle= 00° Filament Age = 874 22 Hours :3 g WD = 38mm TitAngle= 00° Filament Age = 875 24 Hours
93221 W AgA22 ColumnMode = Hgh Resolu_(lm . Sample ID = ~ ) hb[-lcp-A;!:OJ‘; bf 5 “_‘ 103920 26 Aug 222 Column Mode = High Resolution Sample ID = Outiet-top-A2-014 bt < I
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Nitriding of interconnect

. ‘f
| :,‘ ) ’[.//

4 \

Crofer 22 H — 650C — NL D50 x300 300 um
with ammonia

Nitriding of typical steels worse

— even when using typical coatings

Unpublished work, A. B. Jacobsen, P. V. Hendriksen, X. Sun, A. Nemati, H. L. Frandsen
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Solutions
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How to deal with the devil in the detail

(a) Multi-scale simulations

___y Electrolyte

Covering material to system level

Active electrode

it

NH; = 5N, +5H, Support layer “
J A

NH; ) H, & N, & H,0 & NHs
—JA e >

Channel

hNH; (x)
<« >
5
/{
o

Validated with:
* Materials testing

Cell measurments

.
Fuel inlet

Stack measurements
(©)

Aﬂer burner

—
HE 3 | | “ Valve |
Cracker

> ] — —— _)Valve2 _____ —

NH; NHs: = e —

_____ A

I
P | 1 s | SOFC
__ Stack

!
I
HE 1 HE 2 —

18

Air suppry

Nemati, A., Nami, H., Beyrami, J., Nakashima, R. N. & Frandsen, H. L., 2025, In: Fuel. 392, 14 p., 134837.
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Conceptual system designs

Base configuration

After burner
HE 4
'lll
S| A —
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- . | ~s39%
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Hx+N>+H.0

e

l

External cracker

H:0 )
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T V[ el Hr N0 M = J | -
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Nemati, A., Nami, H., Beyrami, J., Nakashima, R. N. & Frandsen, H. L., 2025, In: Fuel. 392, 14 p., 134837.
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Alternative solutions
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Air — —— e ~ 68 % efficiency

e “free” capture and
liquifaction of CO,

* CO, can be re-used for
methanol

Methanol
CH,OH

ABSORPTION
COOLING

DIXIX L
—
)

Efficient onboard carbon capture system using methanol-fueled solid oxide fuel cells
Johnsen, V. G., Bornemann, F. B., Nemati, A., Linderoth, S. & Frandsen, H. L., 2024, In: International Journal of
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Measure Unit VLA-IMM Source
Lifetime [year] 35 DFDS
Sailing days days/year| 365 DFDS
Active hours h /year] 4,745 Estimated
Hours at port h/year 4,015 Estimated
Avg. speed nm/h] 20.0 DFDS
Avg. distance nm| 260.0 Estimated
Avg. duration h 13.0 DFDS
Avg. duration at port h 11.0 Estimated
Main power system (MP) power [MW] 28.3 DFDS
Auxiliary power system (AP) power [MW] 4.0 DFDS
Avg. energy consumption, MP [MWh /year| 107,427 Estimated
Avg. energy consumption, AP sea [MWh /year] - Estimated
Avg. energy consumption, AP port [MWh /year] 3,975 Estimated
Boiler energy cons. at sea [MWh /year] - DFDS
- Boiler energy cons. at port [MWh/year 1,224 DFDS
- = af Tank size m?] 2,200 DFDS
-l Base CAPEX mUSD] 842 DFDS Concept study to offload onboard captured CO2.

Port call costs USD/call] 35,000 DFDS 2024 LCO, Storage (20,000m?)
Ancillary costs mUSD/year] 2.1 DFDS .

Loading Arm

Pipeline

Bulk Liquid Terminal

Immingham

Total cost of owership: MMMCZCS NavigaTE
Visadingon Fuel cost: MMMCZCS Fuel Cost Calculator
Operational data: DFDS
CO2 infrastructure data: Rambgl|
CO2 offloading cost data: GCMD, LR and Arup

Techno-economic analysis of methanol fuelled solid oxide fuel cell systems with energy efficient carbon (in preparation)
capture in maritime transportation, Y K Pochareddy, K R Sgrensen, A Nemati,*, L H Costa Sousa, A Andreasen, G Agustsson, H Silva, S Linderoth, H L Frandsen
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Cost of Fuel

200

175 - Ammonia is the cheapest
»green fuel»

150 -

Methanol OCC second
- No scarcity of biomass

Fuel Cost [$/GJ]
=
[

75 -
If biomass scarce, cost
=0 approach methanol DAC
25 -
. | | _ . . | | Fossil fuels cheapest
2020 2025 2030 2035 2040 2045 2050 - Even with carbon tax
Year
—o— LSFO (wlo Carbon tax) a-Ammonia —¥— g-Mathanal (OCC) —*— e-Methanol (adjusted DAC)

LSFO (wf Carbon tax) —O— e-Methanaol (PS) —©— e-Mathanal (DAC)

Techno-economic analysis of methanol fuelled solid oxide fuel cell systems with energy efficient carbon (in preparation)
capture in maritime transportation, Y K Pochareddy, K R Sgrensen, A Nemati,*, L H Costa Sousa, A Andreasen, G Agustsson, H Silva, S Linderoth, H L Frandsen
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Total cost of ownership

100 .
— BD- l-l-l---'-*'l-
o B0
B O--.
g 70- T <&
8 Qree _ DAC based MeOH is
T 8O- e : :
| - : o easily outcompeted by
|- T o -
*‘é 50 - e == OCC
= 4&- c . e e — e | .« oy [T p—
T TCO for SOFC-NHj; is
30 : . cheapest (no safety cost)
2020 2025
== ‘Yassal 1- ICE - LSFO == Vassel 4 - HT-PEMFC - e-MaCH (PS)
-~ Vassal 2 - ICE - o-MeOH (PS] -+- Vassel 5 - SOFC - e-MaOH (OCC)
—#—- Vassel 3 - SOFC - e-NH3 -4~ \assal B - SOFC - e-MeOH {adjusted DAC)

Techno-economic analysis of methanol fuelled solid oxide fuel cell systems with energy efficient carbon (in preparation)
capture in maritime transportation, Y K Pochareddy, K R Sgrensen, A Nemati,*, L H Costa Sousa, A Andreasen, G Agustsson, H Silva, S Linderoth, H L Frandsen
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TCO break-down, y2030

Vessel 6 - S0FC - e-MeOH (adjusted DAC) Total: 7.7

0.7
Vessel 5 - SOFC - e-MeOH (QCC) Total: 55.3

0.2 2.3
4 0.3

Wessel 4 - HT-PEMFC - e-MeOH (P5) Total: 62.0

1.8 0.2

Wessel 3 - SOFC - e-NH; Total: 45.7

Vessel 2 - ICE - e-MeOH (PS) Total: 55.0

Total: 39.7

Vessel 1- ICE - LSFO 24.2 1.7

0 20 40 60 80
Ownership costs [mSiyr]

B Vessel CAPEX B Total Fuel EEE “ard Installation
B Cost of Capital [0 Power System CAPEX =0 Onboard Carbon Caplture
B OPEX excl. Fuel I Tank & Fusl Supply System  EZE] Onshore O3 Handling Infrastructure

Techno-economic analysis of methanol fuelled solid oxide fuel cell systems with energy efficient carbon (in preparation)

MeOH OCC CO,

infrastructure is neglegible
compared to DAC

capture in maritime transportation, Y K Pochareddy, K R Sgrensen, A Nemati,*, L H Costa Sousa, A Andreasen, G Agustsson, H Silva, S Linderoth, H L Frandsen
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Conclusions

* SOFCs fed with NH3 can result in very high efficiencies (~72 %)

e Current materials requires pre-cracking of ammonia

* Avoiding a cracker will gain ~2 % of efficiency (~74 %)
* Material research needed (promising results)

 Alternative: on-board carbon capture (OCC) of CO2 from methanol
e Reasonably high efficiencies (¥68 %)
* ~100 % fuel utilization

* Cost comparison

* Ammonia is the cheapest fuel
« Ammonia SOFC is the lowest TCO solution, long-term (no safety cost)
* Methanol OCC provides the cheapest carbon based green solution
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