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Globally traded carbon-free chemical 
(~180 Mt/year)
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Best battery
Liquid Hydrogen

Ammonia
Gasoline

MJ/L

WHY AMMONIA (NH3) ? 

(€/kgH2) H2 NH3

Production 2.7 3.4

6 months storage 13.48 0.49

Cheaper than hydrogen for long-term storage

Relatively energy-dense

It presents beneficial energy carrier features



AMMONIA THE OTHER HYDROGEN

Valera-Medina et al., A review on ammonia
as a potential fuel: from synthesis to 
economics, Open Acess, Energy and Fuels, 
2021



RELEVANCE OF NH3 AS FUEL FOR ICE



Fuel Ammonia Hydrogen Methane Gasoline Diesel
Molar mass (g/mol) 17 2 16 114 167
Heat Capacity Ratio 1.32 1.41 1.32 1.4 1.4
Flammability limit (% vol.) 15.8%-28% 4% - 76% 4.4%-17% 1.4% - 7.6% 1% - 6%
Octane Number >130 >100 130 87-93 0
Auo-ignition temperature (°C) 651 530 537 440 225
stoich. Air/fuel ratio (mass) 6 34.3 17.1 15 14.6
Lower heating value (MJ/Kg fuel) 18.8 120 50.1 42.5 45
Energy content at stoich. (MJ/kg air) 3.13 3.5 2.92 2.83 3.08
% CO2 emitted by stoich. Combustion 0 0 9.5 12.5 12.6*
Laminar flame speed at Patm, 100°C (m/s) 0.12 35 0.38 0.42

RELEVANCE OF NH3 AS FUEL FOR ICE

Quenchingdistance (mm) 7 0.64 2 3
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RELEVANCE OF NH3 AS FUEL FOR ICE

• No CO2, CO nor PM emissions

• Good energy density

• Potential for high compression ratios (CR)

• Combustion promoter ? 

• to boost performance and ensure stability

Fuel-bound nitrogen: NOx and NH3 • Mitigation strategy required for pollutants
• corrosive (copper, alloy, plastic, rubber, 

teflon…) 
• toxic (300 ppm< air)

BUT

ICE fueled with AMMONIA : 
Challenge !



1940s
Belgium
NH3/Coal gas
10 000 miles

2007-2012 : 
Michigan University
50%NH3/Gasoline
3 800 km

2012-2015 : 
KIER, Korea
Dual Fuel 
gasoline or Diesel
until 80% NH3

2013
Marangoni Toyota 
GT-86 Eco-Explorer, 

2018-2021
C-Free Run project, 
Hydrogen Engine 
Center (Iowa),  

2020
Hydrofuel Project 
(Ontario Univ.)

1933 : Nork Hydro truck 
ran with ammonia

HISTORY : VEHICLES

2013
Università di Pisa
H2 reformer

60s : theoretical studies, 
CFR studies (USA)



Iowa university / DTU ….
NH3+Gasoline
2012-2013

Pisa University
NH3+H2

Range  Extender
1100, 2500 to 5000 rpm
2012

Texas university
Gasoline+ethanol
(max30%)+NH3 (17%)
2017

KIMM
Natural Gas + NH3 
(50%)
(Oh et al. FUEL 2021)

NH3 + H2 Thermal Reformer

cold start (0 to 1000 rpm)
with SCR catalyst
(Koike et al. IJHE 2021)

SOME RECENT EXAMPLES : SPARK IGNITION ENGINE
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CFR 
Gas PFI 
Gaseous DI

Twin Lombardini
(2 cyl./0,25 l)
Gas PFI
LPG injector

GM engine 
(4 cyl/0.6 l) 
Gas PFI, Gaseous DI
EMULSION

Heavy duty
6 cyl./1.8l (CR10.5)

Premixed PFI

Toyota
4 cyl./0.9 l

Gaseous PFI 
CR 9



Iowa Energy Center
DUAL FUEL
Premixed DME(min 40%) /NH3

2014

KIER
Diesel (Min 62%)/NH3

DUAL FUEL
2014

UCL-VRIJE –
Université 
d’Orléans
NH3+H2

HCCI
ICE 2019

T.E. Murphy Engine Research Lab 
Diesel (45% in Energy)/NH3

DUAL FUEL +  Thermal Chemical 
Recuperation to blend with H2
(decomposition)
Northop, NH3 event 2021

Yammar Engine /0.3 l 
Liquid premixture GDI (200 b)

Single cylinder
research engine (0.5l)
Gas fully premixed

John Deere, 
4 cyl. (1.125l)
CR 17

Hyundai
3 cyl.CI engine
CR 17.5 / 0.54l

SOME RESEACH EXAMPLES : COMPRESSION IGNITION ENGINE



NH3 AS FUEL FOR POWERTRAIN

Spark Ignition 
Engine

Compression  
Ignition Engine

Ignition and/or 
combustion 
promoter

Gasoline

NG, CH4

H2

Dual Fuel :
Ignition 

promoter

Diesel 

Biodiesel 
DME

Alcohol
H2

% of Carbon footprint
decrease

Pure NH3PURE NH3 ?



Ammonia alone ?



Only one study (Frigo et al., small engine)

Mounaïm-Rousselle C., Brequigny P. (2020) Ammonia as Fuel for Low-Carbon
Spark-Ignition Engines of Tomorrow's Passenger Cars. Front. Mech. Eng. 6:70.
doi: 10.3389/fmech.2020.00070

 
Combustion and Performances in SI engines 
Minimum H2 for 
combustion stability 

Efficiency  Output energy 

Between 5-10% in vol Higher for ER>=1 Less than gasoline at 
low and partial load 

Amount needed decreases 
with load increase  
(full load: 0%) 

Higher than gasoline Increase with CR or 
boosted pressure  

slight effect of engine 
speed 

Decrease with H2 
increase 

 

Pollutant Emissions before any aftertreatment device 
 ER 

decrease 
(lean)  

ER 
increase 
(rich) 

H2 increase Load 

NOx 
(ppm) 

++  
maximum 
> gasoline 

-- + slight increase but no 
universal trend 

Unburnt 
NH3 

-- ++ -- 
 H2 at exhaust 

no universal trend 

 

MAIN RESULTS FROM PREVIOUS SI ENGINE STUDIES
FUELLED WITH AMMONIA WITH HELP OF H2



SOME RECENT HIGHLIGHTS OF COMBUSTION
PROCESS IN SINGLE-CYLINDER ‘CURRENT’ ENGINES



AMMONIA IN ‘GDI’ ENGINE
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Engine Characteristics

Engine Type Current 
PSA EP6DT

Bore 77 mm

Stroke 85 mm

Connecting Rod 
Length 138.5 mm

Displacement 
Volume Vcyl

395.81 cm3

Compression Ratio 10.5

[O2], Paramagnetic
[H2], Thermal 

conductivity analyser
@ 50°C, Dry gases

[H2O], [NH3],
[NO], [NO2], [N2O]

@ 180 °C (wet)
FTIR

Premixed
gaseous

NH3/air intake
(no injector)

Piston geometry (GDI)

Current igniter, CR, 
piston geometry

(GDI)



CH4

Intake pressure (bar)

(IMEP bar)

𝜙𝜙 = 1.1

NH3/H2

GDI gasoline 
reference
𝜙𝜙 = 1
Homogeneous

NH3

CH4
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PERFORMANCE OF THE SI ENGINE: WORK OUTPUT

Neat NH3 operation achievable for Pin ≥ 1 bar and 
𝜙𝜙 = 0.9 − 1.1

H2 = efficient combustion promoter

Net Indicated Mean Effective Pressure

Best work for slightly rich mixtures
and 5-20 vol.% H2

𝑥𝑥H2

𝜙𝜙

𝑃𝑃in = 1.2 bar

(bar)

H2 (vol.%)
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PERFORMANCE OF THE SI ENGINE: EFFICIENCIES

Indicated efficiency

𝑥𝑥H2 (-) 𝑃𝑃in = 1.2 bar

𝝓𝝓

Best indicated efficiency: 
𝜙𝜙 = 0.7 − 0.9 and 𝑥𝑥H2 = 5 − 20 %

↗ with Pin
Close to CH4 (≳ 38%)

Combustion efficiency depleted
VS methane
↗ with 𝑥𝑥H2

NH3

CH4

NH3/H2

𝜙𝜙 = 0.9

Intake pressure (bar)

}

𝜂𝜂ind (-)

𝑃𝑃in = 1.2 bar

𝜂𝜂c (-) 𝜙𝜙 = 0.9

CH4 fuel

Combustion efficiency

NH3/H2
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EMISSIONS OF SI ENGINE FUELED WITH NH3/H2

Exhaust emissions 
(ppmvw)

[NH3]
[NOx]

100% NH3

10 vol% H2

5 vol% H2 20 vol% H2

40 vol% H2

60 vol% H2

“Low” emission window
0.7 < 𝜙𝜙 < 1

5% < 𝑥𝑥H2 < 20%
NOx
NH3

~1 (SCR/SNCR)
Texhaust = 700-800 K

[N2O] 
(ppmvw)

Pollutants require after-treatment
(not unlike conventional fuel operation)



 impossible to ignite at low and high rpm without H2
 difficult at low load or at high rpm
 possible ‘sometimes’ to ignite with NH3 only at naturally aspirated conditions

*optimized ignition timing (around 40-35 CAD BTDC)

 Engine speed effect - stable conditions (σIMEP ≤ 5%)

Mounaïm-Rousselle et al., Energies, 2021

https://arenha.eu/

WHAT MINIMUN LOAD ? WITH PURE AMMONIA



EXTENSION OF ‘LOW’ OPERATING LIMIT

 Unique Solution : Increase the CR !
 Gray et al. 1966 : ‘extremely CR : above 35:1 for ‘Auto-Ignition
 Garabedian and Johnson, 1965 : conversion of CI engines to spark 

ignition mode is the ‘prominent short-term solution’ due to the higher 
compression ratio than in SI engine. 

 Pearsall and Garabedian, 1967 : a 16:1 was found as the optimum to run 
with neat ammonia. 
 unique previous study about Ammonia-only Spark-Assisted Compression 

Ignition (SACI) engine. 
 Conclusion : 
 ‘large bore, more concentrated combustion chamber, more centrally placed 

spark plug are preferable to optimize the efficiency and therefore decrease 
the specific fuel consumption’. 



EXTENSION OF ‘LOW’ OPERATING LIMIT

 Solution : Increase the CR
 ‘Diesel’ Engine with a Spark Plug 

Engine Type
Current 

PSA 
EP6DT

SACI PSA 
DV6

Displacement 
Volume Vcyl

400 cm3 400 cm3

Compression Ratio 10.5 14 to 17

Valves 4 2

Tumble ratio 2.4

Swirl ratio 2

*No optimization of ignition system or location

Spark plug

SI SACI

https://arenha.eu/



EXTENSION OF ‘LOW’ OPERATING LIMIT

Engine speed :1000 rpm SACI CR: 17, SI :CR=10.5

 Good improvement of NH3 combustion 
with CR increase despite of flow field

 No H2 needs

 Extension of low load limits
 1.7 b IMEP (as Koike et al. with

Reformer)
 CR 17, 650 rpm,
 lower limit with slightly rich

 Increase of CR :
 SACI versus SI engine

https://arenha.eu/



FLAME DEVELOPMENT : SACI VERSUS SI

𝝓𝝓 =1 

 SACI combustion mode :
Without H2
 Not 2 identified phases of HRR  

 Faster first phase than SI engine  
 Pressure effect ? 
 FULLY PREMIXED PROPAGATION ‘without turbulence’ ?



 Engine speed : 1000 rpm, 
 Intake pressure =0.9 bar
 Tintake =35°C, Spark timing : -40 CAD

ER NH3 = 0.9
IMEP = 6.7 b

3 images/CAD, during 67 CAD

FIRST VISUALISATION OF AMMONIA FLAME PROPAGATION IN ICE
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SACI

Engine Type
Current 

PSA 
EP6DT

Optical 
DW10

Displacement 
Volume Vcyl

400 cm3 500 cm3

Compression Ratio 10.5 15.7

Tumble ratio 2.4 4

Swirl ratio

1.1

Engine Type
Current 

PSA 
EP6DT

SACI PSA 
DV6

Displacement 
Volume Vcyl

400 cm3 400 cm3

Compression Ratio 10.5 14 to 17

Valves 4 2

Tumble ratio 2.4

Swirl ratio 2

FULLY PREMIXED PROPAGATION 



PREMIXED TURBULENT FLAMES
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SI engine 

Lhuillier et al. PROCI 2021
LT = 4 mm

 SACI combustion mode :
 CR increase

 P and T increase
 Turbulent scale size ? Flamelet

regime ?



PREMIXED TURBULENT FLAMES

SI to « SACI » :

SI SACI
P (SIT) 8 b 12 b
T (SIT) 640K 698 K
U’(SIT) 2.5 m/s 1.5 m/s
Lt (mm) 1.5 mm 0.8 mmNot big 

improvement

10%

10%

Correlation from Lhuillier, C., Brequigny, P., Lamoureux, N., Contino, F., Mounaïm-Rousselle, C., Fuel 263, p.116653, 2020



PREMIXED TURBULENT FLAMES

SI to SACI :
SI SACI

P (SIT) 8 b 12 b
T (SIT) 640K 698 k

10%

10%

Less than H2 !!



PREMIXED TURBULENT FLAMES
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SI engine 

Lhuillier et al. PROCI 2021
LT = 4 mm

SI SACI
P (SIT) 8 b 12 b
T (SIT) 640K 698 K
U’(SIT)* 2.5 m/s 1.5 m/s
LT (mm)* 1.5 mm 0.8 mm

/2

SACI engine 

What flow field ? 
What engine design for AMMONIA 
Combustion ? 

Converge CFD



POLLUTANT EMISSIONS : UNBURNT

Stagni et al. 2020, reaction chemistry and engineering
DOI: 10.1039/c9re00429g

OD SI engine modelling CHEMKIN ANSYS

 SACI combustion mode :
 HT/HP = in situ NH3 decomposition in H2

𝛼𝛼𝑁𝑁𝑁𝑁𝑁 + 1 − 𝛼𝛼
3
2𝐻𝐻2 +

1
2𝑁𝑁2

http://xlink.rsc.org/?DOI=c9re00429g


Actual work : NH3-fueled single-cylinder SI engine

SACI (DV6) SI (EP6) [ref]
Displaced volume 390 cm3 400 cm3

Stroke 88.3 mm 85.8 mm
Bore 75 mm 77 mm
Connecting rod 
length 136.8 mm 138.5 mm

Compression 
ratio From 14 to 17 10.5

Number of valves 2 4
Swirl ratio (50 
CAD BDTC) 2.36 0

Tumble ratio (50 
CAD BTDC) 0 2

SI LC
535 cm3

115 mm
77 mm

177 mm
11.75 to 15 (?)

4

0

Not 0 !

Different engines designs :
Spark Ignition engine (SI)
Spark Assisted Compression Ignition (SACI) 
Large Stroke Spark-Ignition engine (SILC)= research engine



1000 rpm, 80°C *, Pin = 1 atm
* 50 °C pour EP6

Extension of operating conditions with NH3 only

Ammonia consumption decrease



Exhaust Emissions

• Higher crevice trap ?
• Lower combustion efficiency ? 

• Similar NOx



E.R

1

lean rich

0.7-0.8

NOx= f(CR, intake T, regime)

minimum level
f(crevice, squish, CR, etc…)

Minimum level
0 ppm

NH3 = f(engine design, CR, load)

with H2%

H2 = f(ammonia decomposition, blend)with H2%

with H2%

Max 3%

Max 2%Max 10000 ppm

POLLUTANT EMISSIONS : TENDENCIES



JUST FROM LAST WEEK

NH3 direct injection

6

7

8

9

10

11

12

13

0,85 1,05 1,25 1,45 1,65

IM
EP

 [b
ar

]

P intake [bar]

ER ~1.0

ER ~0.9

ER ~0.85

ER ~0.8

double injection
(60%-40%)

NH3 < 8 000 ppm, 
NOx < 4000 ppm

Pin = 120 b
Bosch GDI
No injection pump

1000 rpm, Tin = 90-100°C
 Possible homogeneous : start of injection 200 BTDC
 Impossible to ignite with late injection
 Split injection : 200 BDTC / 80BTDC
 impossible 50/50 in mass

In progress



Challenges Impacts Research needs
(Experiments & modeling)

Hard to ignite • cold start ? 
• ignition strategy /device/location
• H2 addition : consequence on 

Knock ? 

(Auto-) Ignition properties of NH3 blends & related chemical 
kinetics

Narrow flammability • stability/operability problems
• load VS engine speed 

Extinction and stability characteristics of NH3 blends

Slow flame propagation • stability/operability problems
• combustion chamber design
• depleted thermal efficiency

Flame propagation characteristics &
chemical kinetics of NH3 and NH3 blends

Fuel-bound nitrogen • Pollutant emissions
• Trade off ?
• Post treatment ?
• Sensor ?
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CONCLUSION : AMMONIA ONLY IN ICE

NH3
• direct injection
• indirect injection
• both ?

• gaseous
• liquid

NH3 reformer :
• on board ? 
• in-cylinder ? 

Spark Assisted
‘CI’ engines

high CR  or boosted
SI engine

• direct injection
• indirect injection
• mixing with NH3
• homogeneous ? 
• stratified ?

H2



36

CONCLUSION : AMMONIA ONLY IN ICE Good luck
and 
HAVE FUN
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ARENHA
Advanced materials and Reactors for ENergy storage tHrough Ammonia
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