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centers Exhibit 16: Landed costs of hydrogen at port for selected global transport routes
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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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e 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.
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Green Ammonia/Hydrogen Economy [Valera-Medina and
Banares-Alcantara, 2020]
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Key barriers for ammonia-based energy systems

However, the technology faces the following obstacles,

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,

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

Power generation at utility-scale

. eofe .o h P 3oy d ’ h
2.Power generation at utility-scale from ammonia PEEEEEEETEEGEETNS
for transportation purposes. More importantly, pure

ammonia combustion has several technical

p rod u ct i o n ( Sta b I e’ I ow e m i Ss i o n S) challenges include high auto-ignition temperature,

low flame speed, narrow flammability limits, high
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

3.Public acceptance through safe regulations and
appropriate community engagement.

of currently associated legalisation and end-user

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

perceptions and acceptability.

Competitive economics <
%

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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1st International Demonstrator on
Green Ammonia Energy

. Director of the Green Ammonia
Working Group (UK)

Marine IC * 2 Royal Society Policy Briefings

Engines

G — C Publication of 87 (+5 under 2nd
Turbines review) papers, two books and 3 book
chapters

. Editors in Chief of the new Journal on
Ammonia Energy

* Lead of the 1st Symposium on
Ammonia Energy

*  Chair of the Combustion Section of
the Ammonia Energy Association

Current funding profile

*  Current projects are £11.2m
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Vision

* Establish a physical facility for the Net Zero Innovation
Institute with labs for CEAT/LCB/ etc.
*  CEAT, under the umbrella of NZII, will
* Develop bespoke ammonia technologies for

Heat (boilers, furnaces)

Power (gas turbines, ICES)

Transport (aerospace, terrestrial, heavy load)
Social sciences and Geopolitics
Biotechnology and physics

* Demonstrate NZ technologies at commercial scale at
Aberthaw Green Park
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Ammonia Demonstrator at RAL, Oxford. Cardiff
developed the ammonia engine and container for
the production of power and its transmission back
to the grid.

Internal combustion engine running on H2/NH3
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Developments —
Micro Gas Turbines
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Clear reduction of NOx at high
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vol H2. Cardiff University.
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Micro Gas Turbines
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Secondary Air (SA) addition with
steam injection. Cardiff University
[Pugh et al, 2018]
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Developments —

Micro Gas Turbines

Stratification appears as a good potential for NOx
mitigation whilst enabling good flame stability.
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Ternary Blends with stability.
Ternary blends and their
impacts. A 20/55/25% (vol%)
CH4/NH3/H2 blend showed
better reactivity, extinction
strain rate (ESR), stability and
low emissions compared to
others at 1.2 equivalence ratio
(Maskruk et al. 2022).
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Post-Flame Zone
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Reactions A n Ea Ref.
N+NO=N,+0 2.10E+13 0 0 [26]
NO+H+M=HNO+M 1.50E+15 -0.4 0 [27]
HNO+H=NO+H; 4 40E+11 0.7 650 [27]
N2O+H=NH+NO 6.T0E+22 -2.16 37155 [28]
N2O+H=N,+0H 5.00E+13 0.00E+00 1.52E+04 [29]
Absolute Rate of Production NH2 Absolute Rate of Production NH2
MH3+0Ha==NHZ+H20 MH2+MO===NNH+0H
NHZ+He==NH+H2 NH2+H==>NH+H2
NHI+H===NH2+H2 NH3+0H===NH2+H20
MNHZ+0He=2NH+H20 MNH2+NO==2N2+H20
NH2+NQ<==NNH+0H NH3+H==>NH2+H2
NHZ+NO==>N2+H20 NH2+0H<=>NH+H10
NH3+Me==NHZ+H+M NH2+0==>HNO+H
NHZ+N==2N2+2H H2MO+H===NHZ+0H
HIMO+He=2NH2+0H HNOH+H===*NH2+0H
NH2+02==HNO+H MH3+h==>hHZ+H+M
N 5 s »
G ) & g &
3 -\.'-b ’f’ 4.‘,&

&

Correlation between experiments and numerical
modelling adequate but not perfect.
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volume and Setting up CRN |  Detailed reaction
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calculation solved
T 7
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*  Mixture Temperature \\\ U
\
FO(CI_R1) F1(C1_RD) F2(C1_R3) FI(CI_RY F4(C1_RS) F5(C1_RE) \ , FE(c1 R PFZ (CH)
> L2 > LW > vt > L2 > L > LA e 3 5
/ cTRZ (C3RY) .
f— - / LK Reactor network code based on velocity
. Te . T / U N\ . . . . .
| Temperature @ ; Temperatue 3 / clustering (top: cluster locations, middle:
*  Volume or * Length . ¥ . o .
Residence Time R - locations on fields, bottom: network)




p— Developments —

CARDIFF  Centrelof Excellence
UNIVERSITY  On AmmoniaiTechnologies

PRIFYSGOL ,Canolfan‘Rf@ﬁaéth

=y Micro Gas Turbines

Temperature (K) 300 600 900 1200 1500 1700 1800

e
°
H

<
=
H

Radial Coordinate (m)

holes for premixing

of H, Axial Coordinate (m)

G

Tomporature () 300 600 900 1200 1500 1700 1800

3

Radial Coordinate (m)

0.08 0.1 s . ez o
Axial Coordinate (m)

=

Tamperature (X) 300 600 900 1200 1500 1700 1800

e
°
2

Inlet: Air-Ammonia

Radial nl:mmirﬂhl (m)
s
H

o 0.05 0.1 615 LE 025
Axial Coordinate (m)

T

Outlet

Inlet: Hydrogen

Construction of CRN from CFD results for ¢ = 1.2. Temperature contour with imposed streamlines from 2D reacting flow

CFD (a). Temperature contour with imposed streamlines from 3D reacting flow CFD (b). Division of zones for CRN based on
temperature and velocity fields (c). Resulting CRN built in ANSYS Chemkin-Pro (d).



quRIE Developments —

PRIFYSGOL
(ARDYD

Gas Turbines

Complex Interactions with
Gas Turbine materials

* Hydrogen Embrittlement
*  Ammonia Nitration

* Acids

* Basic atmospheres

* Third Body reactions

* Heat Losses

* Radiation
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- = Ammonia/H surface removed

8951 Austenite grain || #;
™ SUS304 \ Vgt
5 0003 A i
%0.’332 E
-~ — r=0mm (center)| »=0mm (center)]  r=2mm r=4mm r=6mm
0 Untreated Treated by NH,/0,/N, flame
0 800
oIk 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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S HELICOPTER AIR START UNIT
°- (HASU)
e
* Combustor will be
N replaced by new
E} combustor
..‘_’:._..: * Acoustic signature of the
e EJ unit has been obtained
== v-"—,‘_ * A bespoke controlling
systems is under
T development to enable
stratified/humidified
g _:"\_ combustion
, It SS
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Ammonia
mGT
developers

University of Univ. Central
UNIGE (ltaly) Mons Florida/GTI
(Belgium) (USA)

NTNU/SINTEF KAUST (Saudi
(Norway) Arabia)

Tohoku/AIST/IHI

fagan) Cardiff (UK)

Research in Phase 1 |

Research in Phase 2 ' ' Developing H2 . X
} \ ’ mGT with Developing Dev.e!f)plr'\g
new new injection

Reseq:rch in Developing Test rigs for Resez-*rch in pote':l\:glfor combustor systems
Phase 3 NH3 mGT. high pressure Phase 3
Patented and Research on Research on Researchon
Operational combustor temperature Retrofitting AE-100T mGT. gas blends gas blends gas blends
Gt gas blends gas blends Research on gas blends
combustor
Research on Pioneering Pioneering Pioneering
tratificati = i i : H
gas blends P multi-burner combustion (W8 Ammonia GAS TURBINES — Who is who
derl
humidificat. S el integrations
Spsidinicen NDA with Not known NDA
KAUST and with mGT
UNIGE developers

conditions
NDA with
Tohoku and
Cardiff

NDA with
Cardiff
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{ AMMONIA

! TO POWER
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gri
P
N, | H; option A —-—

NH,

option B tank

0, T excess P,

NH,

i _

pair N, Ammonia N | water

3 . — ' fall] «

: synthesis H n ﬁ{?ff

: Electrolyzer

POWER TO AMMONIA
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* GT Combustion test
@ Real demonstration
® Virtual demonstration

cu Iab ENGIE CC

* Savona
laboratory

FLEXnCONFU - First large GT ammonia/hydrogen/NG demonstrator
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Equivalence Ratio () =1.2
— 180 .
g =08 ¢ =08
i monrs ) r Initial Results
o ¥ 4 30 (a). 7012010, ,, CH,/NH,/H,
T3 2 25
5% _
g E 0 ?: (b). 60/30M0,,,, CH,INH,/H, ° High NOx at low
54 . Equivalence Ratios
2 0 0 I e S * Rich conditions boost
. W Y tmm) ? o xpmm) the production of NH2*
£ ;D;slkuo . ¢=1.0 3% (d). 40/40/20,,,,,, CH,/NH,/H, .
h I * Hydrodynamic and
; g = . : (€). 30/50/20,,.,, CH,/NH/H, Thermodiffusive
= 0 3 . ooy e .
£ instabilities have a high
5 -1
é ;O (f). 20/55/25,,,,, CH,/INH,/H, impact on flame
** % . N morpholo
-0.5 _11 : 0 5 p gy

- 012 y [mm] X [mm] (9). 10/65/25,,,,, CH/NH/H, ° Up to 20% NG/HZ
= o h= 1.2
R 35
I replacement can be
* 1 o vol.% 4! 32 . . .
s /S i feasible without major
: I wE | retrofitting.
£ 05 10 ° (i). 0/75125,,,, ,, CH,/NH,/H,
@ 1 o

0% 1% 20%  30%  40%  S0%  60% 9 050 e =

% of CHy or H, in NH, ymm ! X [mm)
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Fully Pre-mixed Swirl Burner.
75%H2/25%NH3 @ 500K

2037 3
&}

USLS

1813.0

" i (r/8u) - ON

& g--o--g--8

NO - (ppm,) Dry 15% 0,

- == Dry15% O O Sg=038
m/qQi O Sg=20

Sia

16 18 02 04 06
Combustor Pressure — P (MPa)

Notes: Equivalence ratio maintained
~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.

PRESSURE [BARA] -

PRESSURE [BARA]

Fully Pre-mixed Swirl Burner.
75%H2/25%NH3 @ 500K
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GSB 50kW, 1.1bara, GSNO0.8, Stability Map

20% Cracked NH3
30% Cracked NH3

CHA4 Baseline

Power (20% Cracked NH3)
- Power (30% Cracked NH3)

Power (CH4 Baseline)

w
By
o
=
o
o
o
e
=3
—=
=}
—
w
=2
o
=
o
o

Liftoff limit
Liftoff limit
Liftoff limit
Elasiback
Flashback

Limit

O
0
[o)]

EQUIVALENCE RATIO

Operability limits using cracked ammonia compared to methane.
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TP 243, 100% CH4, ER 0.600, AFT 1816K

TP 234, 20% Cracked NH3, ER 0.589, AFT 1816K

TP 235, 30% Cracked NH3, ER 0.576, AFT 1816K

Photographs and OH*Chemi. 50kW,1.1bara, 538K
£
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0 40 100 100

1.1 1.3 11 1.3
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CASE 4 .
| Modified Brayton Cycle
}
o Inlet temperature 1260K
] Outlet temperature 827K = -
5 cc] . . Liguidammonia [ W ™
[ Supplied heat  10.45MWth 0Tt kg =
Power 3.56MWe '
4 $ P . Water 0310 kg
A 5 -:13 i Plant efficiency 34% serbilvie
mp Steam E:, )
. Gas turbine
Combustion products ﬁ . ; . . . 4840E10 p T
:i g | Trigeneration Cycle
Water =) . H
m—  Fuel (0% ammana0ycogen) ' C - Cooling+Power+Heating o
mmp  Pure Ammonia og . .
l— Initial calculations: 62.5% oo N\
209
(compared to “80%) 2%
0% 23
-20% )
-40%
Similarly, LCA shows the -60%
-80%
superior environmental -100%
Grey Green Grey Green Grey Green Grey Green Grey Green Grey Green
advantages of green NH3 NH3  NH3  NH3  NH3  NH3  NH3  NH3  NH3  NH3  NH3  NH3  NH3
Climate change - Fossil depletion -  Freshwater ~ Ozone depletion- Photochemical Terrestrial
GWP100 FDP eutrophication - ODPinf oxidant formation  acidification -
Fep -POFP TAP100

B Ammonia production M Water production [ Heat production Plant operation
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4000 : 800
502-511 K INLET, 0.109 MPa ; Inlet T: 531.4 +3.2K
3500 : __ 700 : Pressure : 1.10 bar
£ ——NO exp g
& 3000 &= 6l
2 1 &mN\N | | e NO (0) g o0 %
t.;j 2500 in 4 ;
: -+ NO(T) 2
S 2000 54 ‘5 R ¢ 7
5 ——NH3 exp S N s _®
8 1500 hae . »
2 S ' “f
e & 1 | ®N. |&F#&| | sssssss NH3 (O) % 200
S 1000 £ o &, a
£ - = NH3(T) * 100 P
E 500 o Lt o ey [TEe o
0 st T 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 (D)
Equivalence Ratio (D) CINO 15% COG/AA ® NH3 15% COG/AA ONO 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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row=p)
LPG >
row=Fd .
.@\ End-user back
up storage

. i
e A/ E i

__1d =
Pure and Residual ammonia can be used for extra power

0.7 1~
0.61
0.6 4

05 | 0.48
0.41
0.4

032 0.35
03

0.1 -

0.0 I
Amburn Phase Compressed Liquid H2 Direct Heat Pump  Fossil - LPG
2 System H2 Delivery Delivery Electrification

Total Cost of Ownership (Em’s per annum)

Boiler 0&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.
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Mass
fraction OH
with iso-
surfaces of
OH 0.002
and 0.0015

Comments

Too much rounded and averaged, wall function

damps wakes, but fast 10 caloulate and shows OH

120 deg periodicity ZX plane 120 deg periodicity l ZX plane
CHT-1, K-ENEQ CHT-2, -0 BSL
(Non EQuilibrium Wall Function) BaSeline

OH
ZX-cut
S0X70MM

for inner and owter sides of the flame

Big speead, OH only in the CTRZ, looks hke a
numerical ugheness because of 90deg sharp edge
and TXE overprediction

Non uniform profile with visible wakes and speeading, flame
o0 long, caused probably by shear flow of low-Re damping
corrections {SST)

/

Moderate non-undormity, length depends on the
shice plane ke for SST
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10

1.2x10 No Plasma Eigenvaluss e loca ed at minima
o £ -5 men’ 2 ‘ Experimental Additions
6' — EP’EO mJ/em’ 5"‘

90x10°t = ——E,~24 mem’ =
Z z

---Highly Preheated Flame

Plasmas Combustion (Nox reduction)

i
N

6.0x10°t

Thermoacoustics (flames stability)

3.0x10°F

Hcal Release Rate (W/m®)

Multi-phase injection (fuel
replacement)

0.0t

- R 2 -5 4 05 05 5 2 - 5 05 0 05 15
-2 -1 0 1 -2 -1 0 1 RE(9=100- Gromh rate =100 fradd ) Re(g=100" Growth rate =100 fad¢ ')

Maximum Heat Release Rate

o Direct ammonia injection (liquid spray)
njector

Pulse detonation (explosions)

Transmitting Optics  Receiving Optics ~ Laser sheet optics  Camera
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Reaction front
(detedugd by OH radlgal photography)
_______

~

Experimental Additions

-
Luminous'flame #ont *
(detected by direct infyging)

Y

® \ @
.
oot imation
® ; . .

Al
1
1
1

Jet Injection (in collaboration with
Nottingham)

.
NG
Char particle
®  combustion

Assumption of co-combustion flame

Materials Analyses
structures [Xia et al. 2021D]

.
CaHx O
o

\

Multi-phase Injection

[
e

Coal-ammonia co-firing
I CH.t 'UH_ﬂJ CH3 "_'—.zu.)! c:zo I:BHH?J oo L":;] 'co }'UM - J
L’FL‘W_J -~ ’LL--“ -DH@:?rJ‘M)l“M’-CHsc
Low (o] SH3OH HNC  honl HNCO sl NCO

Additional molecules (ie. cyanide) in
reaction pathways

Radiation studies

MLI N:Hg | I:EHE '*“*"l MNH

N0
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From ammonia to green ammonia 30%
Ammonia (NH3) CURRENT PRODUCTION OF AMMONIA 23% N | 22.6%
s & fortiiizer nhron ) and To creat "
s & for | nl;‘o ’cn(.")"._" 1 o E 'm

A CHy — o 7.1%
- Natural Gas H H 5.0% 0% e 43%
’ - 5:0 2.3% - 3.4% 2.5% =S e 5% 3.2%
Ammania e I 2.0% T a% 11% 2% ~=‘I 1 <;_I 0.5% om 0.6%
Alr == N7 0.4% 4% 0.3% 0.a% Ry Pl 0.5%
v 0% | | m m2*o rugl |
3 = 6 7 - T 10 3% 1 14 e

Green Ammonia 1 2

Applications ° ? 10 o 12 3 - -
A way to produce zero-carbon ENERGY POWER CHEMICAL M eavi v
ammonia is to instead obtain Mexico UK
hydrogen (M) from water o ,”“y'“_ Kool > ' 5, .‘ -

10 — () N > FUEL Percentages for most common answers by country of first associations of ammonia. (1) Nothing/Don’t

s A S . /\> et & W8 know (2) Poison/toxic (3) Smell (4) Safety (5) Chemical (6) Cleaning products (7) Urine/manure (8)
M =g I;E; ‘:" Pollutant (9) Death/killing (10) Fuel (11) Fertilizer/refrigerant (12) Other products (13) Negative (14)

> | . . R
Substance (15) Confusion with other chemicals.
. 42.6%
31.0% 31.3%
g 20.7% 1exico ;5 20%
o mUK 10% & a - A
.- - Tl ol | IR TR WY | I i
0s 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Mexico mUK
— . 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)
. . o . Pollutant (9) Complex/confusing (10) Need more information (11) Water (12) Positive for the
technology (920 individuals — 357 UK, 563 Mexico). (9) Com ¢ (10) (1) ater (12)

environment (13) Negative (14) Generic positive (15) Sceptical.



Conclusions

« Ammonia blends can be used efficiently, with low NOx, and
production of species that can be used for combined
processes.

* However, ammonia will be only useful for some niche
applications.

 Reaction mechanisms need to be accurate and include a
variety of complex processes still requiring vast research.

* There are still many points in the combustion of ammonia
that require further research, with a lot of input from Public
Perception.
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