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\ INTRODUCTION ~

'-—;"R'ﬁé'és are one of the best fechnologies to provide the needed
energy whilst reducing greenhouse gases.

« The problem is their intermittency (i.e. Australia - 2 weeks Blackout; UK -1
Million People during ~48% Wind power).

POETR e -

« However, their intermittent nature requires the use of energy storage
(batteries, chemicals, compressed gas, etc.)




DROGEN AND AMMONIA

Exhibit 11: Distribution of global hydrogen resources and demand centers Exhibit 16: Landed costs of hydrogen at port for selected global transport routes
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However, hydrogen transportation and storage is a challenge.

Moreover, hydrogen explosive nature combined with fast reactivity have
always been a problem for developers to obtain large energy quantities.

Therefore, another chemical with high hydrogen content can be used.
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e be obtftained from renewable sources,
« dllow the rescue of stranded resources,
« enables the use of waste streams,

» allow storage of vast amounts of energy 30 times
cheaper than H2,

» be used to produce energy in Islands or isolated regions,
« be used as a fuel, but also as a fertilizer,
« High hydrogen content (higher than liquid H2),

* have a great economical potential, with a market size
up to 184 Billion Euros per year.

« AmMmonia can
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« Although ammonia combustion is still seen as the lowest end of the use of
ammonia for energy, cheaper distribution, higher hydrogen content and easier
operation will change the position of NH3 in the energy arena.

Green Ammonia/Hydrogen Economy [Valero-
Medina and Banares-Alcantara, 2020]
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electricity in favour of ammonia exports
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CHALLENGES

However, the technology faces the following obstacles,

1. Ammonia Carbon-free synthesis (cost reduction, efficiency improvement)
2. Power generation at utility-scale from ammonia production (stable, low emissions)

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

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

How much hydrogen does it take to fuel a medium sized gas
turbine?

1MONTH

Tube trailer ~500kg H2 NASA Tank ~230 Tons

k

Assumphions: Tube lrailer = 500 kg Hy, Pipeline®. 1.4 Diameler pipeine at 100 bar (12 ton Hykm), NASA Sphencal Ligusd Cryogenic Tank®. 230 tons Hj, Teeside Salt Cavens® 810 tons (210,000 m® al 45 bar)
1.J. Andersson and S. Gronkuist, "Large-scale storage of fiydrogen, infernalional Jownal of Hydrogen Energy, vol 44, pp. 11901-11919, 2019,
2. E Wolf. "Latge-scale hydiogen anergy storage,” J. Garche (E4.), Elactrochamical erergy slorage for renawabla sources and gnid balancing, Elsovier, Amslordam (2015), pp. 120.142

1 4m d|a pipe @100bar Teesside Salt Cavern

~810 tons

A large gas turbine?

1.4m dia pipe @100bar Teesside Salt Cavern  1.4m dia pipe @100bar

~810 tons

NASA Tank ~230 Tons

Assumptions: Tube trailer = 500 ka Ha, Pipeline’: 1.4 Diameter pipefing at 100 bar (12 ton HM) NASASDhemdbouldemstnk' 230mnsH; Teeside Salt Cavems? 810 fons (210.000 m* at 45 bar)
1.J Andersson and S Gronkvist, "l arge-scale storage of hydrogen,” infernafional Journal of Hydrogen Energy, vol 44, pp 11901-11918, 2019

2 E Wolf *|.arge-scale hydrogen energy siorage,” J. Garche (Ed ), Flecirochemical energy storage for renewable sodrces and gad balancing, Flsevier, Amsterdam (2015), pp. 128-142

Hydrogen requirements for two different sized gas turbines [Cesar Z, UK-India Ammonia
meeting, 2020]
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AMMONIA GAS TURBINES

>100x cheaper than

2 Anhydrous Ammonia tanks - aboveground H2 Salt caverns
50,000 tons each’ _ storage

80 MW CCGT

870 MW CCGT

1x 50,000t NH3 50,000t NH;
= 8,880t Hz =8,880t Hz

Hydrogen requirements for two different sized gas turbines [Cesar Z, UK-India Ammonia
meeting, 2020]
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AMMONIA GAS TURBINES

Ammonia Storage Ammonia Reforming CCGT
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DEVELOPMENTS-
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A GAS TURBINES
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Emissions and Stability Maps
[Under review, [JHE 2021]
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AMMONIA GAS TURBINES
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DEVELOPMENTS-

A GAS TURBINES

* Now, research is focused on ultra-low NOx combined with high efficiencies

and power outputs.
Modified Brayton Cycle

Inlet temperature 1260K
Qutlet temperature 827K

Power 3.56MWe
Plant efficiency 34%

Trigeneration Cycle
Cooling+Power+Heating
Initial calculations: 60%
(compared to ~80%)

Different cycle sirategies and LCA (that consider various scenarios)
are under research to determine a conditions for high efficiencies a

whole ammonia/hydrogen comparable to DLN technologies.

Supplied heat 10.45MWth]

Green ammonia production and transport
Australia (Wind) to UK

r{

0.99%

70
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AMMONIA GAS TURBINES

First Ammonia Gas Turbine
Engine, MHI (H25), 40 MW
Power
[https://power.mhi.com/news/2
0210301.html]




DEVELOPMENTS — AGT




: AMMONIA
: TO POWER

excess Py

FLEXnCONFU - First large GT

* GT Combustion test
® Real demonstration
® Virtual demonstration

ENGIE CC

Savona
laboratory

> m
»

ammonia/hydrogen/NG demonstrator




UNIVERSITY OF

o & Science & Technology
rsngapore EP@' HECTRIC POWER LEICESTER W facilities Council
-5 BHERIUE Imperial College Sy

ondon ; 2 Trinity
IR —— - | College

TATA STEEL Dublin

- s TOKYO GAS P L e Univisrsity of Dubl Université
;?’ \ : catholique %=

University of Twente
The Netherlands o7 = EUROPEAN

; ((( Lu NDS
UNIVERSITET
VAR A Termolnztnjerlngd o.0.

de Louvain

g
C-I0B = o,

‘*“R ' S M E Technische Universite - : UNIVERSITY©OF
_ Ewrld’nmenv i | | National _ Y BIRMINGHAM
N ' Laboratories

The University of %
HIETAO r Nottingham university

technologies e i
of Brighton Register

Maritime an

R AIST @ Enx% &% mipxzx |[INR 2 ArBUS

HENZHEN UNIVE R\Il\
TOHOKU TOHOKU UNIVERSITY

N Massachusetts 4 »a
I l I Institute of TU D e I ft » K]ST « N R E L University of

Technology Korca In

|I"|I]y

bp ,\\‘,\‘“” ur~.,,/4f
eh“

R

NATIONAL RENEWABLE ENERGY LABORATORY Strath clyd e



/F‘
CONCLUSIONS

« AmMmonia can be used to decarbonise cooling, heat, power and propulsion
generation.

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

« Research is on its way to implement new technologies in all spectra of
technology for energy generation.

« However, for the "Hydrogen through Ammonia” economy to happen, lower
costs and higher efficiencies of conversion from renewables are needed.

« Support needs to be provided to all different fronts to achieve the profitable
Implementation of a “Hydrogen through Ammonia”™ Economy worldwide.
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