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Origins, impact and way forward

& 28January 2022 £ By Yana Popiostove
A PERFECT STORM?

Gas supply and demand cycles are impacted by weather and economic activity. The winter season
in 2020/21 was unusually cold in both Asia and Europe — the two main competing markets for
liquefied natural gas (LNG). Competition was accentuated by severe contraction of supply.

(£4]: EUROPE'S ENERGY CRISIS CONUNDRUM-Origins, impact and way forward,

https://www.iss.europa.eu/content/europes-energy-crisis-conundrum)
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|

Energy supply crunch -
T iz
A perfect storm or a self-inflicted tempest? xI'OI'Ig %3'?'?

Exogenous factors

F L <1 eme

Extreme Post-Covid Supply Capital contraction
weather recovery contraction in the hydrocarbon
sector

Indigenous factors

1T = o &

Low wind Dwindling Lowest EU-Russia
generation domestic gas storage dynamics
gas resources on-record

Other factors

e @

Climate Lack of Electricity price
policy strategic reserves formulation

(54]: EUROPE'S ENERGY CRISIS CONUNDRUM-Origins, impact and way forward,

https://www.iss.europa.eu/content/europes-energy-crisis-conundrum)
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A household is in fuel poverty if it needs to spend 10% or
more of its income on energy in order to maintain a
satisfactory heating regime.

ENERGY PRICE CAP
TIMELINE

UK households in fuel poverty

STANDARD VARIABLE TARIFF

October 2021 4.5 million
April 2022 6.5 million

october2022° 8.2 million 'Z
NEA

I £32: v 5
e SHEZS0P pction for Warm Homes

UK Total: 28.2 million households

energyguide
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Department of Energy Engineering, Dankook University
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1.2 | Renewable Energy

= 1.2 MW Concentrated Solar Power research and demonstration facility at CSIRO Energy = An aerial view of the 392 MW Ivanpah concentrated solar power tower facility at sunrise,
Centre, Newcastle, Australia showing three towers. Picture taken from US DOE

[CSIRO (2016) http://www.csiro.au/en/Research/EF/Areas/Solar/Solar-thermal/Solar-thermalhub . [US Department of Energy (2014) Fuel cell technologies office, Hydrogen production.
Accessed 2 Nov 2016] http:// energy.gov/eere/fuelcells/hydrogen-production. Accessed 2 Nov 2016]

= Dangjin Power Station (& Z1 2} 2 2 T &)
» SEHE GTA M2 00| Xt SRS 2T 491027 = HY FER2E= T
Kep wetege) TE wHYOIE) | S
20214 xjote ARoluixl waaEmwn) ) ( 20211 SEA| HAHOL{X] H2HMWh) |
B 65,938
£ 3

98 MW Ef Q2 LM MH| + M A| |l
22 306MWhE Of L X| X =& X] (ESS)

M| 2|cH 306MWhE 258t
SN EYTUTA
2020 eI SRR

& HANYANG 20 240k PV 98MW.
_ 5

[https://www.knrec.or.kr/biz/statistics/supply/supply02_03_list.do]

[Photo taken by Prof. Dr. HyungKuk Ju, 27t Oct 2023] 5

| 1.2 | Renewable Energy
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| 1.3 | Renewable Energy & CO,

= Any CO, Free?

Life cycle CO,
equivalent

from selected
energy sources

O
E 230

gCO,/TkWh

I Biomass
!»“2

Oo
1

‘ Nuclear
o 12
L= gCO,/1kWh

Concentrated
solar power

% 27 24
gCO,/1kwh

Coal é Gas

490
gCO,/1kWh E gCO,/1kWh
220 with CCS' 170 with CCS"
gCO,/1kWh gCO,/1kWh

(O

Solar PV Geothermal
41- 48 ~ff——— 38
gCO,/1kWh —_ s gCO/1kwWh

Wind
Hydropower Offshore

gCO,/1kWh gCO,/1kWh

Wind
Onshore

1
gCO,/TkWh *CCs Carbon Capture system

[https://www.fuergy.com/blog/the-footprint-of-renewable-energy]

| 1.4 | Renewable Energy & Region

= World map of global horizontal solar radiation

= The amount of solar energy intercepted by the earth in 1 hour is more than the annual
world energy consumption

= Solar energy resources are abundant in most parts of Africa, the Middle East, Australia,
South America, the Indian subcontinent, and Central America

= These areas receive more than 6 kWh m-2 of solar radiation per day

B fﬂ.‘r
" TRE
VEDEN .
T
| i

LARUS
R LAND d OLANBG
KRAINE

FEDERATION

" DENMARK

ms/“*ﬂ

FRANCH NGARY \é
5

INAM

iS.b\o |

R S

_INDONESIA
U

[GLOBAL SOLAR ATLAS, https://globalsolaratlas.info/map?c=9.709057,-70.3125,3] 8



| 1.4 | Renewable Energy & Region

= To some extent, countries that have planned hydrogen futures for themselves — Japan and South
Korea as frontrunners — are evolving as technology exporters for fuel cell vehicles and fuel cell
technology, while their hydrogen visions are mainly based on imports (from Australia and the
Middle East). This complementarity is acknowledged through hydrogen vision documents of both
importer and exporter groups.

Hydrogen costs from hybrid solar PV and onshore wind systems in the long term.

USD/kgH,

Bl <=16
Il 16-1.8
Bl 1820
2.0-2.2
22-24
24-26
26-2.8
2.8-3.0
3.0-3.2
3.2-34
3.4-36
I 36-38

B 3840
Source: IEA. >0

M

[https://kpmg.com/xx/en/home/insights/2021/01/geographic-hydrogen-hotspots.html] 9

| 1.5 | Renewable Energy & Price

= Rapid growth in the deployment of solar, wind and battery power means the global
electricity system could deliver on an ambitious net-zero trajectory by 2030

= New U.S. Energy Information Administration (EIA) data predict solar and wind energy will
dominate America’s new generation in 2020, making up 76% of new generation and
adding 42 gigawatts (GW) of zero emission capacity, while coal and natural gas will
dominate 2020 retirements with 85% of plant closures.

Figure 9: Expected solar and wind costs at different learning rates, $/MWh
. Planned U.S. electric generating capacity additions (2020)

Solar [ wina | gigawatts (GW)
80 S/MWh 20
18 wind natural gas

2 other
() 0.73
(2%)

16
80 = 14
Past 12
10
=]

6
4
2 -
0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov D:
2036 Source: LIS Eneraqy wation A stration, Prefr
Planned US electric generating capacity additions 2020

i Evwind, News Menu, Other renewables, Uncategorized, Wind Energy

Wind and solar power will
produce a third of the world’s
electricity by 2030

D July 34,2023 & reve

GY INFORMATION

[https://www.evwind.es/2023/07/14/wind-and-solar-power-will-produce-a-third-of-the-worlds-electricity-by-2030/92809 /
https://www.forbes.com/sites/energyinnovation/2020/01/21/renewable-energy-prices-hit-record-lows-how-can-utilities-benefit-from-unstoppable-solar-

and-wind/?sh=1185cd2d2c84]
E— ]



| 1.6 | How to store renewable energy ?

WLOILIR) HEBE = +4

Photovoltaics, wind,
hydropower of blomass

S %

[https://r y.com.au/south-australias-stunning
energy-transition-and-what-comes-next-79597/]

ESS Market Emerging as Blue Ocean Thanks to Government's Energy Change
Policies

G
(.°«\6\

m
mmercial HVd“’gef‘f‘{ﬁe,,/,v
commercial V=

— m
| comomydrogen ¥

[0 e m——

Comparison between battery and
hydrogen based backup power systems

[http://www.busi k co.kr/t /articleView.html?idxno=20287]

[CSIRO, CHES]

| 1.6 | How to store renewable energy ?

= RE fuels under consideration (media/feedstock)

U Current electrolysis units typically produce hydrogen at 100

Fuel kWh/k kWh/L
ue Ike / to 300 psig (7-20 bar) and stack can be operated 300 to
Hydrogen 2Bl 2.1 1,000 psi (20-70 bar)

Compressed H, 33.3 24 O Hydrogen must be compressed to high pressures (> 700 bar)
@700 bar for delivery to H, refueling station (Hyundai IX 35: 5.6 kg of
Ammonia 5.2 35 H, tank at 700 bar (10,000 psi))

(NH;)
Methanol BB A U Liquid H,: it needs to be cooled down to 20.28 K (-252.8°C)
(CH,OH) : :
Dimethy! ether QO Lliquid ammonia: it stays in a liquid form at room
(DME) 79 53 temperature and ca. 10 bar pressure
Diesel
(CooHyo o CycHr) 12.0 9.9 Q Liquid organic hydrogen carriers (LOHCs): Pure H, is obtained
L2 o2 from LOHC dehydrogenation.
Liquid
Storage
- 20| 7| M% A I/ A 252 IStk - i

i

DLR Cologne, Germany  EEYYTSpybii -
[E2+22H) 12



| 1.7 | H, storage materials
2 Why NH,?

= Mass production, storage, transportation

H, Storage Materials

Kgo/m?

Liquid
Storage

Gaseous
Storage

2bar, 4.7 ton

DLR Cologne, Germany

Wt% x 10

Easy handling and storage exploiting existing infrastructure (liquefied ~10 bar or cooling to -33°C)

= High energy density (4.32 kWh/L for liquid NH3) and high H2 content (17.8 wt%)

2~3 ton CO, / ton-NH,

= Energy consumption ~38 GJ/ton

[IJHE, 44 (2019) 11901 / COAG Energy Council , Australia's National Hydrogen Strategy, 2019 / 27t

| 1.7 | H, storage materials
2 Why NH,?

= Mass production, storage, transportation
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Use of ammonia for energy storage

Storage options for 200 MWh electric (plus 600 MMBtu CHP heat)

1,000kg H, Linde storage in Germany
Capital cost ~$1,500K

30,000 gallon
underground tank
Capital cost ~$100K

or40x

5 MWh A123 battery in Chile
Capital cost $50,000 - 100,000K

} Liquid ammonia provides smallest footprint and CAPEX ]

100,000 MWh

[DOE, May 27, 2021, The #H21Q Hour, Today’s Topic: Ammonia:
From Fertilizer to Energy Carrier]
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Geographic split of hydrogen consumption

In 2017, the largest regional consumers of hydrogen, in descending
order, were Asia, the Middle East, Europe and the US, with China alone
comprising roughly one third of the total consumption.

Geographic split of hydrogen consumption, 2017.

Japan
Canada -
Central Europe

- Other

Africa
Southest Asia

This coincides well with the use of hydrogen in refineries as well as
heavy and (petro)chemical industries, being located predominantly in
these regions. Thus, African nations, along with South and Central
America, currently account for just minor shares of the global
consumption.

South/Central
America

Western
Europe

Southwest
Asia

Eastern Europe Middle East

United States

Source: IHS Markit

| 2.0 | H, Economy & Carbon Neutrality — US

0 REs H,

* REs - H, : clean storage media

= Clean fuel : zero carbon

U.S. National
Clean Hydrogen
Strategy and
Roadmap

H2@Scale provides vision to guide how hydrogen can enable
clean-energy pathways across applications and sectors

-
- ~s

# Conventional Storage \\ Transportation

Power
¢ Generation

Ammonia/ S
Fertilizer 7

H0 Hydrogen
Generation

Nuclear

Metals
Production

Electric Grid
Infrastructure

S

1 Dollar

Fossil
with CCUS

1 Decade

1 Kilogram

Chemical/Industrial
Processes

Heat/Distributed
Power

Gas N\_
Infrastructure ~~

[US DOE, DOE National Clean Hydrogen Strategy and Roadmap, Spet. 2022] ¢
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| 2.1 | H, Economy & Carbon Neutrality — AU

o Australia . O[HE 9B 27 MES 45 T

- 2019.11 3F Z7H5A T2k Australia’s National Hydrogen Strategy) 2E
- ATSHMES S5 203047K| A20F22| M22 F2 0| X| Xt MEt SE
- SR AU ZIHR IEH NS A AE YT A

- 8 LELOotETES 719t THEH U HANY 7S S AS Y

- ool Mo X RL) 52 ASHHE Q| BRLIO0MFF 12 T

World map of solar direct normal irradiation

P [Giddey, et al., ACS i hem. Eng. 2017, 5, 10231-10239/ https://ar gov.auy, It £0- It
http://global.kawasaki.com/en/! /l
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o o —==
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CO,-Free Hydrogen Chain National Focus on Hydrogen
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Figure 3: Hydrogen can help decarbonise multiple sectors including “hard to decarbonise” sectors.
[Australia, Department of Climate Change, Energy, the UE Kawasaki
Environment and Water, State of Hydrogen 2022] (HE2|0 X|)

| 2.2 | H, Economy & Carbon Neutrality —JP

Roadmap of Fuel Ammonia Value Chain

Supplv
Green (Renewables)
Blue (Natural Gas+CCS)
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Clean Fuel Ammonia Value Chain Development, Shigeru Muraki, Ammonia Energy Conference 2022-Australia] 18
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| 3.0 | H, & NH; future technologies

[J CSIRO Report 2021.12, Hydrogen Research, Development and Demonstration (RD&D):
Priorities and Opportunities for Australia

@

Hydrogen Research,
Development and
Demonstration

Priorities and opportunities for Australia

Figure 28: Chemical storage technologies
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Figure 22: Direct hydrogen carrier production technologies
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Figure 19: Electrolysis technologies
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Ammonia: solid oxide electrolysis
Uses water and nitrogen feedstock, and could make use of waste heat streams.

Methanol: solid oxide electrolysis

Uses water and carbon dioxide as feedstock, and could make use of waste streams.
Ammonia: enzymatic synthesis
Uses water and nitrogen feedstock,
and operates at ambient conditions.

Methane: solid oxide electrolysis
Uses water and carbon dioxide as feedstock, and could make use of waste streams.
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| 3.3 | H, to NH; — Ammonia Value Chains

%arbon and hydrocarbon-assisted
water electrolysis

Alkaline
Is a low cost system and a
fell-established technology.

\Aua oxide

Can have low electrical
input (if heat at no cost)
and can be used to
make syngas from CO,
and water.

Polymer electrolyte
membrane electrolysis
Has a low footprint, is an
established technology
and can accommodate a
renewable energy supply.

Reduced electrical input required
due to chemical energy input.

Anion exchange membrane electrolysis
Can have a low footprint and have reduced
costs by removing precious metals.

[Prototype stand-alone medical oxygen generation]

Zero-carbon ammonia application space
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|3.4| H, to NH; — Ammonia Production

Up and down in scale of ammonia production

Yara BASF Ammonia Plant, Freeport Verbund, TX

750,000 metric tons per year

Proton Ventures, 1000 - 20,000 tons/year
http://www.protonventures.com/ projects/

Siemens Green Ammonia Demonstrator at the

Rutherford Appleton Laboratory {UK)
10 metric tons per year

~ Integrated >10 kg/day unit

» Complete system with AEM electrolyzer and ASU
~ High activity monolith catalyst

~ Capable of operation at 30 bar

~ Integrated 10 kg/day system

» Capable of operation up to 500°C/100 bar

» Unattended operation, remote monitoring

~ Can simulate intermittency, ~1400h on stream

~ Integrated 1 kg/day system

» Capable of operation at 30 bar

» Adsorbent capacity stable for 100 cycles
~ Operation time over 500 hours

[DOE, May 27, 2021, The #H21Q Hour,

Today’s Topic: Ammonia: From Fertilizer to

.
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| 3.5 | NH, to H, — Ammonia Cracking

] CSIRO, Australia
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| 3.6 | NH, for Fuel - Ammonia Utilization
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| 3.6 | NH; for Fuel - Ammonia Utilization

Ammonia as fuel: current status

A
PR

Wartsila 4 stroke engine fueled by NH3, 2020

John Deere 6400 tractor fueled by

o NHs, Morris, MN, 2019
https://www.swzmaritime.nl/news/2020/06, MAN 2 stroke engine fueled by NH3, 2020 2

30/marine-engine-to-be-tested-running-on- https://man-es.com/marine/products, https://www.mprnews.org/story/20
ammonia/?gdpr=deny 19/06/19/can-fertilizer-fuel-

greener-tractors

# Mitsubishi Power 40-MW class
ammonia gas turbine, 2021
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