SIEMENS

September 2016

Green Ammonia for energy storage
and beyond

lan Wilkinson
CARDIFF

UMIVERSIT

SIEMENS ) sciance & Technolo #) OXFORD



https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCJaN1pb56cgCFUg5GgodbGwMbw&url=https://en.wikipedia.org/wiki/File:University_of_Oxford.svg&bvm=bv.106379543,d.ZWU&psig=AFQjCNH3OXETPTxhBCLys6ox5uK4Mh4N_w&ust=1446285951581076
https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCN7zraj56cgCFcrnGgodghsNiA&url=https://magicandthesupernaturalcardiff.wordpress.com/&bvm=bv.106379543,d.ZWU&psig=AFQjCNEhRv3TqCNTdmW05honm6JHRU-N0A&ust=1446285986304887

SIEMENS

Green ammonia for energy storage and beyond

Overview: Siemens perspective on energy storage and electrification

Technology today:
Ammonia energy systems, and demonstrator project

Technology developments:
Synthesis and energy release

Prospects for “Green Ammonia”

Page 2 September 2016



SIEMENS

Green ammonia for energy storage and beyond

Overview: Siemens perspective on energy storage and electrification

Technology today:
Ammonia energy systems, and demonstrator project

Technology developments:
Synthesis and energy release

Prospects for “Green Ammonia”

Page 3 September 2016



: SIEMENS
The changing Energy Landscape

Different solutions for different market stages

<10% 20+% 40+% 60+% 80+%
L ' ] L ' ] L ' ] L ' ] L ' ]
Traditional mix System integration Market integration Regional Decoupled generation
autonomous system and consumption
— Fossil (coal, gas, oil) — Fossil (coal, gas, ail) — Capacity markets etc. — Predictable regional “area — Interaction of all energy
— Nuclear — Renewables (wind, PV, generation” (topological carriers
— Renewables (mainly hydro) plants)
. “qlﬂl ] [ ] ' ] [ ] ' ] [ ] ' ] [ ] ' ]
— Efficiency — Decreasing spot market — Power2Heat, CHP — Regional plants, cellular — Complete integration of
— LCC reduction prices i i grids decentralized power
— Availability / reliability / — Subsidized economy - Demand side — HVDC overlay and 5 =
security — Increasing redispatch? management meshe systems Storage systems
operation — FIrst storage solutions Power2Chem / Return of gas power
— HVDC/AC overlay H plants?

Long-term

Mid-term

Fierce competition in traditional businesses, need to set benchmark in new or changed markets

Profitable business for new technologies cannot be shown yet — today’s use cases are mainly niche or pilot applications

1) Corrective action to avoid bottlenecks in power grid
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Addressing energy storage needs will require
a range of technologies

Storage time
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Energiepark Mainz — Project scope and key facts

3 x Sylizer 200 electrolysers, with peak power of 2 MW el. each
(6 MW peak).
« Connection to 10 MW wind-farm

+ 1000 kg H, storage (33 MWh) E ENERGIE

+ Provides: PARKMAINZ

* H, gas to Linde
» Demand side response to local grid
« H2 gas injection into local (natural) gas network
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The existing chemical industry emissions conflict

with initiatives to avoid climate change

Chemical Industry Emissions Climate Act Requirements

1
1255 MT/yr CO, UK target of 80% cut in
= 4% world total? # emissions by 2050

1.1TW 1 EU wide target of 40% cut in
= 8.2% world total? emissions by 2030

e

Opportunity: carbon — free synthesis of chemicals powered by renewable

energy

Ammonia: 1.8% of the world consumption of fossil energy goes into the
production of ammonia. 90% of ammonia production is based on natural gas.

Top 10 Chemicals / Processes: 4) Methanol 8) Butadiene (C4 sep.)
1) Steam cracking 5) Butylene 9) Soda ash

| 2) Ammonia | 6) Propylene FCC 10) Carbon black
3) Aromatics extraction 7) Ethanol

1) Chemical and Petrochemical Sector — IEA2009 2) Key World Energy Statistics — IEA2014
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Ammoniais an important chemical with a commodity
market value of EUR100bn/year

Ammonia

= A gas, produced by the chemical industry. Over 80% of ammonia is
used in the fertiliser industry.

= Demand for fertiliser, as shown in the graph (including projected
growth to 2018),

Current production levels of Ammonia are about 180m t/year. The
commodity value is €600-€700/t, leading to a commodity market value
of over €100bn/year

= Production today uses the Haber-Bosch process and relies on natural
gas as a feedstock.

is growing at +3%pal.

Global fertilizer nutrient consumption
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Page 8 September 2016

T 200.522
193.882

186.895

180.079 197.19

161 829 o, 183175

161.659 |

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Source: World Fertilizer Trends and Outlook to 2018, Food and Agriculture Organization
of the United Nations



http://energyfromthorium.com/2011/10/29/nuclear-ammonia/ammoniafertilizer/
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Green Ammonia - Carbon Free Flexible Asset

Distributed Chemical

Grid-Scale Energy Storage
Industry :

and stabilisation

Ammonia
Synthesizer |

Ammonia
Synthesizer | » N H3

Turbine

Emission-Free Transportation

Ammonia
Synthesizer - NH3 -

Page 9 September 2016


http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.dreamstime.com/royalty-free-stock-images-gas-pump-icon-image5778979&ei=Mb3HVKO9DMbXPfXIgdAB&bvm=bv.84349003,d.ZGU&psig=AFQjCNHnaRHC58udCK9S9CPt9lfaD6fbrg&ust=1422462620017055
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://pixgood.com/plane-icon.html&ei=csDHVPWmCIirPJrngPAH&bvm=bv.84349003,d.ZGU&psig=AFQjCNFnN_n49GnQdmBlhM8kltGkfYK0QA&ust=1422463452103911
https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=https://www.iconfinder.com/iconsets/windows-8-metro-style&ei=HcHHVIz8OMfiO-i4gbAL&bvm=bv.84349003,d.ZGU&psig=AFQjCNExexPrWkArc1HvHL6Ifms9TcaeMw&ust=1422463555350433
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://vector-magz.com/search/wheat-symbol-png/&ei=BjuEVYr1KbSt7AaU2ICQBQ&bvm=bv.96339352,d.bGQ&psig=AFQjCNEqJECByFIHzYUfN7ruR6oIeSiUIA&ust=1434815612664848

SIEMENS

Green ammonia for energy storage and beyond

Overview: Siemens perspective on energy storage and electrification

Technology today:
Ammonia energy systems, and demonstrator project

Technology developments:
Synthesis and energy release

Prospects for “Green Ammonia”

Page 10 September 2016



: : SIEMENS
Decoupling Green Energy: “green” ammonia

synthesis and energy storage system demonstrator

+ Being built at Rutherford Appleton
Laboratory, near Oxford, UK. 22

- Project 50% supported by Innovate UK @

(UK government funding agency). 7

Evaluation of all-electric
synthesis and energy
storage demonstration
system by Dec 2017.

CARDIFF

UNIVERSITY

SIEMENS O

I F % I Science & Technology

—_~ Facilities Council

PRIFYSGOL
(ARDYD
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Ammonia test site layout
Combustion

and energy
export

Hydrogen electrolysis
and ammonia synthesis

Nitrogen

generator V "

I; Gas store, including

ammonia tank

Wind turbine and Control room

grid connection
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Ammonia energy storage
system demonstrator hardware

SUBJECT: Nitrogen On-Site generator Plant
MODEL TYPE LASERCUT QN2 225-1

NH; H-B
Reactor
(Bespoke)
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Haber-Bosch synthesis catalyst Ammonia combustion studies
Ammonia synthesis ' P — — B o

=
3

NH, activity (arb. units)

4 5 6 T 8 9 10
Number of d electrons.
Oizaki and Aka, Catalysis 1 (Anderson and Boudart, Ed.)

Energy management
system

Ammonia energy-storage system overview
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Typical ammonia plant today*
Ammonia conversion

and separation here!

I
|
[
|
[
|
[
|
[
[

N, + 3H, 2 2NH,

Gas preparation: significant portion
of plant exists to produce H2

1) Courtesy of Johnson Matthey
Page 16 September 2016
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Ammonia conversion
and separation here!

Siemens Sylizer

air

s s o e o

Gas preparation: ultra pure N, + 3H, > 2NH,
feedstock gas from water
electrolysis and air separation unit
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N, + 3H, > 2NH,
or even
N, + 3H,0 > 2NH,+3/20,

H, , or even H,O

—> NH,

N,

Electrochemical synthesis of
Ammonia from water (directly or
indirectly) and nitrogen
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Electrolytic
| Ammonia Synthesis }

SI E M E N s (1B i | Science & Technology
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Molten Salt Approach

Stability of N3~ in metal halide salts allows
direct reduction of N, to N3 at ambient
pressure

Applied voltage causes migration of N3- fron
surface of negative electrode to surface of
positive electrode

Facile dissociation of H, occurs on positive
electrode to generate surface H N,
Surface N and H combine to produce
ammonia

Equivalent to high pressures used in thermal
route

SIEMENS
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Molten Salt Experimental Program

Temperature and
Gas Flow Control

Outlet gas analysed
by gas e
chromatography

Gas supplied to
porous electrodes
(orange and green

tubes) 100 mL molten salt
held in crucible

Page 21 September 2016



SIEMENS

Solid Electrolyte Ammonia Electrolysis

Anode Electrolyte Cathogle _ .-
+ Oxidation of hydrogen > Proton conducting - Re UCt!OHO nltroger?
- Electrically conducting > Electrically insulating » Formation of ammonia
» Proton Conducting © EleCtrica”y CondUCting
> Proton conducting
o
—>

N, + 6H" + 6e”

(

2NH-

b

2H* + 2e-

SIEMENS
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Solid electrolyte experimental programme

SIEMENS
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Preliminary studies of ammonia combustion for gas

turbines

Flame with a 62% ammonia, 38% methane blend at an air / fuel equivalence
ratio of 1.31 in Cardiff's HPOC test rig.

High equivalence ratios showed a reduction in NOx emissions, but suffered
unstable flames in high swirl regime of conventional industrial combustor.

CARDIFF

UNIVERSITY
SIEMENS
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Ammonia Gas Turbine Development

Lab combustor. Thermoacoustics.

Page 25
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2000

0 1 12 13 4
Equivalence Ratio
Comparison between models

and trials.

0,001
L[]

0.00105

CFD model using NH;-CH,
with GRI-Mech

SIEMENS

*Evaluation of current reaction
models to determine accuracy
and restrictions.

*Modelling of generic swirl
burners through CFD studies to
study combustion and emission
patterns.

Recommendation of first ideas
for technology improvement:
stratified injection.

CARDIFF

UNIVERSITY

SIEMENS el
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2020

SIEMENS

2025

(&) Proton Conducting electrolyte
IH0 P BH* + 312

0, + Ge°

Direct ammonia fuel cells Fuel In

No need to first crack = > <=

ammonia into N2 and H2 e Q

fuel. ' o

Solid Oxide Fuel Cells P W
proton-conducting ceramic S <==03
electrolytes 4= O

molten salt electrolytes Fuei and ;] P Gaoes
High temperature e =
self cracking = | =
High efficiency ancd | cathode

Electrolyte
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‘Green’ Ammonia

Green ammonia is key to
meeting the twin challenges
of the 21st century.

Ammonia
Ammonia is a
compound made
of nitrogen and

hydrogen. Chemical
formula NH,.
Ammonia’s main
use is in fertilizer.

Nitrogen is a harmless odourless gas that
makes up 78% of the air around us.

Hydrogen is the most abundant element
in the universe. There are 2 hydrogen
atoms in every molecule of water.

H)

H) H)

By using water electrolysis and renewable
electricity, ammonia production can be
made completely carbon-free.

By 2050 there will be

 people on the planet.

SIEMENS

People need food and energy and it must be CO, free - that’s where green ammonia comes in.

Ammonia

180mition  ammonia feeds Today, ammonia In the Haber-Bosch The global trade
Tonnes the worki: 180 Is made using process hydrogen Inammonia
s milion tannes were the Haber-Bosch and nitragen means we.

- produced in 2015, invented are converted to almady know
mainly for use in and perfected in the. ammonie usi how 1o transport.
fertilizers. Growing early 19005, 1ts two ternpersture and & and store
demand for food inventors won Nobel catalyst. Itsafely.
means this must rise prizes in 1918 and
3% cach yoar. 1931,

But there is a problem
Today the lowest Ammonia production
cost way to get wlmummlmy
hydrogen is from this erergy also comes.
ratural gas but from fossil fuels. Together
this produces. with the fossil hydrogen
e ammonia production
which is
< &oiumm:m over accourts for over 1% of
© [0) climate change. 1% global CO, emissions.
The good news - i ing to create carbon free “green” ammonia
We can make hydrogen from water nmnm*ma/m When used in this way ammania turns
using electricity - & process known could save over 40 back into alr and water, so doesn't polute
s electrolysis. milion tons of CO2 each year in Europe the atmosphere.
Passing an electric alone, or over 360 millkon tons worldwide.
current through We can also burn Ammonia can even be made to dean up
water separates II amemania to make afteritself by ‘scrubbing’ army ritregen
the hydrogen and electricity when the cxides keft after combustion. Ammonia
oxygen. wind is not blowing. is 83 easy 10 store safely a5 LPG. You can

even run a car on
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