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Energie bas carbone, renouvelable, verte ou propre : un
débat purement sémantique ? - Eurogroup Consulting
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Scénario 2050 : 100% Energies Renouvelables
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Comment optimiser ce surplus d'Energie

Partager/revendre le surplus
= 'Réseau mtelllgent transporter I'electricité la ou on en a besoin
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» Possible
» Mais pas si simple, colteux
» Forte puissance a transporter
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Scénario 2050 : 100% Energies Renouvelables

Stocker le surplus d'énergie électrique, peut étre sous une autre forme d'énergie!

Systéme de transfert d’énergie par pompage STEP
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mmations sont représentées par la courbe de charge en bleu. De base, elles ne sont pas trés « en

phase » avec la production délectricité. Source : Ademe.
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Scénario 2050 : 100% Energies Renouvelables

Durée de stockage
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Et pourquoi l'ammoniac NH,

= Zieme produit chimique au monde (240Mt, <H2504
= Fertilisant (80%

" |ndustrie chimigue (plastique, cosmétique, TNT
=  Conservation : froid, clim

——-—‘SEA.:'E-'-- www.SPACE.com

ISS Active Cooling Systems

The International Space Station’s active thermal control systems (ATCS) pump fluids through
closed-loop pipes. A liquid-ammonia coolant loop along the station’s main truss keeps the station’s
electricity-generating solar panels cool.

mm— External ammonia coolant loops

mm— Low temperature water coolant loops

s Russian madules use triol fluid far internal cooling

mmm— Russian moduls Iy siloxane for

Ammoniac Anhydre

NIA PUMP ON
EPLACED IN 2010

Habitation madulesin
American segment

Solar
panels

Photovoltaic radiator panels circulate ammonia
to maintain the temperature of the solar panels
[generating electricity for the space station

CREDIT: NASA, BOEING KARL TATE [ © SPACE.com



Ammoniac = cet autre hydrogene

> H,+N,=NH,

I L [T

Tébullition (°C) -33.4 -253
Pression Condensation a 9.9 N/A

25°C (atm)

Masse Molaire (g/mol) 17.00 2.02
H, content (% by mass) 17.8 100

H, densité (kgH,/m?3) 121 70.8

2 NH; (9) S N, (9) + 3 H, (9)

" | e meilleur vecteur H2 |



Production de lammoniac aujourd’hui

=\/oie Classique : Procédé Haber-Bosch (découvert en 1913)

» Synthese a partir de N, (g) +3H,(g) 5 2NH,(g)

= Exothermique AH® = -46 kl/mol
= Réaction impossible a T ambiante

catalyseur : fer (Fe) ou nickel (Ni)
hte T pour la stabilité de la reaction (>670 K) + hte P (~100-300 Bars)

Synthése des mélanges

Synthése de I'ammoniac

e © Inconvénients majeurs :

—
Méthane CH, Pré}écha uffeur
Vapeur Eau . ) N .
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Comparaison en les difféerents procédes
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Production

Low-emission Ammonia Plants
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Plant Type

B Gas reformation

B Water electrolysis
Other

Category
O Low-emissicn
O Transitional

Capacity (kt-NH3/v)
0 18,160

q D)

Status WwR -
7 (an)

Anncunced

[ ] Developing

[] Firm

[ ] Mature

[] Realized

Actuellement : 240 Mt
2050 : 505 projets | 400 Mt de NH3
dont 44 Mt de NH3 en 2030



PROJETS DE PRODUCTION VERTE

Facts about the green ammonia plant in Denmark

* The plantis a demonstration project, which have received funding from the Danish Energy
Technology Development and Demonstration Program (EUDP)

* Location: Ramme near Lemvig, Northwest Jutland, Denmark.

* Output: 5,000 tons of green ammonia annually from renewable power. This production will
prevent 8,200 tons of COsfrom being emitted into the atmosphere every year.

s Power supplied from renewable sources: 50 MW new solar panels and 12 MW existing V80-2.0
MW Vestas wind turbines.

World’s first of its kind green ammonia plant inaugurated
by Skovgaard Energy, Vestas, and Topsoe

10 GW Eoliennes
* 8 GW d'électrolyseur
* une usine désalination
| o e ! * une usine de production de NH3
ChicHs 2 T SRS * terminaux portuaires pour exportation
' - ) A pleine capacité : 4.4 Mt de NH; vert / an


https://www.topsoe.com/press-releases/worlds-first-of-its-kind-green-ammonia-plant-inaugurated-by-skovgaard-energy-vestas-and-topsoe
https://www.topsoe.com/press-releases/worlds-first-of-its-kind-green-ammonia-plant-inaugurated-by-skovgaard-energy-vestas-and-topsoe
https://www.topsoe.com/press-releases/worlds-first-of-its-kind-green-ammonia-plant-inaugurated-by-skovgaard-energy-vestas-and-topsoe
https://www.topsoe.com/press-releases/worlds-first-of-its-kind-green-ammonia-plant-inaugurated-by-skovgaard-energy-vestas-and-topsoe
https://www.topsoe.com/press-releases/worlds-first-of-its-kind-green-ammonia-plant-inaugurated-by-skovgaard-energy-vestas-and-topsoe

Nouveau procedeé : électrolyse directe a haute température

. B 8 o, 4
EF : @] M S
O @ 5
4 < : Anode | Cathode
Anode Cathode de Cathode Electrolyte
Electrolyte Electrolyte
— | Cathode :
Cathode: Cathode i N, + 6H*+6e->2NH;
3H,0 +N, +6e -> 302 + 2 NH; N,+ 6H* +6e ->NH; I Anode :
Anode : Anode I H, -> 2H* + 2e
30%->3/2 0, +6e 3 H,0->6H*+3/20,+ 6e I
'

« SOEC » « PCEC » « PH » 13



En pleine innovation

German

International Edition Chemie S Chemical Society

Angewandte CDCh Aot

Research Article &) Open Access @ @ @ @

Ammonia Synthesis at Room Temperature and Atmospheric
Pressure from N>: A Boron-Radical Approach

Dr. Soukaina Bennaamane, Barbara Rialland, Lhoussain Khrouz, Dr. Marie Fustier-Boutignon,
Dr. Christophe Bucher, Dr. Eric Clot, Dr. Nicolas Mézailles i

In memaory of Pascal Le Floch

First published: 27 October 2022 | https://doi.org/10.1002/anie.202209102 | Citations: 1

A) Matal-catalyzed approach
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En pleine innovation
pNAS BRIEF REPORT CHEMISTRY sl OPEN ACCESS

. . . . [] 0
Making ammonia from nitrogen and water microdroplets 020 230
® o
Xiaowei Song®, Chanbasha Basheer®', and Richard N. Zare®' N [} MS
2
Edited by Joseph Francisco, University of Pennsylvania, Philadelphia, PA; received January 20, 2023; accepted March 8, 2023 (80 psi) H!:E:,U':‘@Nhaﬁﬂn Inlet
A es Lo
Water (H,0) microdroplets are sprayed onto a magnetic iron oxide (Fe;O,) and B -
Nafion-coated graphite mesh using compressed N, or air as the nebulizing gas. The H,0 —¥ 1 g G
resulting splash of microdroplets enters a mass spectrometer and is found to contain (10 pL/min) - > -
ammonia (NH;). This gas-liquid—solid heterogeneous catalytic system synthesizes 7.5 mm 7.5 mm
ammonia in 0.2 ms. The conversion rate reaches 32.9 + 1.38 nmol s™' cm™ at room
temperature without application of an external electric potential and without irradiation.
Water microdroplets are the hydrogen source for N, in contact with Fe;O,. Hydrazine
(H,NNH,) is also observed as a by-product and is suspected to be an intermediate in the
formation of ammonia. This one-step nitrogen-fixation strategy to produce ammonia A Adsorption Elongation Alternating Hydrogenation

is eco-friendly and low cost, which converts widely available starting materials into a

value-added product. (%) *N,

‘}

ammonia formation | water microdroplets | heterogeneous catalysis

woo T

Release Release
*NH

NH; ?" Hso*‘e'

H,0*




Domaine en pleine innovation

tique par mole NH,

énergé

Cout

HB

- Meilleur actuel

[ ] casidéal: R&D et R&l indispensable

Electrolyse
directe

Plasma

Looping

Table 5. Comparison of expected efficiency for different ammonia

production pathways.
Expected Efficiency

Process Type [up to]
Pathway 1

Electrolysis and Haber-Bosch synthesis ~72%
Pathway 2 99
Direct solar hydrogen production [up 70%])
Pathway 3

Biogenic hydrogen production ~ST%
Pathway 4 12-37%
Non-thermal plasma synthesis [up to 45%)]
Pathway 5 14-62%
Electrochemical ammonia synthesis [up to 90%)]




50 mX40 m - simple mur en béton,

SolutiOnS de StOCkage Réservoir en acier ——

2 Anhydrous Ammonia tanks - ﬂbw:t%r:;:
50,000 tons each’
= Haute pression ou en refrigération e

1) Reéservoirs pressurisés (17 bars) = 300 tonnes
» maintenir en liquide malgré variation de Text.

» standard sécurité pour stockage et transport.

2) Reéservoirs réfrigérés (-33°C)

CesarZ, UK-India
Ammonia meeting,
2020
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Stockage et transport

KEY

Il Ammonia ] Liquid hydrogen ] 350 bar hydrogen

Navires de 35 000 t, camions 20 t,

Wagons 50t Shipping

5000 km de pipeline aux US, 2000 en

Russie Green Ammonia, Royal Society Policy

Briefing
Ammonia pipeline in the Netherlands and Germany [David et al{ 2020]
——— C g The ISPT report includes design aspects,
ot o v, technology choices, safety considerations, as Rail
' well as an economic evaluation for a 550 km
ammonia pipeline from the Port of Rotterdam
to Venlo in the Netherlands, thereafter crossing
" via Cologne to Karlsruhe in Germany. This
trajectory is comparable to the proposed Delta
Rhine Corridor linking the Netherlands and
Germany. The route covers rural areas, as well
: as densely populated areas. The pipeline in the Lorry
Click to expand. The route for the Netherlands- i i i
Germany ammonia pipeline studied in ISPT's new study is designed for an annual flow capacity of
report. Fig 7 from Design and Safety Aspects for 7 million tons of ammonia.
large-scale Clean Ammonia Pipelines (May 2025). |

The scope comprises a system with a single | | | | | |

pipeline, booster pump stations, valve stations and interfaces to import terminals in the 0 0.2 0.4 06 0.8 1 1.2 1.4 16 1.8

Port of Rotterdam and receiving terminals inland. Various pipeline configurations have Cost (£/tonne km)
been considered, with the base scenario consisting of 20” pipes (15 mm wall thickness)
with a design pressure of 50 barg and temperatures of 5-15°C, and three intermediate

conion g with vl e et Dot s o o oot vi = Prix du transport : tres 'peu’ cher
» Quelgue soit le mode de transport

pipeline.
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Ammoniac : un fertilisant ou un ‘hydrogene’ ?

Several potential markets exist for Green Ammonia: SIEMENS
it is a carbon-free flexible asset

) )

Hydrogen
Storage
H, 2 H,
Solar Power
— 30kJ/molH,
|
: Electrolysis g?;Ti?irr]\i
| 1o —_—
Air Separation
1
| Unit
. 1 Ammonia
Wind Power : honnt N H
| Agile 3
A o Ammonia :
-1 Synthesis — | —
: DSR/ Grid Hinenudia OkJ/molH,
Grid balancing services N H orage I
Restricted © Siemens AG 2017 3
Seite 13 November 2017
( I [ .
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Les vecteurs d'énergie, vecteurs d'hydrogene

Optimisation des usages / nouveaux usages

matibres organiques

4

POWER

Renewable
power

(. gro— Zéro émission
de CO2
Ammonia
Transport s
Industry 400
.g ‘ Gasoline Transporll
12 —______ Dropin fuels g 3%
e Jet fuel Transport | 2
D ________________________________________________________
I

100

= 200
Transport | I

eFuels : carburants de synthese = L
ou électro-carburants ? . §
& O & & o ® @ > &
S T & 9 &
@ N & ,,‘\'b"\ o & o"\\'b a0 : £
¥ 8 c,'b“o b %&Q’k x &° & o(‘@ oo‘b

I'e-ammoniac avec d'autres carburants sur la base du prix par unité d'énergie - IRENA, Eiffel, 2022



Power to Gas to Power

Produire de l'électricité : assurer une production d’énergie, propre et flexible

39% )

Renewable Sl 72% Storage Elee

energie 100% |hectolyes (eryo.) Efficiency
Hz 1

Losses Losses
| S 55% Elec.
Enorglobh 100% :52'96 i ;-;::."q
NHsz .
es
61% e 26%
energie = 100% = E;ﬁ%dmcy
CHa
" Losses Losses
61% 58% . 25%
: Electrolysi 72% CH30OH Elec.
oo AL prod A Eotrensy
CHsOH 1 Comparison of ammonia with other chemicals in terms of efficiency for
= the production of electric power (from well to wheel).
Losse sses Losses Losses

s Lo
| — | / ( ) | ( ~ [Dias et al. Energy and Economic Costs of Chemical Storage. Front. Mech.
— 4 Eng. doi.org/10.3389/fmech.2020.00021]
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Home > What role will ammonia play in global hydrogen trade?

Lor o]
What role will ammonia play in global
hydrogen trade?

Low-carbon ammonia is emerging as a carrier of choice for hydrogen exports,
but it's not without its challenges

10 January 2022 1 minute read in f
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Ammoniac comme carburant,

comme combustible

Indust, Y See
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GENENTEC,
By Rex Isaacs, Todd Grubb, Chris Montgomery, Zeeco, Inc. with Aloke Sarkar, William McLaughlin, ExxonMobil on November 24,

2025

ABSTRACT

Ammonia as a fuel for industrial heating and steam generation is being considered as an option to
help reduce industrial greenhouse gas emissions, especially in regions without indigenous natural
gas or pore space for CO; sequestration. Ammonia is attractive as a low-carbon fuel because of its

ANNIZ

Pulverized Coal
+Primary air

Ammonia

Reduction zone

Green ammonia for even cleanerl

electrical power

n a technology to economicall.y
e without emitting CO2
renewable energy

it will become possible to
hin turn

produce
GenCell is also working Ol
rmonia’—ammonia !
ss by leveraging

i d
logy is pertected, : .
nia independently of the grid, whic!
olls—creating a totally

is mad
“green a that is m: =
during the synthesis proce: :
nce this techno
Ol

that powers fuel cf

sources. O
manufacture green amm
wilt supply the hydrogen

green electrical power sofution.

Combustion air

/

N

Hydrogen
s

Methanol




Ammoniac comme combustible : un challenge

NH; + (O, +N,) —>

» Pas de CO, ©
» Parfait, simple ?

Maximum Laminar Burning Velocity (m/s) (298K, 1 b)

CsH, 0.43 (m/s)

H, | 2.91(m/s)

cH, L 037 (m/s)

NH, || 0.07(m/s)

Min. Auto-ignition Temp. (°C)
C,H, | a50°C
H, 520 °C
NH; 650 °C

Flammability Limits (D)
GHs 051+ + 2.51
H, 0.1+ +7.1
CH, 0.5 p——————). 1.7
NH,  0.63 44—+ 1.4

A Stabilisation de la combustion
A Interaction flame-turbulence

4. Emissions indésirables (NO, ) (+ autres ?)

o‘F RISME
Laborataire Pluridisciplincite de e
Ingénierie s, Mecaniquf










Ammonia as fuel = a challenge






















Ammoniac comme combustible : un challenge

2 & ’ ;. A _ -
B Y

| - P

= Corrosif (cuivre, laiton, nickel, zinc...) (selon concentration, HT
= Reaction avec les acides, les halogeénes, les agents oxydants

* Mais aussi avec le caoutchouc naturel, le nitrile, polyurethane,
viton (FKM) ou silicone (BT)

AN . ——
Effets de diverses teneurs aen NH3 Fig. 25. Brass samples exposed to different levels (pH) of ammonia concentration [294].

Teneurs en ammoniac
{exprimé en ppm)

= Joxigue

-

100 3 500 P Les concentrations sont dangereusement élevéas, l'irritation
s'intensifie. Uexposition prolongée, a de fortes concenirations,
peut provogquer la mort

50 4 100 P Paupieres gonflées, conjonctivites, vomissements, gorge iiritée

P Limite exposition admissible LEA, [PEL (NIOSH]]

P Irritation mineure des yeux et des voies respiratoires https://www.gazdetect.com/informations-
gaz/detecteur-gaz-nh3/




Ammoniac comme combustible : un challenge

= Corrosif (cuivre, laiton, nickel, zinc...)

» Certains plastiques etc...

= Joxigue

RESPIRATORY
STIMULANT

ct.com/informations-
3/




Et pourtant les applications se développent

1) Dans le transport terrestre

" Bcp de recherches sur les moteurs a 'Ammoniac

= Seul ou avec un promoteur de combustion :
= H. , bio-carburant (essence, diesel, bio-carburants, DME, methanol, ethanol,

O

I 1 T 1 1
1933 48 1944-1946 2007-2012 fi:" 2012-2015 “=e 2013 2020-
g Norway @ Belgium Michigan S KIER, Korea @ Marangoni Hydrofuel Inc.
' Norsk Hydro ' 12 buses University 5‘ AMVeh car Toyota GT86 NH3 fuel for
Ammonia ammonia/coal NH3 car NH3/gasoline automotive
truck gas NH3/gasoline
T —
[
China’s GAC Unveils World’s First NEWS AND STORIES

HIS IS INSANE 4 Ammonia Car Engine
= The low carbon alternative fuel is already used in shipping AMMGHNIAENGINE %

= GAC said its engine can burn ammonia efficiently and safely

Description

Hyundai CEO: "This New Ammonia
Engine Will Destroy The Entire EV
Industryl”

3170 29 sept.
vues 2023

Revolutionary Truck Selid Ammonia Technolog...

introduction of its breakthrough ammonia
engine. Hyundai's entry int s new domain
of propulsion raises the stakes in the fight
for alternative fuel sources as we move

towards a more sustainable a...affich r plus

49 tons of traction truck with
ammonia engine

Toyota CEO: "Our New Ammonia Engine Will Bankrupt The Entire EV Industry!" L GAG said It has developed the wotld's first SOl L QIR K hasfade i s R




Et pourtant les applications se developpent

Fuel EU Maritime / IMO targets ‘ Ammonia Energy Conference 2021 — Australia an) |

2) Dans le transport maritime

Mixed targets: s N " - i y ‘
o e o : 4 o
EEX‘I ci 5% ALZ fuels atleast 70% ; d::tL;oi -
4 Ammonia : Hydr?gen “:M
[ / \ / \ ‘ / \ // \ / \ / /»/ \\ //’w"\l Elhvanol d:;/ -
L 2023 +—L 2025 4 - 2030 - 2035 L 2040 +— 2045 — 2050 7 i ; e =
o/ \ A/ \/\/ \/\/ \/ Pl
Fuel EU Maritime : | . ‘ ‘ Kijeld Aabo
GHG intensity 2% ‘Dn o " o Director New technologies
2020-2025 1
L@ wartsila S 2021-2025 2020-2025 2021-2024 2023-2026 ?
Y AmMmonia 2.4 C WinGD MAN IHI Power Systems CSSC

Diesel/Ammonia (80%) Ammonia> 95%

methanol & 2-stroke NH3

= project &

Conversion ammonia engine
project with
Eidesvik Offshore

Dalian COSCO Shipping Heavy

Industry has kicked off construction
of China's first ammoenlaldliesel dual-
Fuel-powered SS00HP azimuth-starm
drive [ASD) wg as part of COSC0
Shipping Heavy Industry's project.
“RAD and Demonstration Application
of Arnrvonia-powered Duwal-fusl
Engine and Supply Syetem”.

S g o SO Il .
“Amhygen - BPI/Energy Observer



Et pourtant les applications se developpent

3) Autres

()

2022-...
*AMOGY

project :
*First HD The CRRC has mastered the production of
medium-speed ammonia-diesel engines

2020-2023
Norway
ACTIVATE
project

engine

Fortescue & Deutsche Bahn to 100 k\
develop ammonia-powered
trains in Germany

12.12.2023

At the Dalian plant, a stand featuring the first dual-fuel twelve-cylinder Q engine, 12V240H-DFA, was
showcased, this is reported by the railway transport news portal Railway Supply.

By Julian Atchison on October 10, 2022

Deutsche Bahn (DB) and Fortescue Future Industries FLXDrive lacomative similar to those acquired by Vale. Credit Wabtec

(FFI) will collaborate to modify existing diesel
) ) 3 Wabtec will build the FLXdrive locomotives at its plant in Contagem (state of Minas
engines to run on hydrogen & ammonia fuel. Targeting Gerais). The locomotives’ delivery is forecast for 2026.
locomotive & other traction vehicle applications, the

Initially, we are maximizing energy efficiency, replacing the diesel locomatives in
the dynamic helper with battery ones, but the idea is that, in the future, the
other locomaotives on the train can be fueled by ammonia. This way, we would
have a clean operation at EFC. This agreement is the first of many that we are
seeking in order to accelerate the decarbonization of our railway operation.

pair will utilise Ammonigy’s ammonia eracking

technology in their design. We reported on

Ammonigy’s “Ammonia Fuel Refinement” unit

Click o learn more. A Deutsche Bahn Class It claims to generate up to 208 kW of energy from a single cylinder, with 85% of power coming from
earlier this year, and how it had been installed and V90 diesel locomoive, used for shunting —Vale's Director of Energy, Ludmila Nascimento ammonia, reducing CO2 emissions by 80%.
tested in a converted speedboat to simulate the and freight havlage. Source: Wikimedia

Commons/ Steffen Mokosch. The production of railway wagons in Kazakhstan

operation of an inland cargo barge. DB reports that a
prototype, bench-top system (converted diesel engine
plus cracking unit) is currently being tested (including

“endurance” and NOx emission testing), with results expected next year.

Autre application : 'Off-road'
Groupe électrogene, engins de construction, mine, grues. ..




Et pourtant de nombreuses utilisations...

4) Pourquoi pas I'aéronautique

r ‘ —— hind . B l ,
1959 : Nasa 1966 : US Army 55" 89 Mid 2023 (2| =2 2023-? (UK) 2023 - 2028 P
X-15, Aircraft Engines g £ AviationH, . | Supersonic (US) L& ETIZF%?C'
Rocket record 100%NH, —& N\ Flacon50 NH,/(H,+N,) 738-8 \ -omotive
: But 28% business Boeing e
199 launches cracking H, &
! N,
Liquid
NH./liquid O,
—
g F | 7 O K|- 6 |? ilﬁlsit‘ir:elll';itaire Univleurmsité
T — \ w de France d'OéL%‘\NS



La génération d'energie electrique

Commercial
Boiler

e v Bog filter

Fechic
heater [——<JAF

Alr
Forced
, s draft Fan

ﬂ R4
Gas recirculation fon
Test of the co-firing of ammonia and coal (2017) i) = _ Tamura et al., Applied Energy, 2020
Chugoku electric. co., Mizushima Power T
Station @ Okayama Bottle

Yoshizaki, J. CSJ,
ttps:/iiwww jst.go.jp/sip/dIi/k04/end/teamB-10.pdf

= 50 kg/ h ammoniac = 35% NH3 en Energie total
= Différents sites et technologie d'injection

Ammonia

FuTZFRRIT-TERE
BRI -re—-PEBTEC ETHE)

BRRMAGT T

Co-firing test (in preparation) f/: 6 T 6

@ Hekinan power station, JERA

. B institut -
Ammonia universitaire Université

(IHI corporation) defrance  ¢CLQNs




La génération d'energie electrique

Cﬂmmﬂﬂllal 20 - _uE 100 O side wall injection
¥ [ ] o amimonia gun (tip C)
BGI I'E r . E E Oeoal nozzle mixing
3 £ 200
2 g /é/er
: : .
- 8 100
= =
> i Oside wall injection <
) Aammeonia gun (tip C) 9 0 - . - :
Dcoal nozzle mixing 0 10 20 30 40 50
0 i , ) | | Ammonia co-firing ratio, [%-thermal]
0 10 20 30 40 50 (a) NOx emission at furnace exit vs.
Ammonia co-firing ratio, [%-thermal] ammonia co-firing ratio
Test of the co-firing of ammonia and coal (2017) >
. : ’ o = I
Chugoku electric. co., Mizushima Power ® ° —— @ riisnion 2 _
Unburned . \“L“\'Igﬁléli‘:ltl”k (detected by schlieren photography) —‘___I:‘I_—_"'\-.D

hlieren photography ean be used in
-combustion for detection)

Station @ Okayama miare some

Yoshizaki, J. CSJ,

tips:/iwww. jst.go.jp/sip/dI/k0d/end/teamb-10.pdf @ e

.

® —O'*-----"';u‘ .
I‘ulveri!ed.oﬁ.'lumbuslhn »
-] Zon

O side wall injection

5 ’ Aammonia gun (tip C)

Ocoal nozzle mixing

Unburnt carbon in fly ash, [ %-dry |

/ -, a8
"‘ 9. . - Q‘
Volatile matter ¢ / ., 0 | . I . 1 A i A i
flame ‘,‘ ™ Luminous'flame front * 9 1
e / (detected by direct infging) 2 Rhsorption 0 10 20 30 40 o0
I . . \‘ . . Ammonia co-firing ratio, |[%e-thermal]

[ ] .
gon[%m (‘jﬁ‘\ icl .‘l‘|
- ar particle
. s * *  Ccombustion § ®

(b)Unburnt carbon in fly ash at furnace exit vs.
ammonia co-firing ratio

FuTZFRRIT-TERE

_ Impact sur les émissions :

BRI -re—-PEBTEC ETHE) . . I . .

o —~ 6 - F = Fonction du lieu d'injection,
J

Co-firing test (in preparation ;. :
@Hekinagn pwferitaﬁmJEéA /— = Du temps de résidence, de la richesse locale




Dans l'industrie

Ammonia fuel for glass production de Pure Ammonia-Fueled Roller Kiln for the Production of Ceramic
Tiles: A First Demonstration

Jiwei Zhou, Zhou Yu,* Liuhao Ma, Xuren Zhu, Shiping Jin, Jianguo Du,* Xiru Cheng, Shanjun Ke,

By Julian Atchison on September 19, 2023 ‘ i o
Guoging Xie, Yi-Bing Cheng, and Yu Wang

Asahi Glass Corporation

@Stable and
complete
combustion

Earlier this June, AGC announced it had
successfully used 100% ammonia fuel to
produce architectural glass over two days '3 .
of testing at its Yokohama Technical
Center. The project is an ongoing joint
effort, with technical contributions from

Taiyo Nippon Sanso Corporation, the )

C . R Click to enlorge. 100% gas flame (left} comparad o @ 100%
National Institute of Advanced Industrial ammonia flame (right} inside a glass meling furnace. Source:
Science and Technology & Tohoku Asahi Glass Corporation.

©@Low NOx
emission

I ‘{I1I‘Illr '1l”--l

University, and suppoﬁ from government : I m I m i * I * I m *

body the New Energy and Industrial Technology Development Organization (NEDO).
AGC confirmed that effects on glass quality and furnace materials, control of flame
temperature, furnace temperature, and nitrogen oxide (NOx) emissions were all within
acceptable limits.

i -1—_ - W — -.I_- -—-

§RNE TR TR | TR TR Wl | WA
Ammonia-fueled ceramic roller kiln

d ©No impact
on product
quality

( I [ '
\‘_| /‘)T(’\ metwe A
universitaire Université

T — J LU

de France
EN



Dans l'industrie :

Pure Ammonia-Fueled Roller Kiln for the Production of Ceramic
Tiles: A First Demonstration

Jiwei Zhou, Zhou Yu,* Liuhao Ma, Xuren Zhu, Shiping Jin, Jianguo Du,* Xiru Cheng, Shanjun Ke,
Guoging Xie, Yi-Bing Cheng, and Yu Wang

Liquid ammonia

tank ~160°C Testo-350 (NO,&O,)

Gas cell with TDLAS

S Vanadium based Heaters

Gas cell with TDLAS
C mpmor—.
Catalysts ~350°C ~200°C NH

Vaporizer

/...

Secondary air

Testo-350 (NO,&0,) Cooling air

—-_———— - -

<=
Outlet for tile

1600

__1400 —ﬂ—Temperalure'
& 1200 ‘:l__r—-—l:l—-—1“|:|_‘_ﬁ_k__|:I
2 1000 T
- u/ o a NH, injection for DeNOX
1= T
& 400 o

200

0

1 2 3 4 5 &
Location of kiln segments [-]

i 8
<= _'W_

Primary air

NH, inlet

7 L] 9
. institut -
| / \ J | \ D l I’ universitaire Université

-

[

de France d'ORLEANS
EN



Question majeure : emissions polluantes ?

Ammonia combustion emission risk triangle

Combustion exhaust gases from ammonia fueled engine will
NHs include ...

NH,; : Strong pungent smell, highly toxic to human body
NO, : Photochemical smog, acid rain, air pollution
Safety N,O : GHG about 300 times more potent than CO,, ozone depleting gas

4NH; + 30, — 2N, +6H,0

NO, N,O
auxiliary .
. . propulsion l
Health Climate
Air pollutant

Greenhouse Gas
Global impact
on the climate

Local impact
on human health
and the environment

de France d'ORLEANS
EN

Maersk Mc-Kinney Mgller Center " P - l ;
for Zero Carbon Shipping ! 6 ( — institut i
. J l I’ universitaire Universite



Predictions via mécanismes cinétiques

= 2 sources of NOx : thermal + Fuel-Nox 30
/o , ' T
= Quelle stratégie de melange locale 7 3L Fofio,
i 1
_29] NG
o-T i (NI
5 e 6000 30000 S920 N s |
- —— mixing T < [N
- adiabatic S
4 - clombustlcm 5000 25000 % 1.5
o g
° 4000 20000 ~ = 101 .
g 5 g ]
v 3000 15000 2 05
c Q o
A R S I T e 2 =
g 2000 | | 10000 0557,
z 1 1500 2000 2500 3000
_______________________________ I - Temperature [K]
| 1000 | 5000
L ' ‘ L1 gp L L 1000 Figure 5 NO+NO2, unburned NH3, N20 emission

characteristic of NHa/air mixture with NHs/air adiabatic
temperature at each equivalence ratio, pressure of
6.0MPa and initial temperature of 900K.

500 100 1500 2000 2500
Temperature T [K]

Hiraoka K, Matsunaga D, Kamino T, Honda Y, et. al. Experimental and humerical analysis on

- —
Lehrstuhl far Thermod . [ ™ | ™ ) (- — combustion characteristics of ammonia and diesel dual fuel engine. SAE Technical Paper 2023:2023-
Caeart  enocynant Tu'" v V. J 32-0102. https://doi.org/10.4271/2023-32-0102.

TUM School of Engineering and Design
Technische Universitat Munchen



Exemple de developpement de 'swirler' NH,/H, or CH,

Nouveaux swirlers,

utlct

; : Switler CARDIFF
i UNIVERSITY
66%,, NH; 33%,, CH, 70%,,,, NH3 30%,,, H2
2000 4
poradd | 3.5
- 4000
g 3500 ’
3 3000 255 = clear reduction of NOx at high E.R
= '
E 25 2 X = but higher unburnt fuel (NH3 and H2)
é. 2000 i 5
2; 1500 -
I |
Z 1000
o razsk |
L

institut it

universitaire Université

de France d'ORLEANS
EX

1
-
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Bruleur a 2 étages

Effects of primary zone

Burnt gas equivalence ratio on product
] gas characteristics
800 : : . . . 0.3
Secondary zone : 6= 05
(8 injection holes) = 600k P =10.5MPa
- A|r [ 3 g NO 102 ~
W"‘ - \ ¢E’ \% F‘_\‘G
“ Lﬁ_f = 400F z
Alr ~ o
..-—.-“ anar., zone o H 10.1
™ Z 200t 2
Pre- ':s'.t -,
re-mi ur& ) ¥ e .gl
m A A —al ZNHi,
1.0 1.1 1.2

Model combustor

Primary zone equivalence ratio, ¢,,(-)

NO, NH; (ppmv at 16 %0,)

Effect of overall equivalence
ratio on product gas

characteristire
140 : ' 0.10
150 /Dh/PR opti
j'J: 0.5 MPH '0.08 5‘«1
100k 0,=16% N
10.06 =
2
(=]
l0.04 &
e
{0.02 =
0

= Contréle de la zone primaire
= Reduction simultanée de NO, NH3

institut -
universitaire Univ e s ité

de France d’ORLEANS
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Comment shifter de combustible

Comment concevoir un brileur flexible, optimisé
Flamme de prémeélange, de diffusion, partiellement premélangée

L ocalisation de la flamme Aérodynamique
= Perte de chaleur i , '

=  Rayonnement \ /’

oy

N iy
-

Rouge: important pour utilisation/ ingenieurie
= Fraction de mélange local

Bleu : besoin de modeles pour designer -
= (Cinétigue chimique

Souligné : recherche fondamentale . .
= |ntéraction Turbulence-chimie

Fuel — }
T > ‘ /
Air Qﬁ: s N
T Tranfert de chaleur

Emissions, NH3 imbrilés
Température, Vitesse, flux de chaleur
Thermoacoustics

Allumage, stabilization, extinction

' PROGRAMME
FRANCE DE RECHERCHE

DECARFOMNATICHMN

\._/ DE LINDUSTRIE

e
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Ammoniac comme carburant/combustible : les Challenges

material

* Corrosion/aging

* High temperature steel
* Ceramic components
- Mg’ﬁ

=
-]

5

o =
o o M
A A

/"*——h‘h"‘

-

i~
N B
A

Relative heat flux (a.u.)
o
(-2}

o
=)

“~NH3/ Air
- CH4 / Air
=NH3 /Air/ 02 (02:30%)

0 200 400

600 800 1000 1200

Distance from the burner Z [mm]

Fig. 23. Radiative heat flux distribution in an experimental furmace fired with a
non-premixed flame (10kW), from [261]

SACMoO45

SUS304

\

Austenite grain |.

r =0 mm (center)| = 0 mm (center) r=2mm

r=4mm

Untreated

Treated by NHy/OyN, flame

Fig. 5. Optical micrographs of the SACME45 and SUS304 test plate surfaces after being exposed to the NH3/02,/N2 flame at 550 °C for 5h [2]

S. Eckart et al., Exploring the potential of ammonia asafue( Advan smc bust|on nd rstanding pf(- lar —scale furnace
applications, Fuel, Volume 403, 2026, 136746,

institut -
universitaire Univer sﬂe
de France d'ORLEANS



Conclusion : aujourd'hui (AEA)

" 2024 : 45 Mt NH3 (22% de la production) = transporté
= April 2026 : 31 installations pour craquer du NH3 suite a l'importation de HZ2
= Ammmoniac combustible

* Pour la production d'énergie
" 2023 : 53 Projets en déeveloppement
= Central thermique en 'Co-firing', haut TRL 2024
* TaG a lI'ammoniac 100% : des br(leurs proches du 'commercial’
* Mais comment passer du Gas Nat au NH3 : systeme flexible en carburant 7

Ammonia-fueled vessels A sz Ammonia-ready vessels N

= Pour la production de chaleur HT sagtanier I
» 'Démonstrateur’ : ciment, céramique, rouleau d'al

» Pour le transport : maritime (3 bateaux tests)

umber of v

SlF1T 2016



Conclusion

= | économie de 'Ammoniac et celle de |'Hydrogene = méme combat !
= | Ammoniac peut étre utiliseé pour décarboner tous les secteurs |
= | Ammoniac seul ou partiellement cragué sera possible pour certaines applications

" [ es émissions, la toxicité, sont des points qui méritent plus de recherche

» Mais |'acceptabilité par la société, les politiques et les citoyens est nécessaire
= Comment changer la perception du public 7

5 kW
«P_H2=0.15

n_air =120

4. C'est un suijet fascinant ! w

— E PROGRAMME
SFT 2016
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