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Innovation Outlook:

Develop certification ) Mapping maritime Mapping low carbon
Renewable Ammonia. . : )
scheme for low carbon . : ammonia projects ammonia plants
: (collaboration with : :
ammonia (+ webinars) (+ webinars)

IRENA)
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Ammonia demand

e
e O

85% 15% <1%
Fertilisers Other current uses New uses
- Urea - Textiles Direct use:
- Ammonium nitrate (AN » Refrigeration - Maritime fuel
- Diammonium phosphate (DAPY - Explosives - Stationary power
- Ammoniuwm sulphate (AS) - deiNO, Indirect use:
- Monocammanium phosphate (MAP) » Pharmaceuticals - Hydrogen carrier

]

+

Hydrogen uses

Emerging use:

- Mobility (fuel cell vehicles, forklifts, trains,
plames, marine vassels, etc.)

- Stationary power generation

- Heat applications

Current uses:

- Ammonia synthesis

- Petroleum refining industry
- Iron manufacturing

Link: https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/May/IRENA Innovation Outlook Ammonia 2022.pdf



https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/May/IRENA_Innovation_Outlook_Ammonia_2022.pdf

/\ AMMONIA ENERGY
Ao\ ASSOCIATION

Ammonia demand
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® Fertiliser applications @ Other existing uses @ Shipping ® Hydrogen carrier @ Power generation (Japan)

Link: https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/May/IRENA Innovation Outlook Ammonia 2022.pdf
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Production pathways
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® Fossil no CCS @ Fossil with CCS @ Renewable

Link: https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/May/IRENA Innovation Outlook Ammonia 2022.pdf
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Emissions

* Upstream ammonia emissions
(cradle-to-ammonia product)

* Direct / indirect ammonia conversion
emissions

Power 2 ammonia

//_(»

Power 2 ammonia

_‘-m_

=l

Power 2 ammonia

Waste 2 ammonia Methane reformer

& —

Air separation

H;O electrolysis

(SMR)

Hydrogen

f'g”__, ”ﬁ_

NH; synthesis

8-

]

MNH; transport

.

Fertiliser

i

MNH; storage

NO, and N0
removal

-

Chemical precursor

~
Maritime fuel
®
= gl
Power generation

L

Fuel cell vehicles
Hydr

ogen grid

.

Feedstock for
chemical industry

Link: https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/May/IRENA Innovation Outlook Ammonia 2022.pdf



https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/May/IRENA_Innovation_Outlook_Ammonia_2022.pdf

Production pathways

Current production (185 Mt) exclusively
fossil:

Renewables Coal and HFO Natural gas and naphtha
<1% -25% ~75%

v o e

Ammonia

* About 90% of the energy input for H,
production, so determines CO, footprint!

* Colours of ammonia # carbon footprint, as
depends on Scope 1-3 emissions

Carbon capture
and storage

Gasification,
reforming

Renewable
electricity

Electrolysis

Thermochemical
cycles

Muclear
power

Electrolysis

Methane pyrolysis

Ethane crackers,
chlorine plants

¥

Electrified steam
methane reforming

v

Carbon capture
and storage

E

Natural gas

GETIGEY

Reforming

Coal

(heavy fuel oil)

Gasification

H.

Renewable
hydrogen

H,

Nuclear
hydrogen
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Fossil
hydrogen
with reduced
emissions

H

Fossil
hydrogen

h

NH;

Certification
required to
account
for carbon
intensity
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Upstream ammonia emissions

* From cradle to ammonia product: ~3.1 t-CO, . /t-NH; on average in 2020

2,eq
EXHIBIT 1.3
GHG emissions along the ammonia supply chain by scope in 2020
Value chain FOSSIL FUEL EXTRACTION ELECTRICITY GENERATION AMMONIA PRODUCTION END-USE

step

- n o
ﬁjj King

Estimated 2020
emissions, ~40 ~430
Mt CO.e

Scope 3 Scope 2 Scope 1

Note: Due to their nature, upstream and downstream Scope 3 emissions are highly uncertain with many different estimates from different sources.
These emissions have been calculated using estimated emissions factors for each region.

Saource: MPP analysis; IEA; IPCC7

Link: https://missionpossiblepartnership.org/wp-content/uploads/2022/09/Making-1.5-Aligned-Ammonia-possible.pdf



https://missionpossiblepartnership.org/wp-content/uploads/2022/09/Making-1.5-Aligned-Ammonia-possible.pdf
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Case study: SCR for Nitric acid production

* EU integrated pollution .
prevention and control (IPPC) e
directive effective from October - B
2007. EU ETS covers N,O

e Uses ammonia, aqueous .
ammonia’ Or urea B CO, k Ton/Jaar ~ Eq CO, k Ton/Jaar uit N,O I
o -

EUf rtl dustr cellent record in
dGHG mlssions

*2NO+2NH;+1/20,2 2N, + =
3 H,0 kit
* In Europe, N,O emissions from ..}
nitric acid have been abated I
SucceSSfuny O 1995 2000 2005 2010 201 2012 2013 2014 2015 2016
Fg e 4 Gre s from Yara Sluiskil’s sustainability report (Yar

Sluiskil B.V., 2017)

Link: https://www.ammoniaenergy.org/articles/renewable-fertilizers-in-europe/
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Fundamentals of ammonia conversion

Ammonia combustion:
1. Pure NH; combustion
2. Partially cracked NH; combustion (mixture H,/NH,/N,)

* Ideal NH; combustion: 4NH,+30,22N,+6H,0
AH=-1130 kJ mol*

* Ideal H, combustion: 2H,+0,>2H,0
AH=-572 kJ mol?
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Fundamentals ammonia conversion emissions

* Ideal: 4NH,+30,>2N,+6H,0
AH=-1130 KJ mol-

* NH; slip: some ammonia may not have
converted

* Thermal NO formation (Zeldowch) At . _tOHH
high temperatures (>1200°C), N, O ’
radicals are formed, and mo ecules
vibrationally actlvated resulting in NO
formation

* NO formation from feedstock:
Ammonia may convert to NO

Link: https://www.sciencedirect.com/science/article/pii/S1540748918306345



https://www.sciencedirect.com/science/article/pii/S1540748918306345
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Strategles to minimize ammonia compustion

emissions

1. Optimize performance & minimize

emissions

2. Perform after treatment for NO,,
N,O & NH; slip mitigation

o Mole fractions x l()f' (-)

Mole fractions x l()é (-)
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Link: https://www.sciencedirect.com/science/article/pii/S1540748918306345
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* The following applications are relevant for ammonia conversion:

Application Commercial development (fleshed Emissions expected (unmitigated)
out in case studies)

Transportation fuel with engines (shipping)
Transportation fuel with engines (locomotives)
Transportation fuel with turbines (aviation)
Power generation (gas turbines)

Power generation (boilers / coal power plants)

Power generation / transportation (SOFCs)

Hydrogen production (ammonia cracker & H,
purification)

Nitric acid fertilizer production

Medium
Medium
Medium/large
Medium/large

Large

Small/Medium

Small to Large

Large

Under development / demonstration
Under development
Under development
Under development / demonstration

Under development / demonstration

Under development / demonstration

Commercially available (on paper),
but not yet operated

NH; slip, NO,, N,O
NH; slip, NOy, N,O
NH; slip, NOy, N,O
NH; slip, NOy, N,O

NH; slip, NOy, N,O (PM and SO, from
co-fuel)

NH; slip

NH; slip, NO,, N,O

14



Example: Shipping

Two-stroke engines & four-stroke engines
can be operated with NH; as fuel, to be
commercially available by 2023-2024

NO, emissions, NH; slip may be an issue

NO, emissions can be mitigated with NH,
in an SCR system

Exhaust Gas Recirculation (EGR) can
reduce NO, emissions further

Observation: NH, slip mitigation (AMOX)
is similar to preventing CH, slip from LNG
engines

A
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Low carbon ammonia utilization: Power

« Japan: Imports LNG for energy, SIP energy carriers to decarbonize energy sector (1]

e Current high LNG prices spur decarbonization

Natural gas
Petroleum
Coal

p
Renewable
energy

~F

\Carbon dioxide capture ©

\IIII'B/

Hydrogen Transport (Energy carriers)
production
e ‘h
lliguidih
Reforming/

gasification E LH,(A253°C)

and storage

. <
", toluene
Y

Ammonia

Production by
electricity and heat

Gasification

Direct use

Utilization

~

= o

Fuel cell vehicle

N Power generation
A
48 \~
e Fuel cell Y,
4 3 B
¢ &
Mix combus-
NH, fugl_ed tion in coal
gas turbine fired boiler
[
=
\_ Fuel cell NH, furnacej

.................................................................................................................

<«Ammonia direct use>

[Power generation sector]
Gas turbine, Coal fired boiler, Fuel Cell

[ Industrial sector]
Industrial furnace

[Transportation sector]
Marine Engine

[1] https://www.ammoniaenergy.org/wp-content/uploads/2021/02/AEA-Imp-Con-01Nov18-Shigeru-Muraki-Keynote-Address.pdf
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Low carbon ammonia utilization: Power

Co-firing ammonia in existing coal plants (20% in 2025 1), and gas turbines

* Gradual increase to fully ammonia-fired power plants by 2040s
* 2025: 40 MW 100% ammonia-fed gas turbine %/

* 30 Mt ammonia demand for power by 2050, according to Japanese government [3!

* Supply of ammonia: Australia, Chile, Middle-East, United States

* Similar scenario for South Korea [* (possibly Northern Europe)

e Retrofit existing infrastructure, rather than stranded assets

[1] https://www.yara.com/corporate-releases/yara-and-jera-plan-to-collaborate-on-clean-ammonia-to-decarbonize-power-production-in-japan/

[2] https://www.powermag.com/mitsubishi-power-developing-100-ammonia-capable-gas-turbine/

[3] https://www.argusmedia.com/en/news/2184741-japan-targets-3mn-tyr-of-ammonia-fuel-use-by-2030 17
[4] https://www.cell.com/iscience/fulltext/S2589-0042(21)00871-3
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Low carbon ammonia utilization: Power

e Australia-Japan case: need low carbon ammonia for decarbonization versus fossil fuels

* 20% co-firing of ammonia in all coal-fired power plantsin Japan  Ammonia

4 NH3 +3 Oz > N2 +6 HZO : Brown Blue Blue  Green

' - BN mm

-10

Emissions (MT)

20

-30

40

. ACT,
V6—— Melbourne

SMR/HB CCS 60% CCS 90% RE H.

Japan Australia 18
[1] https://www.sciencedirect.com/science/article/abs/pii/S095965262104258X
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Cracker type Commercial development Pathway to commercialization for
ammonia combustion (fleshed out in case
studies)

Selective Catalytic *  Commercially applied for deNOx in nitric acid Application of SCR to commercial

Reduction (SCR) production ammonia-fired gas turbines & coal power

*  Commercially applied for deNOx in natural gas- plants, demonstrate low NOx emissions
fired turbines & coal-fired power plants, engines
in vehicles

Selective Non-Catalytic ' * Commercially applied for deNOx for coal-fired Application of SNCR for commercial

Reduction (SNCR) power plants ammonia-fired coal power plants,
demonstrate low NOx emissions

Ammonia Oxidation * Commercially available to prevent ammonia slip Demonstrate ammonia slip mitigation for

(AMOX) down to below 10-20 ppmv commercial ammonia energy application

SCONOX / Lean NO, * Commercially available for deNOx of engines in Demonstrate SCONOX/LNT for NOx

trap (LNT) vehicles mitigation for commercial ammonia energy

application

19



Initial conclusion: Emission mitigation
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technologies & strategies (page 2)

Cracker type

Commercial development

Pathway to commercialization for

ammonia combustion (fleshed out in case

Exhaust Gas
Recirculation (EGR)

Low NOx burners (DNL
or ULN)

Water & Steam
injection

Secondary air injection

Already applied to limit temperature (and
thermal NOx formation) in engines

Swirl burners are developed to enhance
ammonia combustion in research institutes

Already applied in some gas turbines, needs
development for ammonia combustion
applications

Proposed for ammonia combustion applications

studies)

Apply EGR to ammonia-fueled engines to
prevent thermal NOx formation

Demonstrate low NOx burners at
commercial pilot scale, with subsequent
scale-up to commercial scale

Demonstrate NOx reduction upon
water/steam injection to ammonia
combustor at a relevant scale

Demonstrate practical NOx & NH; emission
reduction in experimental set-up,
thereafter in demonstrator unit

20
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Key conclusions

* Ammonia emissions require a value chain approach, also including
ammonia emissions during ammonia production

* Downstream emissions from ammonia as zero-carbon fuel and
hydrogen carrier should be essentially zero, as opposed to ammonia
and derivatives for fertilizers

* Technologies for ammonia conversion emission mitigation are
commercially applied, albeit under different conditions



AMMONIA ENERGY

ASSOCIATION

Thank you for your attention!
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