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Professor at Cardiff School of Engineering. He has participated as PI/Co-l on 33
industrial projects with multi-nationals including PEMEX, Rolls-Royce, Siemens,
Ricardo, Airbus and FloGas (>£38M). He has published +220 papers (h-index 44),
most concerning ammonia power. Prof. Valera-Medina led Cardiff’s contribution to
the Innovate-UK ‘Decoupled Green Energy’ Project (2015-2018) led by Siemens and
in partnership with STFC and the University of Oxford, which aims to demonstrate
the use of green ammonia produced from wind energy. He is currently Pl of various
projects (incl. Endeavr Green Propulsion, SAFE-AGT, FLEXnCONFU, OceanREFuel, etc.)
to demonstrate ammonia power in turbine engines, Internal Combustion Engines,
boilers and furnaces. He has been part of various scientific boards, chairing sessions
in international conferences and moderating large industrial panels on the topic of
“Ammonia for Direct Use”. He has supported two Royal Society Policy Briefings
related to the use of ammonia as energy vector, and he is principal authors of two
books concerning ammonia combustion. He chairs the topic of “Ammonia Firing” for
the British Standards Institute, and he is Co-Director of the Institute of Net Zero
Innovation, Director of the Centre of Excellence on Ammonia Technologies (CEAT), »
Cardiff University. He is a Fellow of the Learned Society of Wales and the Mexican =
Academy of Engineering.
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Global warming relative to 1850-1900 (°C)

Observed monthly global
mean surface temperature

probability
No reduction of net non-CO: radiative forcing (purple in d
esults in a lower probability of limiting war t0 1.5°C

Global Warming [IPCC, 2019. Summary Policy Effects of Climate Change [NAsA, 2019]
Makers]
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 Renewables are one of the best technologies to provide
the needed energy whilst reducing greenhouse gases.

 The problem is their intermittency (i.e. UK —1 Million
People during ~48% Wind power).
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Comparison between different storage technologies. Chemicals provide longest and largest
arbitrage of storage. [Wilkinson I, 2017, 15t NH3 European Conference]
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Hydrogen production cost comparison

Operating tee
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Hydrogen Cost Comparison [Dr.

Hydrogen production cost (€/kg)

Nils A. Rpkke, SINTEF, 9th Int. Gas.
Turbine conference, 10-11 October
2018 Brussels Belgium]
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Exhibit 16: Landed costs of hydrogen at port for selected global transport routes

Demand centers COSTS FOR AT SCALE PRODUCTION AND TRANSPORTATION (9,000-10,300 TONS H,)
COSTS ACCOUNTING FOR LOSSES DURING TRANSPORTATION
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1. Dependent on whether hydrogen feedstock or heat from grid is used for dehydrogenation heating requirement

Hydrogen Distribution and comparison between vectors [Hydrogen Council 2021]
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Relative Market Potential

Future Economic
Competitiveness

Economically Viable in the o Economically Viable in the
Future but not the Present Present and Future
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Energy Storage
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Combination
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00 00

Large
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O

Economically Viable in the Present Economic
Present Competitiveness

Ammonia Economy — Feasibility Study using novel
techniques. [Banares R et al, 2015]

LCOH for alternatives considering large scale cracking with no purification
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e  Ammonia can

— be obtained from renewable sources, §§ 15 NH,
n N,H4-H,0
— allow the rescue of stranded resources, A o OSAN
T o\ ;0R-A;
— enables the use of waste streams, g% 0 . +1Pa, 236K
= lo22%Tg.39V 030 i
. '] \ Activated carbon 20K
— Ia-IHZOW storage of vast amounts of energy 30 times cheaper than > gl \ negt, | & NvigH, | [LiguidH,
® 4H,0 S 0.1MPa,
’ . . . 5 5 % : o Methylcyclohexane e 20K
— be used to produce energy in Islands or isolated regions, g 6 L PO )
ihi N Tiy4CrM b
— be used as a fuel, but also as a fertilizer, ﬁé’ gl e ZLiB;;'.M;HNaH-NH_«,BHa
. . .. 0% [ mgH, A0 +MgH,
— High hydrogen content (higher than liquid H2), Ea /‘ TO\' o Hydride{calculated value)
h H I H I H h k H 184 gf_: 2 ; l{JD LiH-NH; H, storage materials
— Bf‘:n/_e a Ilggreat economical potential, with a market size up to ES | UCH “Light  (opuinenalvate
illion Euros per year. oa 0 - : : ]
Pery 3270 5 10 15 20 100

Gravimetric H, density /wt%

Hydrogen densities in hydrogen carriers.
Courtesy of Prof. Yoshitsugu Kojima, Hiroshima
University.
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Diesel

Petrol (octane)
Liquefied Petroleum Gas
Ethanol

Liquefied Natural Gas
Methanol

Ammonia (liquid, -35°C)
Ammonia (liquid, 25°C)
Hydrogen (liquid)
Hydrogen (700bar)
Hydrogen (350bar)

Li-battery (NMC)

o
w
o
o
~J
©
S

Energy density (kWh/l)

Introduction

KEY
KEY

W Ammonia [l Liquid hydrogen [l 350 bar hydrogen
B Carbon-based fuels

B Zero-carbon fuels

Shipping

Rail

Lorry

I [
0 0.2 0.4 06 0.8 1

Cost (£/tonne km)

Green Ammonia, Royal Society Policy Briefing [David et al. 2020]
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Renewable

72% s S El o
= Yo torage ec.
energie 100% slze:/:otrolysls (scg/:)g Ef;i/iie"‘:y
Hz
Losses Losses Losses
enewable = lectrolysis 72% Haber- 55% orage 559 Elac 2o . .
chegie || too% SRV Bosch g P Comparison of ammonia
with other chemicals in
NHs . it oo i terms of efficiency for the
production of electric power
(from well to wheel).
o 26%
Renewable 100% Electrolysis S Methanation oo Storage o E:::'ioncy . .
energle 72% 88% 95% 43% | Dias et al. Energy and Economic Costs
of Chemical Storage. Front. Mech.
Eng.
CHa doi.org/10.3389/fmech.2020.00021 |
Losses Losses Losses Losses
~ 72% 61% 58% Elec 25%

Senwable  toow  Siggeebss Froe Storage ESioncs

CHsOH

Losses Losses

Losses Losses
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. . . . 0.45

* Ammonia is not intended to substitute | = oh2 i
Hydrogen, but to support the use of the 040 $ pen i}
latter; — .35

. : s ]
 Recent studies show that ammonia can be &, ] o .
combined with the use of hydrogen to § 1 T eg IS = . %
. . . har - m
optimise energy generation systems; 27 e 1 o ® e @& o
. . ope 020_. ’ = ‘ - ‘

* Ammonia offers the flexibility to store e s § 3 ¢
hydrogen over long periods at relatively much 015 AT T T T T T
lower costs; gé%%%%%éé%%g%%%

. 3 2z 2= 288228 g2a

« Ammonia can be used to store seasonal TE T 2gpFgg?oe g

. . 3 s = =
stranded energy (ie. Summer) for its later use 3
(Ie' Wlnter). ) Using hydrogen and ammonia for renewable energy
* Thus ammonia COMPLEMENTS the hydrogen storage: A geographically comprehensive techno-

e economic study [Palys MJ et al. 2020. Computers and Chemical
transition. Engineering]
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 However, it has Dbeen

519 conceived that for the

2 progression of an “Ammonia-

§  Joneprabelsse oo — based Economy” there is a

R Y A need for 3 Generation of

é 64 Current technology ks teCh n OlOg' eS

$  Generation 3 does not
B require the split of water into

T ___T?ff.’?f?_tj_?_‘i'? _____ ,‘ hydrogen and oxygen.

Next Nobel Prize?

Generation developments needed for an
“Ammonia Economy” [McFarlane et al. Joule, 2020]
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Although ammonia combustion is still seen as the lowest end of the use of
ammonia for energy, cheaper distribution, higher hydrogen content and
easier operation will change the position of NH3 in the energy arena.

Solar, marine, wind, etc. ’Jﬁ =
oA, Electric demand . Reactlo:sandcombust
- Grid o, T
L SRR - > LA . o0
. . .
W-.m Hydrogen [short-term) storage °—§;§ Transport .. . ..
o l | | | \:‘ Public Perception
Renewable Energy — | ] =
= |
| g I SE—— 7y, Heating/cooling
1 >
Electrolysis l oniacracking
Regulations
Process Industry ‘ !’
% N
Ammonia (long-term) storage - - @ N
Methane Reforming "--" Propulsion Economics
(hydrogen production) I—’ e === = .
Long distance I
distribution
= ]
Stationary Power
Environme it

Green Ammonia/Hydrogen Economy [Valera-Medina and
Banares-Alcantara, 2020]
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Energy release
technology

NH;3 pre-treatment
required

Efficiency

Introduction

Advantages

Challenges

Mitigations to
challenges

® Trend for decreasing

Boilers

other conventional
fuels

technology with other
fuels

® NO, gases need to be
limited

® Materials impact still
unknown

Proton- e Established Dlatinum use
Sxchianas © Wik eloeenm sestiien 40-50% tec.hnology X ® Cost/use of platinum o NH |
membrane ® Trace NH3 removal ® High energy density | o ciive t NH & ICIENZ]
(PEM) fuel cell (suitable for mobile ensitive to ppm NHs membrane technology
applications) has seen step change
e Non-use of ® Low energy density . .
Alkaline fuel cell » 50-60% platinum- group e Few commercial 4 SUI'_tati!e for stationary
(AFC) ® NH; decomposition -60% metals suppliers applications .
e Highly tolerant of e Requires CO» ® CO; scrubbing is facile
NH3 scrubbing
e Established
el ey ® Full, at-scale e Suitable for stationary
Solid oxide fuel NS 50-55% ® Decomposes NHz commercialisation applications
cell (SOFC) in-situ e Corrosion of steel fuel e Good for combined
® Non-use of delivery pipework, heat and power
platinum-group SOFC system cost
metals
e NHj; has low flame ® Partial cracking of NH3
Internal Can be L_Jsed directly _ speed, poor ignition improves flame qualities
combustion but par‘tlal'l_\lH3 . 25-40% ° EStab“Shed_ characteristics ® NHj3 can be used to
engine (ICE) gecomzosmon might zﬁggnology with other e NO, gases need to be remove NO, gases
© use limited ® NHscan be reduced by
e Low efficiency optimised combustion
e NH; has low flame ® Partial cracking of NH3
. iarafidi improves flame qualities
. Can be used directl speed, poor ignition
Combined cycle but partial NH3 Y o X characteristics ® NH;3 can be used to
gas turbine decomposition might 55-60% . I_:ea5|ble technology e NO, gases need to be remove NOx gases
(ccem) be used with other fuels limited during combustion
e Materials impact still ® NHsslip can be reduced
unknown by optimised combustion
e NHjs has low flame e Partial cracking of NHs
Can be used directly speed, poor ignition improves flame qualities
Furnaces and in combination with o e Established characteristics ® NH;3 can be used to
85-95% remove NO, gases

during combustion

® NH3slip can be reduced
by optimised combustion
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However, the technology faces the following obstacles,

1.Ammonia Carbon-free synthesis (cost reduction, efficiency
improvement)

2.Power generation at utility-scale from ammonia
production (stable, low emissions)

3.Public acceptance through safe
appropriate community engagement.

4.Economics — profitable scenarios (cannot be applied
everywhere)

regulations and

Challenges

Key barriers for ammonia-based energy systems

@
Power generation at utility-scale

This is important as most developments have
focused on improving small-to-medium scale devices
for transportation purposes. More importantly, pure
ammonia combustion has several technical
challenges include high auto-ignition temperature,
low flame speed, narrow flammability limits, high

Carbon-free synthesis of ammonia

This is critical because ammonia production methods
are heavily reliant on fossil fuels and burning fossil
fuels for this purpose severely releases carbon
dioxide emissions into the Earth's atmosphere,
which is extremely detrimental to the environment.

heat of vaporization and high NOx emissions.

Public policy and safety regulations

They are essential to be implemented throughout
health and safety impact analyses and the review
of currently associated legalisation and end-user
perceptions and acceptability.

Competitive economics 7
=

It is needed to undergo thorough economic studies

in order to determine the potential of ammonia and

its viability for use as energy systems.
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| _Ammonia__| _Hvdrozen | Methane | _ Propane | _Methanol | _ Fthanol | _ Gasoline | __ Diesel

Lower heating 18.8 120.1 50 46.4 19.7 26.8 445 425
0.07 291 0.37 0.43 0.50 0.47 0.47 0.52
[m/s]
0.63-1.4 0.10-7.1 0.50-1.7 0.51-2.5 0.55-2.9 0.66-2.4 0.7-4 0.6-5.5 (vol%)
E.R

Auto-ignition [K] 924 844 810 723 743 638 503 498

Minimum 8 0.011 0.28 0.25 0.14 0.28 0.8 0.24
ignition energy

mJ

Density (g/L) 0.703 0.082 0.657 493 787 789 740 830

Premixed fuel-air

mixture

11.8 (x_H, = 0.25) 15.5 (x_H, = 0.25) 14.1 (x_H,=0.25)
21.3 (x_H,=0.40) 27.8 (x_H,=0.40) 26.7 (x_H, = 0.40)
13.3 (x_CH, = 0.40) 16.6 (x_ CH, = 0.40) 12.4 (x_CH, = 0.40)
22.5 (x_CH,=0.80) 27.7 (x_CH,=0.80) 22.8 (x_CH,=0.80)

CH,-NH;-air
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Four-blades Fan

100% NH, 50% NH; - 50% CH,

50% NH; - 50% H,

S, =18-20cm/s

S, =45-48 cm/s

Change in Laminar burning velocity with the change in blending [U. Orleans]
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Developments - Fundamentals

35

30 r

25

0 r

15 r

0 r

180

=1 =] Iy
=1 =1 =1
>

=

Laminar Burning Velocity (U,) [cm 5]
£
A

% of CHa In NHa A 100% NH;

¥ 40%CHs

©50% CHa

Equivalence Ratio (()

05 1 11 12 13 14 15

13 14 . i
Equivalence Ratio (@)
% of Hzin NH. A 100%NH. 0 10% H. B 20% H: © 30% Ha
©30% CHa
4+ 100% CHa V 40% H; O 50% H: <60% H: X 80% H:

Laminar Burning Velocity [U. Orleans]

Laminar Burning Velocity (cm/s) [S]

Laminar Burning Velocity (cm/s) [S]

Laminar Burning Velocity (cm/s) [S]

0=08
298K, 0.1MPa

0% 30%  40%  50%

®=1.0
298K, 0.1MPa

D=12

20% 30% 40% 50%

% of CH, or H,in NH

602

Results at various equivalence
ratios show that below 20%
doping (H2 or CH4) the LBV
remains almost the same for
the blends [Int Conf. Gas
Turbines, 62-1GTC 21, U.
Orleans]



CARDIFF

UNIVERSITY
PRIFYSGOL

(ARDY

Developments - Fundamentals

100% NH, (423K)

70% NH, —30% H.

U =0.82 ms*

30% NH, — 60% H.

Recent findings for FLEXnCONFU [U. Orl]

Z [mm)

Z [mm)

Z [mm)

y [mm]

75% NH3

50% NH3

25% NH3

x [mm]

$=08

4
T 2
£y
N
2
4’ .
2 % -
9 _2‘ S 0
4 5
y [mm] x [mm]
2
T
E 0
N
2
2
= -2
y [mm] x [mm]

=08

z [mm]

y
0
4
0 ==

y [mm] ol x [mm]

Recent findings for FLEXnCONFU [TUE].
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Present work
1000 o CHa

F® NH;

[© NH3/CH,4

| & NH3/H;
NH3/CH4 & NH3/H, , ©=0.9, T=445K, P = 0.54 Mpa [5]
100 EX NHs/H,

F+ NH3/CHs

F= CHa/H,

CHs/air, © = 0.9, T = 300-423 K, P = 1-5 atm [31]
[0 T=423K

10 |™ T=300K

E NHs/Air, T=298K, P=1-3 atm [16]
[A Xo2=0.25

LA Xo2=0.30

X Xo2 =0.40

1> NH;,® =0.8-1.2 P= 1atm [1

[(pu/Py )(V1)] / (S.°) (1/Da)

0.1 Turbulent burning velocity

of
ammonia/oxygen/nitrogen

)
——— Lhuillier et al., [S] Correlation \é
] y =0.1843x116% = —=—u'=0 m/s
R?=0.9627 (excluding [15] and Le = 0.80) u'=0.32 m/s

et 0.1 —+—u=0.65 m/s premixed flame in 02-

0 1 10 100 1000
Ka —v—u'=0.97 m/s . . ee
enriched air condition [xia et

Correlation of Da-corrected ST/SLO ratio 0o il 2y al, 2020]
against Ka [zitouni et al, 2023] T 06 08 1.0 12 14

¢




CARDIFF

UNIVERSITY

PRIFYSGOL

(ARDY

600 900 1200 1500 1800 2100 2400 2700

1004

101

Pressure (bar)

14

100

10 NH,
= NH,/H,
— NH,/CH,
— NH,/DEE

1 NH,/Diesel

600 900 1200 1500 1800 2100 2400 2700

Temperature (K)

Summary of the conditions of ignition delay time
measurements of mixtures containing ammonia from

literatures [Valera-Medina et al. 2021]

1004 NH,, T,=1140 K - ] 10—
- o el i
") -
= g
10 ~ |
g g 10
S 1. 2 $=3.0
S Glarborg et al. _ — c ] Glarborg et al.
i‘g Jiang et al - - - - - - :g 1 Jiang et al. --
g) Li et al. - c Lietal. -
- Mei et al. —_ == == = Mei et al - NH3, TC=1200K
0'1.Stagnietal. meia  meis  mese Stagnietal. —---
Measurement — m [ A 0.1 Measurement @
35 40 45 50 55 60 65 70O - 55 60 65 70 75

P, (bar) P, (bar)

Comparison between simulation results with different
mechanisms and the measurements for ignition delay times of
NH3/02/N2/Ar mixtures (75% dilution for $=0.5, 1.0 and 2.0 in
the left, 80% dilution for $=3.0 in the right [Valera-Medina et al.
2021]
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(Mel ot al., 2019) — 100% (Marques et al,, 2009) (Aranda et al,, 2013) 100% (Aranda ot al., 2013) == (Mével ot al., 2009) | —
(Mendiara & Glarborg, 2009) — 100% (Aranda ot al., 2013) (Coda zabetta & Hupa, 2008) (Coda Zabetta & Hupa, 2008) | — (Kovécs et al., 2020a) | —
(Tian et al., 2009) ] — 100% (Coda Zabetta & Hupa, 2008) (Margues et al., 2009) § (Da Rocha-Okatfor et a — 100% (Glarborg et al., 2018) | —
(POLINMI, 2014) S 100% Shrestha et al., 2021) »2022) - (Houshfar-Hig| ——— 979% (Okafor et al., 2019) | —
(Marques et al., 2009) 3 — 100% (Da Rocha-Mathieu et al (Houshfar-mid... } == (Houshfar-mid.. — 5% (Coda Zabetta & Hupa, 2008) | —
{Aranda et al., 2013) — 100% (Mathieu & Petersen, 2015) (UCSD-Mechanism, 2018) | = (Mei, Zhang, et al., 2021) — 03% (Y. Zhang et al., 2017) —
(Jiang et al., 2020) § — 100% (Gregory P. Smith et al.,... (Da Rocha-Mathieu et al.,... F o= (saxena & Williams, 2007) — 03% (Mei, Zhang, et al., 2021) | —
E — 100% (Nozari & Karabeyoilu, 2015) (Mathieu & Petersen, 2015)  § s (Da Rocha-Mathieu et al.,... — 525 (K. Zhang et al., 2011) | —
(K. Zhang et al., 2011) —— 100% (Lamoureux et al., 2010) (Houshfar-High... | = (Mathieu & Petersen, 2015) — 02% (Lamoureux et al., 2016) | —
(Han ot al., 2019) — 100% (Konnov, 2009) (iang et al., 2020) § = (K. zhang et al., 2011) — (Gregory P. Smith et al. |
(UCSD-Mechanism, 2018) — 100% Houshfar-mid... (Ckafor et al., 2019) § = (UCSD-Mechanism, 2018) ——— (Duynslacgher ot al., 2012) —
(Sun et al., 2022) — 100% (UESD-Mechanism, 2018) (Otomo ot al.,, 2018) Fm (Dagaut et al., 2008) S—— (Nozarl & Karabeyoilu, 2015) |
(Song et al., 2019) s— 100% (Mével et al., 2009) (Mével et al, 2008) = (5un et al., 2022) — BG% Kannoy, 2009) | —
(Da Rocha-Otomo et al.,. — 100% (sun et al., 2022) (Da Rocha-Otomo et al..... = (Okafor et al., 2019) — a6 (. Faravelli, 2017) | ——
(Da Rocha-Okafor et al., — 100% {(Arunthanayothin et al. (K. Zhang et al., 2011) Fm (Gregory P. Smith et al., — 53 (shmakov et al., 2010) | —
(Da Rocha-Mathieu et al., w— 100% (Houshfar-High... (Mei, Zhang, et al., 2021) = (Shmakov et al., 2010) — 85% (T. Wang et al., 2018) | —
(Oteme et al., 2018) w— 100% (Stagni et (Shmakov et al., 2010) = Uiang et al., 2020) — 8% (De Persis et al., 2020) | —
(Lamoureux et al., 2016) — 100% (Jiang et al., 2020) (Stagni et al., 2020) f= (Houshfar-Low... — 53 (Da Rocha-Okator et al.,... j—
(Kovaleva et al., 2022) ] — 100% (Bertalino et al., 2021) (%u et al, 2023) fm (Kowvdcs et al., 2020b) — 80% (POLIMI, 2014) | —
(xiao et al., 2017) — 100% (Dagaut et al., 2008) (Arunthanayothin et al..... f= (De Persis et al., 2020) — 79% (Kovcs et al., 2020b) e
(Houshfar-mid... — 100% (Xu ot al., 2023) (Dagaut et al., 2008) = — 75 (Marques et al., 2008) | —
(Houshfar-Low. — 100% (Han ot al., 2021) (Bertolino et al,, 2021) F= — 795 (Kovdcs ot al., 2021) —
Houshfar-High... 3 s— 100% (Kovaleva et al., 2022) (Lamoureux et al., 2016) — 75% (Saxena & Williams, 2007) | —
(Gregory P. Smith et al..... m— 100% (T. Faravelli, 2017) (Konnov, 2009) m— 78% (Da Rocha-Otomo et al.,... —
(Capriolo et al.,, 2021) — 100% (Capriolo et al., 2021) (Nozari & Karabeyolu, 2015) (POLIMI, zvu] — 77% (Wiippenstein et al., 2018) | —
E — 100% (Da Rocha-Otomo et al t al., 2021) — 7% —
3 w— 100% (Esarte et al., 2011) (Esarte et al., 2011) — 77% -
— 100% (Okafor et al., 2019) (Alzueta MU, 2016) — 7% —
— 100% (Alzueta MU, 2016) {Lamoureux et al., 2010) (Mével etal., 2009) — 76% (Han et al,, 2021)
— 100% (Kovacs et al., 2020a) {Kovies et al., 2020b) (Duynsiaegher ot al., 2012) — 75% (Shrestha et al., 2018)
w— 100% (Kovacs et al., 2020b) (T. Faravelli, 2017) (Konnav, 2009) e (Esarte et al., 2011)
— 100% (Kovdcs et al,, 2021) (Da Rocha-Okafor ot al., (Nozarl & Karabeyoilu, 2015) — (Song ot al., 2019)
3 — 100% (Lamoureux et al., 2016) (Kovaleva et al,, 2022) {(song etal., 2016) — 72% (Glarhnr;, mzz)
(Li et al., 2019) — 100% {Otome et al., 2018) (Kovdcs et al., 2020a) - (Klippenstein et al., 2011) — 72% (Mei e 19)
(Shrestha et al., 2018) 1 s—— 100% (Gotama et al., 2022) (Kovécs et al., 2021) (Glarborg, 2022) — 71% (Alzueta Mu, zms)
(Lamoureux et al., 2010) § == 40% (De Persis et al., 2020) (Houshfar-Low... & 32 Zhanz et al., 2017) — 71% (Nakamura et al., 2017)
(T. Wang et al., 2018) - {Shmakov et al., 2010) (Mei, Ma, et al., 2021) etal, 2021) —  69% (Nakamura & Shinde, 2019)
(Esarte et al., 2011) § o (Han et al., 2019) (Gotama et al., 2022) fa GI. Fat-v:lll 2017) B 67 (Tian et al., 2009)
(Alzueta MU, 2016) - (Seng et al., 2019) (Tian et al., 2009) ¥a (Xiao et al., 2017) — 4% (Mendiara & Glarborg, 2009)
{Arumthanayothin et o - (¥. Zhang et al., 2017) (Mendiara & Glarborg, 2009) 1 (Nakamura & Shinda, 2019) — 62% (Stagni et al., 2020)
(Bertolina ot al., 2021) (Xiao ot al., 2017) (X. Zhang et al., 2021) fa (Nakamura ot al., 2017) — 1%
Sentm ot ol 2030) Tam {T. Wang ot al., 2018) (Han et al, 2019) (Ll et al,, 2019) — 1%
(Nozari & Karabeyoilu, 2015) = (POLIMI, 2014) (Capriolo et al,, 2021) ¥ (Alzueta et al., 2001) — 593
(saxena & Williams, 2007) = (Mei, Ma, et al., 2021) (Alzueta et al., 2001) f1 — 59%
(Konnov, 2009) = (Z. Wang et al., 2021) (Xiao et al., 2017) (Song et al,, 2019) — 53%
(Gotama et al., 2022) t= (Song et al., 2016) (Duynslaegher et al., 2012) $1 (Capriclo et al., 2021) — 51% {(Aranda et al., 2013)
(Duynslaegher et al,, 2012) Fm= (Klippenstein et al., 2011) (Klippenstein et al, 2018) fo (Thomas et al., 2022) - 50% (Alzueta et al., 2001)
(Alzucta et al., 2001) (Alzueta et al., 2001) (valks et al., 2022) o (Esarte etal., 2011) - a0% (Kovaleva et al., 2022)
(Han et al,, 2021) = (Saxena & Williams, 2007) (Saxena & Williams, 2007) §a (Alzueta MU, 2016) - (Capriolo et al., 2021)
(X. Zhang et al a (Abian et al., 2015) (Shrestha et al., 2021) §a (Kovaleva et al., 2022) - (Houshfar-mid...
a 9% (Da Rocha-Okafor ot al (Thomas ot al.,, 2022) f1 &% (Ablan et al., 2015) - (Valks ot al., 2022)
(Mel, Ma, ot 2 (K. zhang ot al., 2011) (Glarborg et al., 2018) F &% (Bertolinc ot al., 2021) - Ulang ot al., 2020)
(Thomas etal, 2022) $ 7% (iippenstein et al., 2018) (Gregory P smith etal.,... fi 6% - (Mel, Ma, ot al., 2021)
F o7 (Glarborg et al., 2018) (song etal, 2019) J 6% (x. Zhang et al., 2021) - (L etal., 2019)
(Kiippenstein et al., 2011) 1 7% (X. Zhang et (v zhang etal., 2017} Fi 6o (Mei, Ma, et al., 2021) - (Thomas et al., 2022)
(¥.Zhang et al, 2017) 1 7% (Houshfar-Low... (Nakamura et al,, 2017) ¥ 2% (Otomo et al., 2018) - (Xiao et al., 2017)
F oem (Valks et al., 2022) (Song et al, 2016) F 3% (Da Rocha-Otomo et al.,... § . 30% (UCSD-Mechanism, 2018)
6% (Mei, Zhang, et al., 2021) (Klippenstein et al., 2011) 3% (Marques et al., 2009) - 30% (Gotama et al., 2022)
&% il 022) (Nakamura & Shinda, 2019) 29 (Shrestha et al., 2021) - 2% (Mathieu & Petersen, 2015)
(Kovics et al., 2020b) &% (Tian et al., 2009) (Glarbarg, 2022) 2% (Gotama et al.,, 2022) §om (Dagaut et al., 2008)
(Nakamura & Shindo, 2018) 5% (Mendiara & Glarborg, 2008) (POLIMI, 2014) 2% ctal,2023) fom 21% (Lamaureux ot al., 2010)
(Nakamura ot al., 2017) 2% (Shrestha et al., 2018) (Z. Wang et al., 2021) 2% (Arunthanayathin ot al..... fm 192 (Otomo ot al., 2018)
(Shmakov et al., 2010) 2% (Duynslaegher et al., 2012) (De Persis et al,, 2020) 2% (Mei et al., 2019) - 16% (Da Racha-Mathieu et al.,...
(Glarborg, 2022) 2% (Nakamura & Shindo, 2019) (Lietal,2019) } 2% (Tian et al., 2009) = 15%
De Persis et al., 2020) 2% (Glarborg, 2022) (Shrestha et al., 2018) 25 (Mendiara & Glarborg, 2000y fm 143
1% (Nakamura et al., 2017) (Mei et al, 2019) § 1% (stagni et al., 2020) - 14%
I o1 (Mei et al., 2019) (Abian etat, 2015) F 1% (Hanetal,2019) fa  11%
0% (Li et al., 2019) (T. Wang et al., 2018) 0% (2. Wang et al., 2021) 0% (Shrestha et al., 2021)
0%  40% BO% 120% 0% 40% BO% 120% 0% 40% 80% 120% 0% 40% B80% 120% 0% 40% B0% 120%
SMAPE (%) $=0.8 SMAPE (%) e=1 SMAPE (%) Pp=1.2 SMAPE (%) @ SMAPE (%)
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Mechanism Npee Neeae | /Ergy  EssF VEisr | +/Eoveranl
Zhu-2024 39 312 2.97 2.27 1.11 2.25
Han-2023 32 171 2.24 3.70 1.63 2.67

Present work 21 64 197 3.24 2.72 2.70
Jian-2024 32 233 3.23 3.79 1.80 3.06

Otomo-2018 32 213 3.67 3.65 2.03 3.21

Zhang-2021 34 224 2.45 4.59 2.78 3.41

Stagni-2023 31 203 3.46 4.69 1.75 3.51

Gotama-2022 32 165 3.28 4.59 2.91 3.67
Liu-2024 35 238 3.96 5.19 2.39 4.01
Glarborg-2022 34 227 6.42 4.45 2.55 4.74
Glarborg-2023 34 228 6.52 4.45 2.54 4.79
He-2023 34 221 7.37 4.45 2.46 5.17

Zhang-2024 34 224 8.46 4.50 1.14 5.57
Mei-2021 35 239 4.02 9.84 1.65 6.21

Wang-2022 32 140 2.53 10.13 2.64 6.22

Nakamura-2024 33 228 3.29 10.17 2.14 6.29
Meng-2023 39 269 10.14 4.62 3.11 6.68
Klippenstein-2018 33 108 10.28 4.73 3.03 6.76
Glarborg-2018 33 211 10.29 473 3.03 6.77
San Diego-2018 21 64 3.36 13.94 2.43 8.40
Mathieu-2015 33 160 4.32 14.11 2.12 8.61

Mechanism Comparison
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1,000
h —— 300K
Ll e e e e e e e HR 350K
800 \ | ! | 1023 | - = 400K
\\ \ — « = 450K
700 P —-
\
600 = ]
\ \ ‘ e
s00 e il el [ | | [ | 60% Ammonia in Hydrogen,

350KER 1.0
400

300

Extinction Strain Rate (/s)

200

100

0

60.0 65.0 70.0 75.0 80.0 85.0 90.0 950  100.0
Ammonia Volume Fraction (Balance Hydrogen)

70% Ammonia in Hydrogen,
350K ER 1.0

Counterflow Burner to evaluate Extinction Strain Rate for model validation.
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P, = 0.5 atm P,= 1.0 atm P,=1.5 atm P, =2.0atm

* Thermo-diffusive and
hydrodynamic instabilities are
considerably increased as the
percentage of hydrogen in  x-os
increased. Also, low equivalence '
ratios tend to increase this
behaviour.

X,=02 8

Xy, = 0.6

Schlieren images of spherically various
ammonia/hydrogen in air flames at a radius of 25mm.
Temperature of 298K, various pressures and
equivalence ratio of 1.0 [Li H, Xiao H, Sun J. Combust

Flame 2021] Xu=1.0

Xy=038 §
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0.2° 0.3° 0.4 0.5 0.6 0.7 0.8°

NIRIRI
=1 a=150 /3

$ = 0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15

0.65
Xopz= 0.5 a =150 /s

a= 20 120 150 180 210 240 270 300 330 360

60 /s

Xouz= 0.5 ¢ = (a) 0s (b) 213.98s  (c) 214.00s  (d) 214.02s (e) 0s (f) 252.88s  (g) 252.90s (h) 253.90s (i) 254.02s

Time-averaged broadband images of the twin-flames for Sequence of images for pure hydrogen/air (a-d) and 80/20%
different ammonia fuel fraction (top row), equivalence ratios (vol) hydrogen/ammonia at the BLF onset |Golamann et al,
(middle row), and strain rates (bottom row) [Zhu X et al, 2021] 2021}
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Ammonia

Liquid

Liquid + Vapor

m?

801

Penetration [mm]

20

60

Chamber Wall limit

Air Density: 2.38 kg/m 3
‘Bmperature: 20 °C
Pressure: 2 bar

=6~ Ammonia, [Liquid]

~@- Ammonia, [Liquid+Vapor]
Gasoline, [Liquid)

@ Gasoline, [Liquid+Vapor] |

“A: Ethanol, [Liquid)

A Ethanol, [Liquid+Vapor]

1 2 3 4
Time after start of injection [ms]

Comparison of spray shape for liquid and liquid/ vapor
NH3 sprays b) Comparison of spray penetration for NH3
with more conventional fuels [Pele et al. 2021]

Droplet temperature I Gas temperature

Flashing conditions ¢
Pamb = 2 bar ; y
Tamb =293 K 3

Non-flashing conditions
Pamb = 15 bar
Tamb =293 K

B T | | D

TEMPERATURE: 220 225 230 235 240 245 250 255 260 265 270 275 280 285 290

Comparison between droplet and gas temperature
in flashing and non-flashing conditions. Strong
impact and temperature change during vaporization
[Zembi et al 2023]
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Combustor Test Rig 3000 ® Exy=0.5 NH; |
MFM FTIR roog] @ B 10
Not necessary in this study | ;=20 mm
.. CIT = 500°C
500 kg liquid = . 1000
. H , : ) » SCR
1357 o] campese | comme -
< -
- - V _h. E 0 T T T T
aporizer Cooled section g 16001 NO ]
Liquid ammonia line 5! I
Air = OIS S o0l 7
=}
COmMpressors Pum - I
P —%—- Buffer tanks —ENE—' Ealgt\gr P &) 8001 |
Schematics of the layout of the experimental facility = , , , ,
[Okafor et al, 2021] e ———
=) | N,O
= 800 ; ' .
[y O Stable flames h;" =17 mn: ] 200 .
= —@— Blow offlimit ~ C11 ~ 500°C -
2 600 e e
5 100+ .
= o &' C» | - >
; 400 g o ; - . M .
g O Region of no flame | ?40 160 180 200 220 24(
o tabilization
E 200 03 o 22 sz 2 0.6 Input thermal power (kW)
NH; heat fraction. Enm, Comparison of the effects of ENH3 on emissions

Stability maps [Okafor et al, 2021] [Okafor et al, 2021]
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Py = 40 MPa, P, = 0.1 Mpa, flare flashing

£ '/ ./ Yo Yo
L WY WP W'Y
P,y = 40 MPa, P,,,, = 0.5 Mpa, trasition flash boiling " "

Py ™ 40 MPa, P, = 1.0 Mpa, non-flash boiling

14 16 1 0
Temperature /degC

Pag = 60 MPa, P, = 1.0 Mpa, non-flash bolling

Injector Flow Rate
Testing

” o < ~ Ammonia - Bosch EV-
Poy = 80 MPa, P, = 1.0 Mpa, non-flash boiling . : 1/3A

ASOF S = s — s

Spray morphology at different conditions|Okafor et al, 2021}
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< 0.0034 |—A—MechX1 < 0.0015- A Moch X1 =
S Mech. X2 0 Mech.X2 ¥ 10
3 %‘ g —@— Mech X3 Z 0.8
'3 0.002- e 4 e— ' 0.0010- S g
[«] [=] - = 0.6
= = —b———+ ¢ °
(o] [e] > 04
Z 0.001 1 O 0.00054 =
17atm —@— Konnov —€— Mech. X1 | 17atm —@— Konnov —@— Mech X1 | 8 55
#— Mech.X2 —@— Mech.X3 —»— Mech.X2 —@— Mech.X3 é .
00001 #—g ¢ ¢ ¢ ~ 00000] &4 —& & 4 00
20 25 30 35 40 0.20 0.25 0.30 0.35 0.40
Oxygen Content (%) Oxygen Content (%)
1500
Emissions from oxygen enriched ammonia-methane co-firing [Xiao et al 2018|
1400
1300
=,
— 1200
Relative heat flux (left) and temperature 1100
(right) measurements using ammonia, 1000
methane and oxygenated ammonia blends

[Murai et al. 2017]

- --'-—- i '-q._‘
- '.-' .,.
— -
1 e -t —
h -#-NH3 N=0.21 (casel)
b =4~CH4 N1=0.21 (case2)
b -m=NH3 1=0.30 {case3)
0 200 400 600 800 1000 1200
Distance from the burner Z [mm)]
- | .-""‘ ----- *-----‘
———
- Y
. - =
- — O
- ="
- -2 NH3 0=0.21 (casel)
-4~CH4 0=0.21 (case2)
-B-NH3 0=0.30 (case3)
0 200 400 600 800 1000 1200

Distance from the burner z [mm]
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NH3/H2/Air
®=11 » Infrared spectroscopic measurements performed at three heights.

» Background from the hot quartz tube was taken immediately after
the flame was extinguished.

1.2 T
1
I
1 Low transparency of
\ 1 : - quartz tube
0.8

Intensity [a.u.]
o
)

o
'S

/"

o
0
2 25 3 35 4 4.5 5 55
2.7 ym wavelength [pm)]
Extractas __Raw —background

H,0 radiation
Radiation measurements [Sato et al. 2025]
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[8] Hottel, H. C., and R. B. Egbert. 1841, Joumnal of Fluids Engineering 83 (4): 287-307.
Fi Z Quart Radiative heat flux was calculated using an approximate method
ame zone uartz developed by Hottel and Egbert®].

Tube
Qr = 0.5(1 + &)a(gyTy* — ayTi*)Aiw

T.g
Xu,0.Xco Tiw —
2 2 Qp = hw(Tg - Tiw)‘qiw o
h,.: Heat transfer coefficient for inside wall
* f h.: heat transfer coefficient for thermocouple
L: Quartz tube thick
I I _ 2 ﬂ:Lk T _ T k: Trl::rmaluo:ndclcﬁ?ie;sqf quartz tube
TDW Qk —_ ?,,2 ( I‘.‘.’tr’ OW) ry m2: Inner and outer radius of quartz tube
In—=
QT 'rl
Radiation
+ =
heat flux Qr +Qn = Ck

Qr

Qh Conduction

Convection heat flux ) ] L .
heat flux > From this calculation, the radiation heat flux (Q,) will be

compared with various conditions in next slide.

T;,, was able to calculate by heat flux balance.

Measured data: T, Ty, Xp,0, Xco, Numerical methodology [Sato et al. 2025]
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B NHyH, [ 20% Cracked NH,

1.2 2.5
3 .
©
S
£ 0 H - E 2 ) - | I l ‘-H-H"\-\..___
% . 8| x '’ T
'~. 0.8 i [ - — & . .‘“‘
‘: ’ X i = m § . - .
© o o 15
2 u m b . i
@ 06 |180 mm b
c T .
9 5]
- g 1
= 04 $ o 2
N ¢ ¢ t i1
= 80 mm x g
£ 02 4 P, L S S 0.5
S s * R S SR

o L40mm B NHyH; [ 20% Cracked NH;
0
g 07 09 11 13 15 05 07 0.9 1.1 13 15
Equivalence ratio [-] Equivalence ratio [-]

Experimental and numerical results. Trends follow same pattern [Sato et al. 2025]
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LHV 15kW. ®=1.0 ;E:Zlirimental comparison between

Not ideal due to a loss in radiation by
ammonia/hydrogen compared to
methane (consequence of carbon
species missed in the process).

Problem that can be partially resolved
by improving the thermodynamic
cycles.

Radiation Heat Flux kW

[Sato et al. 2025]

CH4 NH3/H2 NH3 20%Cracked NH3
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1 24000 ————————— T
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e 09 & LBO 6KV, 39W) ok 7 |
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- o 08 ¢ ob) *© LB0 {156/, 33} & 15000} 7\ I e
- © o
= - Nanosecond e T F B < ."'
Swirler i § 3 ‘ £ 15000 - ~
Generator o L ) ,
© #
> A 12000 r ro.
+ E ' 7
W 'e: W &
l [# 9000 F
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Pulse Enerev Densitv (mi/em)

I(d)ll

: | B e 1 e ] o
%E:Ed "Eﬂ:i(NHJ) Air flow rate (LPM) 0709 =10 =11

Z20F

Schematic of the experimental Flame stability map, and photographs of flames -;ls
setup [Choe and Sun, AIAA, 2021] without and with plasma (V=11 kV, =7 kHz, g

39W)[Choe and Sun, AIAA, 2021] é 10}

Change in NOx emissions and 5 st
laminar flame speed with N2 (solid) 0

0 10 20 0 10 20 0 10 20

and He (dashed) dilution Pulse Energy Density (mJ/cm®)
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Outer
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NO reduction (%)

NO, reduction (%)
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Plasma enhancement on RBO
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Plasma system used for ammonia/hydrogen/methane enhanced combustion °°%5 %5326 28 30 32 34
Qupa (LPM)

1.Computer 2. Pressure regulator 3. Manual valve
4. Mass flow controllers (MFC) 5. Emission analyser
i 6. Plasma generator 7. Oscilloscope 8. Optical fiber
AR NH; 9. Spectrometer 10. Highspeed camera
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Developments - ICEs

Ammonia Demonstrator at RAL, Oxford. Cardiff
developed the ammonia engine and container for the

production of power and its transmission back to the
grid.

4
T
IV

= by o

TR

Emissions (COZ and NOx) using ICE-H2/NH3

Internal combustion engine running on H2/NH3
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>

o)

1
1933 4 1944-1946 (& 2007-2012 f.i_p 2012-2015 === 2013 2020-
Norway w Belgium “ Michigan yKIER Korea Marangoni Hydrofuel Inc.
MNorsk Hydro 12 buses Uniuersity AM\;’eh car Toyota GT86 » NH3 fue_l for
Ammonia ammonia/coal NH3 car automotive

NH3/gasoline
truck gas NH3/gasoline

&

-, 2020-2025 L 1 2018-2021

T J:§°I Wirtsila 20_2172025 - 2020-2025 2020-2023 Schmuecker

;" Ammonia 2-4 WinGD MAN Norway . Renewable

s~ project & methanol & % 2-stroke NH3 ACTIVATE Energy System
Conversion ammonia engine project X C-Free tractor
project with John Deere
Eidesvik Offshore 7810

Vast research in terms of Ammonia for fuelling applications in Internal Combustion Engines. Various blends

(gasoline, diesel, DME, etc.) have been attempted.
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Fuel mix
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20%
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Decarbonising the marine sector, OECD, 2018.

i Hydrogen+Ammonia
HLNG
Biofuels

m HFO/MFO
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BLEND
SI ENGINE CI ENGINE
H2 NH3/CHA NH3/ Gasoline DME Diesel
(NG) syngas
For increasing ER:
Stable until ER ~1.0
NH3 Increase when ER>1.0 Increase Increase Increase Increase Increase
Decrease with increasing
H; content
For increasing ER:
NOx increases until ER ;
NOx ~07.-0.8 Increase : Slight Increase Increase Usually
i increase decrease
NOx decrease for richer
mixture
2 For increasing ER:
g H2 Stable until ER~1.0, N/A N/A N/A Increase N/A
4] Increase for ER>1.0
2
w Decrease
(increase if Usually
HC Present Decrease R Increase
with decrease
ethanol)
Decrease
(increase if Usually
co Decrease Decrease : Increase
with decrease
ethanol)
co2 Decrease Decrease Decrease Increase Usually
decrease

Combinations with various fuels
denote the these fuels on the
production of emissions such as Nox,
unburned fuel traces (NH3, H2, UHC)
and carbon species (CO, CO2).

NOx are still major issues when using
ammonia in Internal Combustion
Engines
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a) P. =100 kPa
in

‘j ﬂ
0

0.6 0.8 | 1.2 0.6 0.8 1 1.2
Q@ 0]

b) Pin =120 kPa
0.6

Indicated mean effective pressure measured for various mixture
compositions. Circles: experimental conditions. Colour contours
(see online version): IMEPn in Pa, from low values (top-left,
blue) to high values (bottom-right, red) [Lhuillier et al. 2019].

4 o~
x10° 3 ‘6‘;10000. )
X
> 8000 .
' 2 e A
S 60001y o 5%
b1 E pvs by * o 10%
o S 40000 X A v 20%
n c
H*”. i Y . 0%
e £ 2000+ , | | 60%
I o 5 & ” N
1 [ | o) ol | . A
06 08 1 12% 06 08 1 12

Equivalence ratio ¢ Equivalence ratio ¢

Pollutant emissions in exhaust at Pin = 120 kPa
[Lhuillier et al. 2019]
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By controlling the Lambda value and mixing rate of
unburned ammonia and NOXx, a theoretical ratio of 1 Lol B P W% WS e m O
should be able to mitigate emissions whilst providing

high efficiency [Murugan et al., 2025]
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[Courtesy of Dalian Tech Uniy,
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Sl vs RCCI Engines using NH3 [U. Orleans]

Developments - ICEs
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Engine working condition: Temperature, pressure, ...
. Combustion by-products: Unburned ammonia, moisture,
oxynitride, ...
“““““““““ Ammonia FF——T— Ammonia addition leads to,
' @ @ and its by- g @ @ * More opacity
| ,,_J .. products g@ ,7 « Change in viscosity
| ng mixed form / = . L bili
| ] lubricating ; ower temperature stability
oil mixture * Recombination of species
5 g._é, which lead to additional
3 B3 reactions in the lubricant
-'g § o * (Calcium and magnesium
;; LU UU ‘ precipitates
3 ‘ * Greater wearing
O |
‘ __J nder liner :
Two-stroke marine Potential impacts of afnmfmia .and Four-stroke marine
ammonia engine byproducts on lubricating oil ammonia engine

Mechanistic insights into evolution of lubricating oil in marine ammonia engines: from molecular
interactions to macroscopic performance [Rao et al. 2025]
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e Ammonia can be used to decarbonise cooling, heat, power
and propulsion generation.

« Ammonia blends can be used efficiently, although care needs
to be taken to keep stable flame profiles and low NOx.

 The use of novel systems is currently attracting vast scientific
attention as a way to mitigate emissions and improve
ammonia reactivity (Holy Grails of Ammonia Combustion)

* The marine sector will open the use of ammonia fuelling
commercially by the end of the decade. However, many
technicalities still need to be resolved.
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Principle Quench medium Execution P
Dynamically Controlled
O, Bypass to Second Stage
_____________ S (SRRl
(¢
o) : L
| =
'I‘ 1# Stage £ 2 Stage &
—— (Oxygen Deficient) (Excess Oxygen) | |
NH,(+H,5) ! ;
I
| Stoichiometry-Controlled Oxidation Unit |

Tests on 100% NH, & mix 50%H,0 & 50%NH,
* Reaction kinetics, mixing of combustibles &

oxygen, temperature & residence time optimized

by burner type and control philosophy

Stoichiometric Controlled Oxidation (SCO) technology developed by
Duiker [with permission from Duiker Combustion Engineers]

Other programs for steel plates, ceramic kilns,
replacing natural gas by ammonia.
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OH’ NH'* NH,'

Downstream

T Packed bed
3 / (d:d:)

(0.8, 0.4, 0%)

Stabilization oV Filter
2008 + Chemlum. filter;

9
a
" \ Upstream
N qu]:kc& bed 9
(d=d) ;c’%
’ » of
(=]
CHy &
L (=]
—NH; ol - LN
G 4— Air Porous media employed to burn ammonia/methane at

low power (2kW). As expected, pellet density had an

P N

impact on the final emissions/combustion efficiency.
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Developments — Boilers/Furn.

4000 : 800
502-511K INLET, 0.109 MPa ; Inlet T: 531.4 + 3.2 K
3500 : __ 700 : Pressure : 1.10 bar
3 ——NO exp g
a 3000 £ 600
- 5o TN I N (NS (A I— NO (0) og - I %
*q;, 2500 ) & ;
: - NO(T) -
5 2000 540 é R ¢ L
c —— NH3 exp S R Y ¥
8 1500 . iy e W
%) o - o :
c | SN e A | sssssss NH3 (O) 3 200 e,
21000 £ o A, a
£ 8 — = NH3(T) * 100 @ o e e
&Y 5 @ . - ﬁo@ ....... o & B.......].... 0
0 et S 1.14 1.16 1.18 1.2 122 1.24 1.26
1.00 1.05 1.10 1.15 120 1.25 1.30 Equivalence Ratio (®)
Equivalence Ratio (D) CINO 15% COG/AA ® NH3 15% COG/AA O NO 15% COG/HA @ NH3 15% COG/HA
Correlation between experimental and numerical Shift in the reaction by using Humidified (60% water)
models [Tian and Okafor]| using COG (20%) and ammonia blends [Hewlett S, 2022]

Ammonia [Hewlett S, 2022]
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@ End-user back

up storage

= )

Pure and Residual ammonia can be used for extra power

0.7 1
0.61
0.6

E
3
£
c
o
]
a
.g 05 A 0.48
o 0.41

0.4 A
_—E‘ 0.32 0.35
¢ 0.3 -
; 0.19
& 02 .
-
5}
% 0.1 1
S
= 00 I
E Amburn Phase Compressed Liquid H2 Direct Heat Pump  Fossil - LPG

2 System H2 Delivery Delivery  Electrification
Boiler O&M and Labour Fuel Electricity Grid Reinforcement [l Boiler CAPEX

Works in collaboration with TATA steel and the
South Wales Industry have led to the recognition of
several streams, product of waste gases, from
which ammonia can be recovered for additional
power generation via engines, gas turbines or
furnaces.

Current work is taking place with FloGas for new
burners running up to 2MW.



ol &2 Developments — Boilers/Furn.

PRIFYSGOL

(ARDY

Scenario 1: Delivered cost of fuel to an industrial end users comparing low-carbonammoniaand +  Existing off-gas grid boiler sites have between

H, fuels with increased end user storage at boiler site, 15 days (E.MWh%, Lower Heating Value) 10 and 15 days of storage.
=~ 250 - 12 MW distillery, 200 km distribution distance, large scale 200MW NH; synthesis, Blue H, « Ifthis higher storage is needed Ammonia
§ If green Hy is 230 DAdditional if Blue H2 production production, at £1.80.kgH,?, 15 days storage at boiler— Carbon tax £50tC0,* - offers a comparative cost improvement over
s 55 used then Cracking = 250 4 liquid and compressed hydrogen whichare
issi £ expensive to store.
g Emlssnohs‘for 176 Storage s p _ N N
& ammonia in = B Truckin s 200 § + Ammonia can be stored at similar conditions
‘z_‘ 150 4 | configurations 1 uckhing “ to LPG whilst compressed hydrogen needs
% and 2 are under I HB + ASU % 150 - 142 high pressures (350 bar), orliguid hydrogen
8 100 5 kgCO, MWh'! I H2 Production o 111 103 — needs extremely low temperatures (-253°C).
c 1 [] PR
rucking 3 1 i ——— . ough this gives an advantage to ammonia,

= LPG Truck 2 w0 9t Though this gives an advantag '
2 M PG usage '§ 59 ] it may be that for new technologies lower
g 50 1 o 50 quantities of storage are used due to storage
W 1 17 2 being more expensive and possible
o 0 o 228 8 regulatory/safety constraints.
e ; 100% NH3 Fuel 5% H2- 95% Ammonia - Ammonia - LiquidH2 Compressed

L ~2 c:\ 2 § v NH3 fuel LPG blend BioLPG blend H2 350 bar

€6 §35. §80 -4 L J

g EEX¥ §E: i '

2 E“ ® & 5‘ = § £ g Ammonia-based fuel to boiler Hy-based fuelto boiler

- LI .

o 15 days storage - Loss 3 days Storage - Input Series BioLPG
L_J Carbon price Release Trucking - H2 Production - LPG

Emissions and Delivery Fuel Cost of various options
(report 2023, 145 pages)
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Stratification appears as a good potential for NOx mitigation
whilst enabling good flame stability (Mashruk et al 2023 JAE).

Equivalence Ratio (@) =1.0

OH* NO

0% H, Stratification (Premixed)

e e
A z ’ -y
Py

Stratification brings down NO whilst
complex CFD models validate the
stable nature of the flame.
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Fundamental work on cracking, thermoacoustics,
radiation, neural networks and chemical kinetics
(presented at the 3@ Symp Ammonia Energy)
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il 3 fe] .= Commissioning, Control Design using Al, Bespoke

Protocols, HAZID/HAZOP, Dispersion analyses
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300 kW flame using 70-30% NH3-H2
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T'he unit will be used tor demonstrationin a
Poultry tarm. Further developments are
expected ror the deployment or ammonia to
Isolated regions.
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[Tamura et al 2020] One dimensional assumption of co-combustion flames [Xia et al 2020]
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MILD combustion enables multi-fuel operation
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MILD Combustion using a variety of fuels.
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Emissions from the use of MILD Combustion employing ammonia/air [Valera-Medina et al. 2020]

Heat release rate, J/m3/s



Developments —

Gas Turbines

g Swirl number, [10]
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[Okafor et al, 2018]
hydrogen [Pugh et al, 2018]
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OH profiles and Normalized values. A) 288K; B) 400K;

C) 500K; D) Comparison
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Absolute Rate of Production NH2
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NH2 rate of production at 1) the flame zone and
2) post-combustion zone; left) 288K, right) 500K.
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Chemiluminescence profiles using various ternary blends.
Ammonia increase augments NH2 whilst decreasing the
intensity of other radicals.
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Spectral signals of various radicals and their correlation between each other [Mashruk S et al. 2022].
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Velocity (m/s) NH2 Prod. Rate (kg/mA3-s)
29.37 30.00 0

20.82 24.02
12.26 18.04

3.71 12.06
-4.84 6.08

Detailed mechanisms, complex CRN and CFD
modelling using RANS and LE (in collaboration with Italy,
Mexico, India and China).
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Impacts on emissions formation
and flame characteristics using
different cooling rates for
ammonia-based combustion

= 200 l,;{l)(:&(z[]) .\'(lt’) Systems-

Although NO decreases, N20 can
180 considerably increase.

Zhang et al. Combustion and
Flame (2023).

12(

Z (mm)

Unburned
NH, region

60

()
200 400 600 800

-((1) = = T (°C)
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SACME45| =
0006 -
—Ammonia/H as recened
Z a0 - = Ammonia/H surface removed
z
£ 0003 +
P SUS304
= 0003 4
%0.’302 E
— r=0mm (center)| =0 mm (center)] =2 mm r=4mm F=6mm
0 Untreated Treated by NH4/O,/N, flame
0 800
e Optical micrographs of the SACM645 and SUS304 test plate

surfaces after being exposed to the NH3/02/N2 flame at

Samples exposed to ammonia/hydrogen and methane, 550 2C for 5hr [Wang et al. 2023].

respectively. Also, the peak at “4000C denotes hydrogen
permeation [Kovaleva M et al. 2022].
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Gas Turbines

{ AMMONIA
! TO POWER

mGT ) ‘ exhaust * GT Combustion test
i S — - i ® Real demonstration
: NG TR g id | : :
i T P, grid ® Virtual demonstration i
N, [H i Ut
z] 2| option A i i ENGIECC ©
NH; : CUlab g
* option B tank g s \ Savona
*
0, excess Py laboratory
NH; : ~'-I
{ air N, water
: :
H
2 Electrolyzer "

FLEXnCONFU - First large GT ammonia/hydrogen/NG demonstrator
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Fully Pre-mixed Swirl Burner.
75%H2/25%NH3 @ 500K s

500

400

NO - (ppmy) Dry 15% O,
“b/w (r/8u) -oN

-== Dry15% O,
m/qe

PRESSURE [BARA]
Combustor Pressure — P (MPa)

e iner Equivalence ratio maintained
0, 0,
75%H2/25%NH3 @ 500K ~0.29 and ~0.56

Power scaled with pressure

@12.5kW/1.1bar

Relative %heat loss from the flame

reduces as power/pressure increases.

This can be seen by increasing exhaust
temperatures.

(PPM]

NH3 Raw

PRESSURE [BARA] -
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6.E-03 1700
1012
1000 —tam
5.E-03
0.030
- 280 550
0020 B
4.E-03 < =
= . T 100
. 0olo 2 ,f" E_
o2 3.E-03 3 o = uCFD 4
0.000 = = W
= =] 10
mE
2.E-03 g 10 Xp
0.010 Sistance 3 To the pressure
outlet
1.E-03 . i
1
a0 40 100 100 Tyvau = Temp.
0.E+00 { profile imposed
0.0 o 0.4 0.6 0.8 11 13 11 13 g~
E Progress Variable [-] NH3 [%] (top) / ER [-] {(Bottom) i Longitudianl Plane
¥
In-Flame NO Absolute ROP Post-Flame NO Absolute ROP
NH+NO==>N20+H H+NO+M<=>HNO+M Pt cOS
HNO+H==>H2+NO NH+NO<=>N20+H
H+NO+M=<=>HNO+M N+OH<=>NO+H
NH2+NO<=>NNH+OH N+NO<=>N2+0 ‘
NH2+NO<=>N2+H20 HNO+He=>H2+NO g
N+O2=<=>NO+0 NH2+NO==>NNH+OH
NH+NO<=>N2+0H NH+NO===>N2+0H
NH*02===NO+OH NH2+NO<==N2+H20 K | PN |\ TR 1
NH+0<=>NO+H NNH+0<=>NH+NO i
HNO+02<=>HOZ+NO ——— H
N+NO<=>N2+0 AN o !
& o H
NNH+O<=>NH+NO P ) !
HNO+OH<=>NO+H20 ’ :
NO2+H=<=>NO+0OH -
HO2+NO<=>NO2+0H NO ROP ~ 0 = Only
N+OHe=>NO+H Thermal NO, contribution
NO+O+M==>NO2+M

Hoermores Fuel Mass Flow
Rate Inlet
Air Mass Flow Coarse Mesh

Rate Inlet

Baker Hughes - Ammonia/Hydrogen CFD modelling
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99% Cracked NH3 Emissions vs Pressure (ER~0.55)
200
180
160
- 140
g 120
5 100 NOs
e NO
$ 80
Increasing of NOX Emissions Stabilisation of NOX Emissions & 2 NH3
60
:NHOOZTNoooHﬁ\ NH;bz".N'cj»oHy;‘
“No+rz ] [(Nosrz ] f | 40 ° o
NNH<O—NO+NH | 1
i ‘ ‘ ‘ 20
NH2+ N~ Nt + H) NH2 + 0 — HNO +H NH + OH — N + H20 = —
. T [NH2 + NO — N2 + H20 | 0
P (N2+H—Nierz] (NH*OH—N+H20
| ] " ~
. [[NH2 +H—NH+ H2 |- 0 1 “ 3 ; b 5 <
NH2+H—NH+H2| | % Pressure(bar)
\ hTHTWGi;?qHz/w TR ‘kNHZ*H 'NHZV"H\
NH2* + OH/H} NH2" + OH/H [nna izl 4‘ ’NHar‘::ziNofH’ HZJ\ . . o, . . .
— T B = L : Highly cracked ammonia (99%) for its use in GT under various
‘ R ' s ‘ pressures. NH2* considerably increases, whilst the NO
rressure O, O O O O O chemistry shifts.
11 20 3.0 4.0 5.0 6.0
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CASE 4

111103

Air

Steam

Combustion products

Nitrogen

Water

Fuel (70% ammonia/30%nydrogen)
Pure Ammonia

}
!
!
‘ . |

'Lognd

—

7 O il

Developments —

Modified Brayton Cycle
Inlet temperature 1260K
Outlet temperature 827K
Supplied heat
Power

Plant efficiency

3.56MWe
34%

Trigeneration Cycle
Cooling+Power+Heating
Initial calculations: 62.5%
(compared to “80%)

Similarly, LCA shows the
superior environmental
advantages of green NH3

Gas Turbines

- =
Liquidammonia | W ™
-

10.45MWth 0774 kg

—],
—
Water 0.310 kg
Gas turbine
4.840E-10 p

100%
80% §
60% \ N
an § § § § §
20% N
iz S 5553 i3
-20% 2559 i
40% 5
-60%
-80%
-100%

Grey Green Grey Green Grey Green Grey Green Grey Green Grey Green

NH3 NH3 NH3 NH3 NH3 NH3 NH3 NH3 NH3 NH3 NH3 NH3

Climate change - Fossil depletion - Freshwater ~ Ozone depletion- Photochemical Terrestrial
GWP100 FDP eutrophication - 0DPinf oxidant formation  acidification -
FEP - POFP TAP100

B Ammonia production M Water production [ Heat production Plant operation
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The X-15 Rocket (powered with ammonia and
LOX) performed 199 missions (2 space
missions) with speeds up to 6.7 MACH and
108 km altitude (record for airplanes)

Energomash (Russia) has been developing a
propulsion system fuelled by acetylene and
ammonia (atsetam).

Micro-thrusters (Ammonia Propulsion
Systems, APS) are under development,
specially in Russia, using ammonia. The
systems are intended for satellite and UAV
applications. Solar Thermal Propulsion is also
based on the use of ammonia (UK, US,
China).
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—\;l
Jet-A1l - 6hr range, 78.5m3 tank. 60,7837kg. } — 120
2,676,828M) 7‘}& o~
£ 100
¥
+~ 80
LBM - 4hr 05min range, 78.5m3 tank. 33,127kg. )} L - 6 8(y 5
1,821,985M) o S 60
% ! 106
AR L/ 5 40 70
\; o
- 20
LNH3 - 2hr20min range, 78.5m3 \}\_ 3 9 (y z
tank. 47,100kg. 1,059,750M)J /. 7 0 0
;// Compressed Liquid Hydrogen Liquid Ammonia
o = Hydrogen (20°C (-253°C) (27°Cand 1MPa)
W and 70MPa)

\ 9 -\—l
.
LH2 - 1hr45min range, 78.5m3 \ — ﬂ A ! 0
tank. 5,557kg. 787,426M) V— - 0
L _;:[
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Table 8. Evaluation matrix for the selected electrofuels in this study (excellent: 5, good: 4, satisfactory:

3, challenging: 2, problematic: 1).

Parameters Jet A-1(AS) nCgHy;y CH3;OH CH, H, NH;
x() 1.3117 13116 13095 13121 13144 1.3130
R (Jkg K1) 289.14 28958 29231 29209 299.84 30107 Property JetA1 nGHyy CH;OH  CH, H, NH;  NH3/H,
x'} % 0 o 0_237{.5 02376 02363 02379 02392 0.2384 CO, emission ] : s s z s s
VE (kg /2 K1/2 §-1 ) 0.0674 00673 00669  0.0670 0.0662 0.0660 Electro-synthesis ) 3 3 s 5 5 5
ViR (JU? kg 12K 1-’2) 19.47 19.49 19.56 1958 1985  19.88 Specific energy 4 4 2 4 5 2 2
iy (kgs ) 19.79 19.77 19.67 19.69 1945  19.40 Energy density 5 5 2 3 1 2 2
nepr (min~t) 4028 4031 4047 4049 4106 4112 Storage 5 5 4 2 1 3 3
Tis (K) 638.8 6389 6412 6384 6361 6376 Toxicity 3 3 2 4 5 1 1
Pr (MW) 13.51 13.52 13.59 13.58 1374 1377 Combustion properties 5 5 1 5 5 2 5
1p () 91.29 9129 9126 9129 9129 9127 NO, & soot emissions 2 ? 4 4 4 3 4
Drop-in capability (combustion) 5 1 2 2 2 2 4
(a)s 25 (b)sooo %5 Turbine power output 4 4 4 4 5 5 5
i Drop-in potential (turbine) 5 5 4 3 2 2 3
2 4 4 3 3 2 2 3

o
&n

o
o
=
=

Power P (MW)
Relative to Jet A-1 (%)
Relative to Jet A-1 (%)

=g
in

Shaft speed n, . (min
=)
o
o

2 = 4000 2 .
Structural considerations : : :
. 1.5
tEE " A Study on Electrofuels in Aviation. Comparison between
o9 different potential fuels [Goldmann et al. 2018]
0 a 0

L= -

JetA1 nCH, CHOHM CH, H, NH, JetA-1 nCH, CHOH CH, H, NH,



“Dock-to-Dock™ is an
InnovateUK project
that evaluates the
potential of H2 and

NH3 for cargo
distribution.
Simultaneously,

Reaction Engines has
recently announced
their intentions of
using NH3 as fuel.

HOW AMMONIA COULD FUEL FUTURE JET ENGINES

0 The burnable fuel mix
is then fed into the
engine's combustion
chamber as usual

O Ammonia fuel is stored in

the wings, just like
kerosene-l»?sfd fuelis
Thy is d fr soddy
e pum| om
the tgani througgnea heat
exchanger to warm itup

@ However, the waste
oducts will mainly be
R;ml nitrogenand
water vapour

The project “Dock-to-Dock”

(InnovateUK) intends to
determine the techno-economic
challenges and needs to use H2
and NH3 as fuel for cargo
distribution between Cardiff and
Bristol, aiming at a larger
analysis for the entire UK.

Similarly, Reaction Engines has
announced their intentions to
start working on ammonia as a
hydrogen vector. A PhD between
RE and Cardiff will commence in
October 2021 on this matter.
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Exposure of skin to anhydrous ammonia [Amshel
et al 2000].

Explosions and cylinder damage
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Environrhental Defence Fund, 2022. [Online
https://cdn.ricardo.com/ee/media/assets/ammonia-at-sea-

Developments — H&S/Envirn.

ENVIRONMENTA

D

OIL SPILL

IMPACTS RECEPTOR
" 10]@) Bacteria
' Y 1@ Plankton
. . ‘\H/ Macrophytes
. . ‘ Invertebrates
X 1@ Reptiles
L X 1@ Fish
28 ® Birds
@® ® () Marine Mammals

report-summary.pdf

APACT LEVE

AMMONIA
IMPACTS

@O0
000
00
000
000
000
000
000

il

. Available in:

TABLE 10.6
Reported Accidents With Transporting Anhydrous Ammonia and Ammonia Solutions, United States, 1971
—2019 (Reports Only for Anhydrous Ammonia).

Total reported Total fatalities Total hospitalized injuries
3209 (797) 25 (23) 36 (29) 744 (602)
Rail 2460 (2301) 11 (11) 23 (21) 321 (290)

Water 21 (14) 0(0) 0(0) 44

Total nonhospitalized injuries
Highways

Appl Energy 2017.
https://doi.org/10.1016/j.apenergy.2016.10.088.

1.00E-06

1.00E-07

1.00E.08

1.00E-09 |-

1.00E-10

Annual Probability of Fatality

1 00E-11

1.00E-12
o 100 200 300 400
Di from Roadway, m
== LPG = Gasoline — Ammonia

Quest Consultants Inc. Comparative Quantitative Risk Analysis
of Motor Gasoline, LPG and Anhydrous Ammonia as an
Automotive Fuel. lowa, USA: 2009. Courtesy of Quest.)


https://cf-my.sharepoint.com/personal/valeramedinaa1_cardiff_ac_uk/Documents/Documents/Documents/Projects/BEIS/Phase%202/Explosion%20Incident/WhatsApp%20Video%202024-11-27%20at%2023.16.01.mp4
https://cf-my.sharepoint.com/personal/valeramedinaa1_cardiff_ac_uk/Documents/Documents/Documents/Projects/BEIS/Phase%202/Explosion%20Incident/WhatsApp%20Video%202024-11-27%20at%2023.16.03.mp4
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'Y Total US impacts [premature mortalities) Total US impacts [premature mortalities]
¢ 10’ 10? 10° 10* 10° 10’ 10’ 107 10° 10*
+ ¢ + L 2 .0 g A ] . RS

E
< q0°
L
e .
% ¢ NH, Engine-out = =
i + NH, Post-comb. ;\E( g | + Gasolne
g ¢ + DIVO e 2 ¢ Diesel
@ + DMVO g g NH, Engeut
g 4 GAVO g 3 + N Pustcond.
i3] c c

- 1071¢ + g g ¢ ONO
T g 2 DMVO
z * £ £ + GAVO

. 0 0 |= = Gasoline TotUSimpacts
. ¢ 1 & ; T Im 1 Diesel TotUSimpacts
1 - 0 v4 74
107 10

NOX emission factor [g/km]

10 10’ 10’
NOX emission factor [g/km) NOX emission factor [g/km]

Configurations: NH3 Engine-out: neat ammonia with
varying engine parameters; NH3 After-treatment engines
with SCR; DIVO: ammonia-diesel; DMVO: ammonia-DME;

GAVO: ammonia-gasoline

Average 2011 emission factors Gasoline and Diesel passenger
cars and trucks
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From ammonia to green ammonia

30%
o 25% 25.2% 25.2% .
Ammonia (NH3) CURRENT PRODUCTION OF AMMONIA . 22.5%
is mainly used as a fortilizer IS S of To create amrr hyd (M) is obtainec 20%
o iy e on 2 e o S SR o uhrmsaanas g <
over, this 1o climate chang g )
> s
= N3 CHy — T 10% =
59 et 4 3:4%
Ary 23 '
— 1a% *
A - | I i o i
Green Ammonia P 1 2 3 a 5 6 7 8 14
ENERGY POWER B
CrTROrIE 1550 Insteed SOLR The hydrogen in s g Mexico m UK
hydrogen (H) from water Girectly as a fuel e
10 — (#, N > FUEL Percentages for most common answers by country of first associations of ammonia. (1) Nothing/Don’t
S, - ENERGY STORAGE oo . . . . .
- ALl 4 /\> he ammonia generate & W 8 know (2) Poison/toxic (3) Smell (4) Safety (5) Chemical (6) Cleaning products (7) Urine/manure (8)
i EE: ': : Pollutant (9) Death/killing (10) Fuel (11) Fertilizer/refrigerant (12) Other products (13) Negative (14)
Substance (15) Confusion with other chemicals.
50 50%
42.6%
408 40%
L 31.0% 31.3% £ 30%
i 25.4% 8
5 506 Ty JL9-6% Mexico o 20%
FHREEE 14.8% _ ) 115% i
o 10% 8.4% 5.4% ) 5.1%
—oE 289 Lo% % o™ rak 2 e G o ’;. ‘Bi . La%
16% % 0.3% 0% s - i b=
0% 26 e 02% 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
X ely tely y Neither Slighth Mo tely Extreme Mxico MUK
P e e e ve nor negative £ e neg e -

. oo R Percentages for most common answers by country of perception of green ammonia. (1) Nothing/Don’t
Percent of responses for opinion of green ammonia know (2) Poison/toxic (3) Smell (4) Safety (5) Solution/alternative (6) Novel concept (7) Cost (8)

technology (920 individuals - 357 UK, 563 MEXiCO). Pollutant (9) Complex/confusing (10) Need more information (11) Water (12) Positive for the

environment (13) Negative (14) Generic positive (15) Sceptical.
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Minneapolis, MN
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Techno-Economic
Challenges of Green
Ammonia as Energy Vector

AGUSTIN VALERA-MEDINA
RENE BANARES-ALCANTARA

4th Symposium on Ammonia Energy
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Ammonia Combustion
Applications for
Energy Systems
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Agustin Valera-Medina, Yuyang Li, Hao Shi,

Dongsheng Dong, Mara de Joannon and
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. 4 CONCLUSIONS

* Ammonia in rural areas seems an option for boilers, whilst furnaces can
deliver energy to remote industrial sites with limited gas network access.

* Gas Turbines will operate on ammonia — many companies already
evaluate their potential purely or blended.

 Aerospace might see an onset on the use of ammonia if a large
manufacturer (like Boing) demonstrates its versatility.

» Safet and Public engagement are critical for the sustainable progression
of the subject. Hydrogen blending needs to be properly addressed.

* There are still many points in the combustion of ammonia that require
further research, with a lot of input from Public Perception — a
fascinating area to explore!

* However, for the “Hydrogen through Ammonia” economy to happen,
lower costs and higher efficiencies of conversion from renewables are
needed.
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FURTHER INFORMATION:
VALERAMEDINAAI1@CARDIFF.AC.UK
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