Use of ammonia blends for zero carbon power

@’ Prof. Agustin Valera-Medina

o a

i

MariNH,

| - B> . e
4 o 1 1 1 " — T
& : e
/ =, ‘ i
Vi 4 V
SMART ENERGY FOR OUR o ~
YNNI CALL AR GYFER EI'N K > .
3 = Z

GAS TURBINE RESEARCH CENTRE




INTRODUCTION
CHALLENGES

CENTRE OF EXCELLENCE ON AMMONIA
TECHNOLOGIES (CEAT)

DEVELOPMENTS
CONCLUSIONS



. Introduction

PRIFYSGOL mﬂr@?a@m

CAERD"@ ﬁb'echmolefgaﬂ’ Amonia
—

. Professor at Cardiff School of Engineering. He has participated as Pl/Co-l on
31 industrial projects with multi-nationals including PEMEX, Rolls-Royce,
Siemens, Ricardo, Airbus and FloGas (>£35M). He has published 225 papers
(h-index 39), 94 of these specifically 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 (Endeavr Green Propulsion, SAFE-AGT (EP/T009314/1),
FLEXnCONFU (884157), OceanREFuel, etc.) to demonstrate ammonia power
in turbine engines, Internal Combustion Engines 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 the book “Techno-economic challenges of ammonia as energy
vector”. He is Co-Director of the Institute of Net Zero Innovation, Cardiff
University and Director of the Centre of Excellence on Ammonia
Technologies (CEAT). He is a Fellow of the Learned Society of Wales.
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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  Ammonia can

— be obtained from renewable sources, §§14 o NH,
— allow the rescue of stranded resources, S 12 e g SRR
— enables the use of waste streams, ;m% 10 Timumvos;\ 3'_ T 1P, 280K
— allow storage of vast amounts of energy 30 times cheaper than 32 ol | e \ \ |AHc;watea carbonzop:IHaBHa —
— be used to produce energy in Islands or isolated regions, S5 6 —Vinaror, LM
— be used as a fuel, but also as a fertilizer, T2y Th';‘:’”'" ‘ ZLIB&"M;Hl:aH NH,BH,
— High hydrogen content (higher than liquid H2), £ o 5 A O\LlH g, @ Pidecliseduale
— have a great economical potential, with a market size up to 184 g% i AR i
Billion Euros per year. S8 00 — e Yam

Gravimetric H, density /wt%

Hydrogen densities in hydrogen carriers.
Courtesy of Prof. Yoshitsugu Kojima, Hiroshima
University.
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and Gen 1
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Generation developments needed for an
“Ammonia Economy” [McFarlane et al. Joule, 2020]

Introduction

* However, it has Dbeen
conceived that for the
progression of an “Ammonia-
based Economy” there is a
need for 3 Generation of
technologies.

e Generation 3 does not
require the split of water into
hydrogen and oxygen.

Next Nobel Prize?
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A new potential method for the
production of ammonia is taking place for
research and development, aiming at
large scale demonstration in the next 5
years.

Pink ammonia via Thorium reactors is

, currently being developed across Europe,

2 2 23. Eachiubefiolds 2%/40 foot FOhals

2 US, Japan and China.

The technology promises to reduce the
cost of ammonia to half of its current

Double lock

[

0 Ix reactor being delivered by trick
/ % v



https://www.youtube.com/watch?v=HUue5-QjT_o
https://www.youtube.com/watch?v=HUue5-QjT_o
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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.

Solar, marine, wind, et > ﬁ - ﬁ’lﬁ g l I,
A

. = .
Y Electric demand Reactlo:sandcombustlon

o | HE— — R |-

el Hydrogen (short-term) storage o-@ Transport ..-....
YOO m \:\ Public Perception
Renewable Energy [ ] =
= & B
: I ) Heating/cooling
l oniacracking

Regulations

Process Industry ‘ !’
] % N4
B Ammonia (long-term) storage - - @ -
Methane Reforming ! ‘|--|‘ —L, Propulsion Economics
(hydrogen production) — = ]
= Long distance I
distribution
= ]
Stationary Power

Green Ammonia/Hydrogen Economy [Valera-Medina and
Banares-Alcantara, 2020]
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Ammonia is not intended to substitute
Hydrogen, but to support the use of the
latter;

Recent studies show that ammonia can be
combined with the use of hydrogen to
optimise energy generation systems;

Ammonia offers the flexibility to store
hydrogen over long periods at relatively much
lower costs;

Ammonia can be used to store seasonal
stranded energy (ie. Summer) for its later use
(ie. Winter).

Thus ammonia COMPLEMENTS the hydrogen
transition.
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Using hydrogen and ammonia for renewable energy
storage: A geographically comprehensive techno-

economic study [Palys MJ et al. 2020. Computers and Chemical
Engineering]
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Hydrogen
production

Carrier Applications

Gas D W REPOR o ‘s Cross-ministorial Strategic Innovation
o i e Department for Energy Carriers
e | ¢ 98y | Business, Energy
o & Industrial Strategy

Nuclear

International program working on ammonia

Hydrogen: Accelerating and Expanding
Deployment, IEA [Birol F, 2018]
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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

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

Power generation at utility-scale

. eofe . h P 3oy d ’ h
2.Power generation at utility-scale from ammonia PEEEEEETEEETNS
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.

3.Public acceptance through safe regulations and
appropriate community engagement. c SRl T T

They are essentialAto beti:";zl;r;:gzic; tti;’reo:’..lzc;zeu:
4.Economics — profitable scenarios (cannot be applied oF curertly cosoclaed eaibaion and € et
everywhere)

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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Green Ammonia Energy

Current outcomes

. Director of the Green Ammonia
Working Group (UK)

MM L * 2 Royal Society Policy Briefings
Engines -,

*  Publication of 92 (+5 under 2nd
Gas Power review) papers, two books and 3 book
Turbines cha pt ers

. 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 (for Cardiff) are
£12.3m
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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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OceanREFuel Program to develop ammonia-based capabilities in the UK.



PRESS RELEASE

GE and IHI Sign Agreement to Develop
Ammonia Fuels Roadmap across Asia

June 22, 2021

First Ammonia Gas
Turbine Engine, MHI
(H25), 40 MW Power
[https://power.mhi.c
om/news/20210301. |5

html] y

IHI Ammonia Gas Turbine- 100% NH3
[https://www.ihi.co.jp/en/all_news/2022
/resources_energy_environment/119793

8 3488.html
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Ammonia Storage Ammonia Reforming CCGT
geomepesanes ——> Electricity
= | o
Fhase: | : Cracking 99% - H,0N &
0 = TAcKIng 597 Membrane . é 207N,
100% H, NH, H conversion Separation “w gt/ Exhaust
H, Gas Twrbine
Furnace Fuel
g.
NH; Bypass O oy e o ~— Electricity =Y
Phase 2 5 | <
s < ,/NHJ N, % JON, s
70% NH; / s Cracking 99% | HyNHyYN; ¢ s HRSG* |» HOMN: B
30% H, R = conversion “ |—‘ “« e Exhaust a
L y H;/.\H;
Furnace Fuel Gas Turbine
gEsmmSe—————— > Electricity z
' 3
Phase 3 NH, : _ HOMN
LN =5 1 HRSG* [ ™HV7~5h%
100% NH; | N Exhaust

NH; Gas Turbine Sieat Racoren:

Steam Generator

Efficiency of conversion of energy from ammonia in gas turbines [Cesaro Z, et al. Applied Energy, 2020]
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How much hydrogen does it take to fuel a medium sized gas
turbine?

A large gas turbine?

1 DAY
=8km

1.4m pipeline

Tube trailer ~500kg H2 1.4m dia pipe @100bar  NASA Tank ~230 Tons R o=k Caven 1.4m dia pipe @100bar ~ NASA Tank ~230 Tons TeeSSIdge1 (??It Cavern  1.4m dia pipe @100bar
~810 tons ~o1U1ons

Assumptions: Tube trailer = 500 kg H,, Pipeline': 1.4 Diameter pipeline at 100 bar (12 ton Hykm), NASA Spherical Liquid Cryogenic Tank™: 230 tons H,, Teeside Salt Cavers? 810 fons (210,000 m? at 45 bar)
1..J. Andersson and S. Gronkvist, “Large-scale storage of hydrogen,” Infernational Journal of Hydrogen Energy, vol. 44, pp. 11901-11919, 2019,

Assumptions: Tube trailer = 500 kg Hy, Pipefine’: 1.4 Diameter pipeline at 100 bar (12 ton Hykm), NASA Spherical Liquid Cryogenic Tank*: 230 tons H,, Teeside Salt Cavems? 810 fons (210,000 m? at 45 bar)

1.J. Andersson and S. Gronkvist, “Large-scale storage of hydrogen,” International Journal of Hydrogen Energy, vol. 44, pp. 11901-11919, 201!
2. E. Wolf. *Large-scale hydrogen energy storage,” J. Garche (Ed.), Electrochemical energy slorage for renewable sources and grid balancing, Elsevier, Amsterdam (2015), pp. 129-142

019
2.E. Wolf “Large-scale hydrogen energy storage,” J. Garche (Ed.), Electrochemical energy storage for renewable Sources and grid balancing, Elsevier, Amsterdam (2015), pp. 129-142

Hydrogen requirements for two different sized gas turbines [Cesar Z, UK-India Ammonia meeting, 2020]
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Gas Turbines

Bulk hydrogen stored as ammonia

>100x cheaper than |-
2 Anhydrous Ammonia tanks - aboveground H2 Salt caverns
50,000 tons each’ storage

80 MW CCGT

3 months

870 MW CCGT

1x 50,000t NH;

50,000t NH,
- 8,880t H, 8,880t H,

1. hitps /mww medermott. com/Mi/hat-We-DofProject-Profiles/QAFCO-Ammonia-Storage-Tanks - tanks are approximately 50 meters in diameter and 40.5 meters high, single-wall refrigerated, concrete containment walls

Hydrogen requirements for two different sized gas turbines [Cesar Z, UK-India Ammonia meeting, 2020]
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Developments —
Gas Turbines

The Whitegate gas-fired power plant in southwest Ireland, where
Centrica wants to develop ammonia-fired facilities.
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1-D Model for 50:50 ammonia/hydrogen
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70%,,; NH3 30%
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4500 F NO, © 27 5
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Clear reduction of NOx at high
E.R. and high concentration of
hydrogen

Developments —

Micro Gas Turbines

vol H2. Cardiff University.
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G @=125 WL, OND, ®NH,
90 2 :
o
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)
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20 .

o B, 100
10
0 i A 0
0.5 0.7 0.9 1.1 1.3

Global Equivalence Ratio

Fixed Primary Equivalence Ratio and Water Loading

Secondary Air (SA) addition with
steam injection. Cardiff University
[Pugh et al, 2018]

(*0%sT) Pawdd - *HN

Secondary
zone

Primary

Zone

flsugsiannigEsesaie

Base plate -

Swirl number, [10]
5. 2[LR/AS]
31-(R /R, T |
0.88

R, :Inner radius=23 mm
R,:Outer radius=31 mm
a: Vane angle=45°

3 /

~/

tan &

Injection holes
$2.4mm x 12

6= 0° 30° 45° 60°

Air  NH; Air | Fuel injector

Original liner i Model liner

The MGT high-swirl combustor
[Okafor et al, 2018]



W Developments —

UNIVERSITY  ON) niaTechnologies
PRIFYSGOL

Canolfan RHBgoriacth
CARDY® lechmolégat:Amonia
o — /\.

- Micro Gas Turbines

0.056

NO* a - | OH* b c

9 -

w
S

°
g
2
®
@
o
Y
£

OH*/CH* a CN*/NO* c

o
g

- XNH3 =0.7
06

905
»-04

-+02
-0

o
2
a3
o
N
=
e
@
N
5

°
>
e

0.028

°
3
8

o
N

>
inescence Intensity ratio [a.u]

inescence Intensity ratio [a.u]

0014

)
2

o
o
=1
S
o
»

Chemiluminescence Intensity [a.u]
‘Chemiluminescence Intensity [a.ul]
Chemiluminescence Intensity [a.u]

Chemiluminescence Intensity ratio [a.u]
B

E

3
2
[

2
Chemil

A st 4
06 07 08 09 1 11 12 06 07 08 08 1 11 12 13

Equivalence ratio [-] Equivalence rati [ Equivalence ratio [

6 07 08 08 1 11 12 13 6 0r 08 09 1 11 12 6 07 08 09 1 11 12 13
Equivalence ratio [-] Equivalence ratio [-] Equivalence ratio [-]

5 07 08 09 1 11 12 1

oo
w
o2,

0.04 0.056 0.2

d CO,” e CH" ! 04

N|—|*/c|—|*;)H(M"E d

N

w
o

CN*/NH* fl

o
s
s
o
>

)
~
)
©

Chemiluminescence Intensity ratio [a.u]
o
Chemiluminescence Intensity ratio [a.u]

°

g

5

°
WK

o
°
=

Chemiluminescence Intensity a.u]
o
g
]

Chemiluminescence Intensity [a.u]
Chemiluminescence Intensity [a.u]

o
°
°
w

e F M
06 07 08 09 1 11 12 13 6 07 08 08 1 1.1 12 1 6 07 08 09 1 1.1 12 13 B
Equivalence ratio [-] Equivalence ratio [-] Equivalence ratio [
4 l ] . 4

oy
0.12 0.28 0.6 0.7 0.8 0.9 1 1.1 1.2 13 0.6 o7 08 0.9 1 1.1 1.2 1.3 0.6 o7 0.8 0.9 1 1.1 1.2 1.3
Blue g NH,* h Equivalence ratio [-] Equivalence ratio [-] Equivalence ratio [-]

6
Blue/NH,* > ~w——-d]

o
oWt
-3

Chemiluminescence Intensity ratio [a.u]
=1
o

o
3
4

IS
o

ke

) )
8 8
Chemiluminescence Intensity [a.u]
o
B

Chemiluminescence Intensity [a.u]

2]

06 07 08 08 1 11 12 13 06 07 08 08 1 11 12 13
Equivalence ratio [-] Equivalence ratio [-]

oy
t

o
Chemiluminescence Intensity ratio [a.u]
w

oo

) 0.7 0.8 0.9 1.2 1.3

1 1.1
Equivalence ratio [-]

Spectral signals of various radicals and their correlation between each other [Mashruk S et al. 2022].
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Fuel + Air

Post-Flame Zone
PFR

Developments —
Micro Gas Turbines

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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Micro Gas Tur

Inlet
+  Mass Flow Rate \ CRZIC2AY :‘/
*  Mixture Composition \ @ /
. \
Mixture Temperature \\ U
\
£0.C1_R1 (1R F2EC1_RY £3(C1_RY \  Foc1RD
E > LW » LR » o LR » L R st
! CTRZ(C3_R!
/ /%]
e i /
. . / N
Temperature Temperature / u \
*  Pressure *  Pressure // \\
*  Volume or +  Length .
Residence Time + Diameter

NH2 + NO ¢ N2 + H20

NH2 + NO €3 NNH + OH

H+02¢>0+0H

NH + NO €3> N20 +H

NH2 +0 €3> HNO + H

NH + 02 €3 HNO + 0

[NO] Sensitivity - Flame Zone

[NO] Sensitivity - Post Flame Zone (end point - 40.6 cm)

N+NO € N2+ 0

NH +NO €» N20 + H

NH2 + NO €3 N2 + H20

NH2 + NO € NNH + OH

N+OH & NO+H

NH + OH €3 HNO + H

—
I
—

-

PC1(35.2%)

05 -04 -03 02 -01 0 0.1 0.2 03 -0.6 04 0.2 0 0.2 04 0.6

Bipolar multivariable analysis for NH2, with correlations
between radicals and species.

WGlarborg W Otomo & Xiao W Glarborg M Otomo : Xiao
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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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20% Cracked Ammonia
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Ammonia/Hydrogen vs Cracked Ammonia (20%) under atmospheric and higher
temperature inlet conditions, with/without humidification.
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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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SACMB4S

—Aammonia/H as recened

- = 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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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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Gas Turbines

Complex Interactions with
Gas Turbine materials

* Hydrogen Embrittlement
e Ammonia Nitration

* Acids

* Basic atmospheres

* Third Body reactions

* Heat Losses

* Radiation
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{ AMMONIA

! TO POWER

Recycling exhaust
air ‘ exhaust
i NG oo - ” E "
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

Developments —
CER Turbines

* 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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Gas Turbines

Equivalence Ratio () =1.2
— 180 .
g =08 @ 8
3 0P ) I” Initial Results
o X 30 (a). 70/2010,,,,,, CH,/NH,/H,
2 2 2
g5 = 20
% 3 E 0 15 5 (b). 60/30/10,,.,, CH,/NH,/H, ° High NOX at |0W
54 . . Equivalence Ratios
i o : I R S * Rich conditions boost
- 1@ Y fmm) x fm] the production of NH2*
2 1 ?;slkuo vpa ¢=10 3% (d). 40/40/20,,.,, CH,INH,/H, .
” I *  Hydrodynamic and
; g y— . zz (e). 30/50/20,,,, CH,/NH /H, ThermOdifoSiVe
c £ = . ehe. o .
£° instabilities have a high
"] -1 <
; ;O (f). 20/55/25,,,,, CH,/INH,/H, impact on flame
Kl 05 1 B hol
s, = morphology

3 o 0e12 y [mm] 1 507- L x [mm] (g)- 10/65/25,,,,, CH,/NHH, ° Up to 20% NG/HZ
ki 35
cguw l replacement can be
T F10 1 - 170130, CHNH, M, . . .
ghw = 05 : A feasible without major
] 80 60 . .
fia I wE | retrofitting.
£2 05 10 ° (i). 0/75125,,,, ,, CH,/NH,/H,
é ZZ 1 = IZ O (mm %5 o W wm 1

0% 1% 20%  30%  40%  S0%  60% 9 os® =

% of CH or H, in NH, ymm ! % fmm] -
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LAMINAR s TURBULENT sy GENERIC HP/HT ey, OPERATIONAL

HT FLAMES HT/HP FLAMES TURBULENT/SWIRL POWER-GEN
: = FLAMES DEMONSTRATORS

Laminar Flame Speed - (u) cm's*
e

15 25
Injected H20 mass (g)



— Developments —

ARDIFF  Centre of Excellence
E:N.Fv(msw'v: on AmmoniaTechnologies

o ey "
7 Gas Turbines

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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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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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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Photographs. 50kW,1.1bara, 538K. Heavily cracked conditions.
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s Gas Turbines

Emissions vs ER Emissions vs ER
500 250
450 °
0] 5]
400 200
° ° -
350
° — @ NOX ~ ©NOx
300 @ ® 150 °
£ o £ s 9
2 250 = @ NO a ) 0 @NO
I @ )
1= ~
2 200 S ® 7 100 o
o = @ NH3 £ @NH3
£ w
w150 [ ]
o [ )
100 e 50 o ° °]
@ S e ° (&)
50
0 0
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
EquivalenceRatio EquivalenceRatio

Emissions. 50kW,1.1bara, 538K. 92 and 99% cracked conditions.
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99% Cracked NH3 Emissions vs Pressure (ER0.543-0.551)

400

300 ® NOx

® NO
200 ®

150 ® NH3

Raw Emissions (ppm)

100 e

Emissions. Up to 75kW,1.1-6
"0 10 20 a0 a0 s | bara, 538K. 99% cracked
conditions.

Pressure (Bara)
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250
200
3
a
< 150
@]
Eﬁ NOX
S 100 NO
=
o NH3
50
Emissions. Up to 75kW,1.1-6
0 bara, 538K. 92% cracked
0 1 2 3 4 5 6 7 conditions. Corrected to

PRESSURE 15%02.
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Gas Turbines

Flame Tube RS: 0.6 mm

6.E-03
5.E-03 0.030 "
a0z | 000 | 5
= L —
o voi0 | & Bt Mixture inlet v
»e 3.E-03 = - v Quartz Tube End
0.000 = < Py . .
= Emission Sampling Section
2.E-03
0.010
Axial Distance
1.E-03
0.E+00 1 ! 1700
5 [
0.0 Ui) 0.4 A 0.6 0.8 1:0 . 1012
! Progress Variable [-] H Reference Size PZ: 0.3 mm 1000
v v 448 450
In-Flame NO Absolute ROP Post-Flame NO Absolute ROP 280 220
NH+NO==>N20+H H+NO+M<=>HNO+M
HNO+H==>H2+NO NH+NO<=>N20+H =
H+NO+M<=»HNO+M N+OH<=>NO+H > 100
NH2+NO<=>NNH+OH N+NO<=>N2+0 £
NH2+NO<=>N2+H20 HNO+He=»H2+NO 2
N+02==>NO+O NH2+NO <=>NNH+0H = m CFD
NH*+NO===N2+OH NH+NO<=>N2+OH o 10
NH+02<=>NO+0H NH2+NO<=>N2+H20 o 10 W Exp
NH+0<«=>NO+H NNH+O<=>NH+NO 2
HNO+02«=»H0O2+NO ———
N+NO===N2+0 ,"1\ S 3
NNH+O==>NH+NO N o
HNO+OH=<=»NO+H20 :
NO2+H<=>NO+O0H
HO2+NO<=»NO2+0H NO ROP ~ 0 = Only 1
N+OH==>NO+H Thermal NO, contribution 20 a0
NO+O+Me=>NOZ+M
NO2+0==>NO+02 1.1 1.3 1.1 1.3

NH3 [%] {top) / ER [-] (Bottom)
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CASE 4 '
}

Modified Brayton Cycle

Inlet temperature 1260K

D e— Outlet temperature 827K e [ @
) é 3 Supplied heat 10.45MWth 0774 kg

' L)
Power 3.56MWe i
Plant efficiency 34% Water 0310 kg

1 GaslurbmeT
. . 4.840E-10 p
A Trigeneration Cycle
100%
mp Steam Cooling+Power+Heating o
Combustion products e . 60% N
7 I | Initial calculations: 62.5% s §
mup  Nitrogen 20%
- Water (compared to ~“80%) o m )
-20%
mup  Fuel (70% ammonia/30%nydrogen) 40%
mp  Pure Ammonia ' o0%

Similarly, LCA shows the %

B ok
. . -100% =
Su pe rior environ mental Grey Green Grey Green Grey Green Grey Green Grey Green Grey Green
NH3 NH3 NH3 ~ NH3  NH3 NH3 NH3 NH3 NH3 NH3 NH3 NH3
a d va ntages Of g ree n N H 3 Climate change - Fossil depletion - Freshwater ~ Ozone depletion- Photochemical Terrestrial
GWP100 FDP eutrophication - 0DPinf oxidant formation  acidification -
FEP -POFP TAP100

& Ammonia production ~ MWater production [ Heat production Plant operation
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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 boilerssite, 15 days (E.MWh%, Lower Heating Value) 10 and 15 days of storage.

= 250 - 12 MWt_i\stiIIery, 200 km dlistribunon distance, Ialtge scale 200MW NH; syntlh esis, Blue H, « If this higher storage is needed Ammonia
‘; If green H, is 230 [T additional if Blue H2 production  Production, at£1.80.kgH,, 15 days storage at boiler— Carbontax £50tCO, 247 offers a comparative cost improvement over
2 used then Cracking ~ 250 q liquid and compressed hydrogen whichare
& 200 1| emissions for 176 - g expensive to store.
% ammonia in _— B Truckin 5 200 *  Ammonia can be stored at similar conditions
; 150 4 | configurations 1 ucking “ to LPG whilst compressed hydrogen needs
3 and 2 are under I HB + ASU g 150 - 142 high pressures (350 bar), or liguid hydrogen
8 100 5 kgCO, MWh'! I H2 Production ] 111 103 R needs extremely low temperatures (-253°C).
c 1 7] PR
b LPG Trucking 2 04 9‘1 . = *  Though this gives an advantage to ammonia,
2 Ml LPG usage 'g 59 [ it may be that for new technologies lower
é 50 1 o 504 quantities of storage are used due to storage
w 2 being more expensive and possible
] 0 - 3 regulatory/safety constraints.
e ; 100% NH3 Fuel 5% H2- 95% Ammonia - Ammonia - Liquid H2 Compressed

A ~ S ® K. g ¢ NH3 fuel LPG blend BioLPG blend H2 350 bar

g8 §5. §8% 2 \ J

if §ir i g 28 T

e g 8 .

2 g E‘ ® a B g E § g Ammonia-based fuel to boiler Hp-based fuelto boiler

S S

g &%  §v g e .

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

Emissions and Delivery Fuel Cost of various options
(report 2023, 145 pages)
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Mass

with iso-
surfaces of
OH 0.002
and 0.0015

fraction OH

Comments

Too much rounded and averaged, wall function
damps wakes, but fast 10 caloufate and shows OH
for inner and owter sides of the flame

120 deg periodicity ZX plane

120 deg periodicity

| 2X plane

CHT-1, K-ENEQ
(Non EQuilibrium Wall Function)

CHT-2, X-O BSL

OH
ZX-cut
S0X70MM

BaSeline

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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e

The unit will be used for demonstration
in a Poultry farm. Further developments
are expected for the deployment of
ammonia to isolated regions.
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o

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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Experimental Additions

Jet Injection (in collaboration with
Nottingham)

-,
-,

Luminous flame font * - ;

1 ; cat gbsorption

(detected by direct llr\fmg) by co] particies
\

il ": . @
Assumption of co-combustion flame
structures [Xia et al. 2021D]

Materials Analyses

Multi-phase Injection

’-CH W 1 © h . o o
i I Coal-ammonia co-firing
=il N .
[ = = —““'“”2“ ool e Josle] Additional molecules (ie. cyanide) in
LS R e
G co BT} o [THED reaction pathways
Lo e CHIOH i
Hz‘l;N LMy HCN ! -| NO3

Radiation studies

Health and Safety

T
LINHgllNHr"INNH1 J

N0
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Exposure of skin to anhydrous ammonia [Amshel
et al 2000].

Explosions and cylinder damage
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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 nonhospitalized injuries
Highways 3209 (797) 25 (23) 36 (29) 744 (602)

Total hospitalized injuries

WIRONMENTAL IMPACT-LE Rail 2460 (2301) 11 (11) 23 (21) 321 (290)
d l 7 ) Water 21 (14) 0(0) 0(0) 4 (4)
OIL SPILL AMMONIA Appl Energy 2017.
IMPACTS RECEPTOR IMPACTS

https://doi.org/10.1016/j.apenergy.2016.10.088.
000 scweia @O0

1.00E-06
&® (ﬁ\ Plankton [ X ] O
> 1.00E-07 L
. . (P/ Macrophytes . . O g
% 1.00E-08
e e Invertebrates ' X J@) £
S 1.00E-09 |-
®® \\A\ Reptiles o0 O g
§ 1.00E-10
000 Fish 000 &
1.00E-11
Bird:
'Y Y irds L ] 1@ 1.00€-12
i 0 100 200 %00 e
® ® () Marine Mammals ‘ . O = SO o =
Y.

- LPG = Gasoline — Ammonia

Environrhental Defence Fund, 2022. [Online]. Available in: Quest Consultants Inc. Comparative Quantitative Risk Analysis
https://cdn.ricardo.com/ee/media/assets/ammonia-at-sea- of Motor Gasoline, LPG and Anhydrous Ammonia as an
report-summary.pdf Automotive Fuel. lowa, USA: 2009. Courtesy of Quest.)
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.

From ammonia to green ammonia 30%
Ammonia (NH3) CURRENT PRODUCTION OF AMMONIA 25% B 22.6%
It is mainly used as a fortilizer ‘,.',‘,;',‘o”'",,'."“‘n‘,’"_",""'l To create ammonia, hydrogen (H) is obtained
all around the world hydrogen (H)

— v CHy — % o
wnonve Natural Gas " H 0% 5.0% =5 4.3%
Vi3 5% S stel 3.4% - S =2l 3.4%
L - I cofl P L. I o
Alr = N, 0.4% I L4 0.3% 0.a% s I Pl l
. 0% i | | g 0.0

Green Ammonia AbDiEat 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
" . ENERGY POWER B
g A btk pin e The hydro: CHEMICAL Mexico m UK
hydrogen () from water Girectly as o 25
10 — () Nk FUEL Percentages for most common answers by country of first associations of ammonia. (1) Nothing/Don’t
. A D bepmondbrlsimet s & W8 know (2) Poison/toxic (3) Smell (4) Safety (5) Chemical (6) Cleaning products (7) Urine/manure (8)
M =g g‘:z Pollutant (9) Death/killing (10) Fuel (11) Fertilizer/refrigerant (12) Other products (13) Negative (14)
Substance (15) Confusion with other chemicals.
. 42.6%
31.0% 31.3%
g 20.7% Mexico ;5 20%
o UK 10% a a — s
.- - 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)
. . . . Pollutant (9) Complex/confusing (10) Need more information (11) Water (12) Positive for the
technology (920 individuals — 357 UK, 563 Mexico). (9) Come g 10) (Lh water (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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