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= University of Birmingham
= NH; as a Fuel & NH; Cracking with Heat Recovery

= Unburnt NH; — NOx trade-off?

= N-emissions formation and NOy Source
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University of Birmingham. Experimental MariNH,

3-Cylinder Gasoline DI Engine 1-Cylinder Diesel Research Engine Clean, green ammonia
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University of Birmingham. Modelling MariNH,

Clean, green ammonia
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NH, as a fuel & NH, cracking with Heat Recovery mOf‘iNH3

Clean, green ammonia
engines for maritime

£ Mature

global Property Ammonia (NHs) Gasoline
commodity Chemical Formula NHs CgHis (typical hydrocarbon)
Lower Heating Value (LHV) ~18.6 MJ/kg (5.17 MJ/L) ~44 MJ/kg (32 MJ/L)
ll= Industrial @ Extensive Laminar Flame Speed ~7 cm/s ~37 cm/s
readiness infrastructure Autoignition Temperature ~651°C ~280°C
Flammability Limits (vol%) 15.15-27.35% ~1.4-7.6%
Ammonia Ignition Energy ~680 m)J ~0.2-0.3 mJ
(N H3) as a NO, Emission Potential High (due to N-content) Medium (Temp-dependent)
Fuel : . HC / CO Emissions None (no C) High
&» Potential Greenhouse Gas (GHG)  Can be near-zero (with green ammonia) . .
= easily renewable Footprint attention to N,0 emissions High CO, emissions
cracked back electricity Combustion Byproducts N2, NO,, N,O, NH; CO,, CO, NOy, HC, PM
to H, (green

Toxic, pungent, corrosive; requires Flammable, volatile; well-
careful storage established safety

ammonia) Toxicity / Handling

. High
energy
density, long-
term storage

Ammonia is not only a fuel, it's a hydrogen carrier,
storage solution, and industrial-ready platform.
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NH, as a fuel & NH; cracking with Heat Recovery

2015 — Increased NO, Concentration in

2013 — NH; as Hydrogen Carrier for
Transportation; Investigation of the
NH, Exhaust Gas Fuel Reforming
doi.org/10.1016/j.ijhydene.2013.05.144
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the Diesel Exhaust for Improved

Ag/Al,O; Catalyst NH;-SCR Activity
doi.org/10.1016/j.cej.2015.02.067

2012 — Assessing the
Effects of Partially
Decarbonising a Diesel
Engine by Co-fuelling
with Dissociated NH;
doi.org/10.1016/j.ijhyds
e.2011.12.137

Reactants + Exhaust Heat
CO, CO2,H20, HC, 02

Air + Refomate Intake

Fuel Injector

Integrated Exhaust Reformel

1

Reformate

Reformate

g Endothermic Reaction _ 2021 _ Exhaust Energy
E|  Activation Recovery via Catalytic NH,
g Decomposition to H, for
""""" Products Low Carbon Clean Vehicles
A3M gl ® g doi.org/10.1016/j.fuel.2020.1
| e L‘FI 19111
Heat recovered

Reactants progress

Ammonia Cracking

2NH,; > N, + 3H,, AH,q, = +46 kJ mol-"
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Unburnt NH; - NOx trade-off?
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Source: Wang, W. et al. Energy 112, 976, 2016. doi.org/10.1016/j.energy.2016.07.010
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N-emissions formation and NOx source

NO, Formation Pathways

Zel’dovich mechanism
N,+O* <*NO + N *
N*+0,< NO+O*
0 N*+OH* < NO +H*
+M,+OH,+NV
G | \*OH Lavoie et al. (2007)
+0 e
y N
HOHAH +H,+O:-\H SHAOH 3
”‘N l+NO
NNH N0 NG
+M,+NN¢*”

o

NH,

Miller et al. (2007)

Fenimore mechanism
N,+CH* <HCN + N *
HCN +OH* <+CN* + H20
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Strategic Implications

Strategy Technique
nylinder |
- o 2
(Thermal-NOy) Burn, MILD
Combustion
In-Cylinder
Staged
- o
JIERIO Combustion

After-Treatment

(NOy) ®

SNCR

SCR, LNT, TWC,

NH; oxidation, multiple CN* + O, <*NO + CO
interconnected pathways Fenimore (1971)
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N-emissions formation and NOXx source

MariNH,

Clean, green ammonia

IMEP=16 bar IMEP=14 bar IMEP=12 bar IMEP=9 bar . "
30% engines for maritime
c T 20% 1800 rpm uthor species/reactions
% 3 10% Nakamura etal. [33/232
3 % 0% Otomo et al. 32/213
°3 Okafor et al. 59/356
o 2 <10k tagni et al. 31/203
T -20% Bertolinoetal.  [31/230
-30% hang et al 37/263
ST (DEG bTDC) 21.5 28.3 30.1 33.7 amaoki et al. 33/228
hu et al. 43/312
200 IMEP=16 bar IMEP=14 bar IMEP=12 bar IMEP=9 bar |Liu et al. 30/202
" 127/1207
s R L)L Glarborg et al 151/1397
83 hresta et al 125/1090
g > . 128/957
3 8 C3MechV3.4 3760/16553
z.E Experimental data @ stoichiometry from:
Ambalakatte A, Hegab A, Geng S, Cairns A, Harrington A, Hall J. Bassett M.
-30% Evaluation of Ammonia Co-fuelling in Modern Four Stroke Engines. Johnson
sTEesbroe) 27 280 310 = Mk eclolo Folew 4as ool ;
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N-emissions formation and NOx source mOI‘iNH3

Clean, green ammonia
engines for maritime

= Nitrogen was decoupled in two

"fictitious" nitrogen isotopes N (oxidiser) Reqular CKM Modified CKM
& N (fuel) is introduced into the CKM. 9 oditie

= By tracking the formation of Regular | Oxidiser: O, + N, VS Oxidiser: O, + N,
NO, and tagged NO, and NO Fuel: NH, - Fuel: NH,

separately, in a modified mechanism:

= Thermal-NOy (from atmospheric N,) ‘ Thermal- Fuel-
= Fuel-NOy (from ammonia's N) Regular- NOy NOy
= NO, + NO, = NO, vs NO, (Regular) NOy
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N-emissions formation and NOx source

2000
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Thermal-NOy

1600 +
Fuel-NOy

KCM: Otomo, 1800 rpom/12 bar

—

Fuel-NOy 25.8%

Regular-NOy

Thermal-NOy
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N-emissions formation and NOx source mOI‘iNH3

KCM: Otomo, 1800rpm/12 bar KCM: Stagni, 1800rpm/12 bar KCM: Nakamura, 1800 rpm/12 bar Clean green Or‘_n_monio
2000 e 2000 2000 engines for maritime
Fuel Nox + Thermal-NOx
1600 1600
15 5
— 11535 1200 1200 . . . . .
S 2 At NH; stoichiometric combustion:
z = 800 2 800

= Thermal-NO, is the dominant

400 400
_ pathway (~75% of total NOy).
0 0 L= .
410 0 10 20 30 40 50 110 0 10 20 30 40 50 110 0 10 20 30 40 50 . FUGI-NOX is ~25% of total NOX)
CAD CAD CAD
KCM: Otomo, 1000 rpm/12 bar KCM: Stagni, 1000rpm/12 bar KCM: Nakamura, 1000 rpm/12 bar L Th e d eCO u pl I ng m eth Od
2000 2000 2000 .
overpredicts total NOy by 10%.
1600 1600 1600
élZOO 1 §1200 1200
3 i & : hi
& 800 g =50 800 Experimental data (@ stoichiometry from:
200 g 200 200 Ambalakatte A, Hegab A, Geng S, Cairns A, Harrington A, Hall J.
Bassett M. Evaluation of Ammonia Co-fuelling in Modern Four
0 0 0 Stroke Engines. Johnson Matthey Technology Review 2024;68:3,
209 12;60 40 40 50 10 0 1(():A200 30 49. 50 -0 12;)0 340' 90 30 396-411. https://doi.org/10.1595/205651324X17005622661871. 4,
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Summary MariNH,

Clean, green ammonia
engines for maritime

= Development digital tools calibrated/validated by experimental data

= Evaluation of chemical kinetic mechanisms for NH,; =» NOx

Understanding NO, Source = %Fuel-NOx vs % Thermal-NOx

= Underpinning solutions to inhibit NOx formation & potential
NOx/NH, trade-off from NH;/H, combustion
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