5K F

(; ’ THE UNIVERSITY OF TOKYO

Advancement of Hydrogen in the Transportation Sector:

rends and Efficient Hydrogen Storage Technologies

International Conference of Inland \Water and Ferries Transport
Polytechnic of Palembang

23 October 2025

~ y . ~ ~ A~ . ~

Institute of Industrial Science, The University of Tokyo
epi.iis.u -tokyo.ac.jp

Muhammad Aziz

'aF

S BB A E B AR 2% T AZIZ LABORATORY . >
-ﬁ‘&%’%‘; ma b Energy & Process Integration % ,E{ ﬁ ?

“?}f Institute of Industrial Science, The University of Tokyo (
The University of Tokyo < THE UNIVERSITY OF TOKYO



Aziz/l abbEnhergyandirRracesscintegratiom tion

Website: epi.iis.u -tokyo.ac.jp

Highly-Efficient Energy Conversion, Hydrogen, Secondary energy De208

AZIZ LAB.

[Advanced Utilization of Clean Secondary Energy]

Department of Mechanical and Biofunctional Systems
Energy and Process Integration Engineering

Department of Mechanical Engineering

Graduate Program on Environmental Sciences https://epi.iis.u-tokyo.ac.jp

Advanced adoption of clean secondary energy toward sustainability

A highly efficient and clean energy system is developed toward the realization of sustainable society.
Analysis and modeling of micro- to macro-scales for each individual energy conversion process and
elemental technology are performed, together with the effort to integrate them efficiently. In addition,
a mutual relationships (conversion, utilization, and storage) among the electricity, chemical energy, and
other carbon-free secondary energy sources is also studied.
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Integrated renewable multi -generation system and
energy, exergy, and techno-economic analyses
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Renewable ener L
| 2 =& B | %-—_“---- N . * Rea“zatlon Of

: - carbon -neutral
Deforestation, carbon tax, and other policies

s 0 2 £ £ L L . _ . ___ . ___ . I .} J B _}N | SOCiety

Non-carbon based fuels (hydrogen, ammonia, etc.)
I N N T N .

Synthetic carbon fuels with carbon  -neutral

resources ( low cost CO, separation)
CO, reduction L2 R R B L |

O Net zero carbon target

CO, capture and utilization

Capture: power plant, cement plant, steel making,
industrial combustor, industrial facilities

Focus mainly on no -regret options Utilization: industrial use, synthetic fuels,
materialization, mineralization, geological storage)
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A Biomass cofiring A Next gen (solid-state) battery A CO2 capture for coal and gas plant A Large-scale fuel celtbased
A NH3 co-firing demo production A Phasing down coal plants power generation
A Electric vehicles adoption A Open electricity market (bulk A Established distributed energy A Interconnected national and
A H2 demonstration (diesel and balancing services) A Retrofitting previous coal/gas international grids
blending, fuel cell, etc.) A H2 infrastructure (storage, plants for H2/NH3
A EOR demonstration transportation, stations, etc.) A Distributed H2 power generation
A Energy efficiency optimization A H2/NH3 co -firing (coal plants) (fuel cell, etc.)
A Demand response and real-time Zero Carbon
pricing target
D——
2020 2030 2040 2050 2060
| | |
A RE target 30% A RE target 50% A RE target 60% A RE target 70% (nuclear 10%,
A Pumped hydro (large storage) A SMR and other advanced nuclear A H2/NH3 dedicated power coal/gas with CO2 capture 20%)
A H2/NH3 export technologies (distributed, floating, plants A Phasing-out coal plants (except
A Massive extension of geothermal remote, islanded) A Power-to-H2/NH3, H2/NH3 -to- those included in the above
A Grid upgrading (smart grid, A Vehicle -to-grid (ancillary power 20%)
metering, etc.) services) A Established CO2 utilization A Established non-carbon-based
A CO2 utilization (materialization, A Domestic H2 market (mineralization, energy market
materialization, etc.) demo A Electrified transportation for new materialization, etc.)

purchase order
A Load leveling and peak shaving

Focusing mainly on no -regret clean energy applications

C Indonesia is targeting to achieve Zero Carbon by 2060. The energy mix is predicted to comprise 60-70% renewables, 10%nuclear, and 20-30% fossil

with clean technologies (CO2 capture, etc.).

C Nuclear and fossil (clean with CO2 capture ) are considered required to guarantee the energy security until the maturity and sustainability of the new

energy system can be realized (including the economy) until certain periods after 2060.



Hydiogenn: FlexibiécSecondaryrEnengy Sowcarce andl Potentiahl

EnengyyGannerer
O of global H2 Already more than
>50% e+ 10 000 vy

Hydrogen as potential secondary energy source(cleanliness, high efficiency, high variety
of production and utilization)

combustion, etc.

> Utilization of hydrogen: reciprocating combustion engine, fuel cells, combustion, co -

Energy density by weight is high (33 kWh/kg), but by volume is very low (3 Wh/I)

Produced mainly from natural gas, oil reforming, coal gasification, water electrolysis

Primary
energy
sources

rank coal
Conversion

H, production and utilization

R.A.H. lii. The age of energy gases.Int J Hydrogen Energy, 27 (1) (2002), pp. 19
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Density (gaseous) 0.089 kg/m’ (0°C, 1 bar)
Density (liquid) 70.79 kg/m’ (-253°C, 1 bar)
Boiling point -252.76°C (1 bar)
Energy per unit of mass (LHV) 120.1 MJ/kg

Energy density (ambient cond., LHV) 0.01 MJ/L

Specific energy (liquefied, LHV) 8.5 MJ/L

Flame velocity 346 cm/s

Ignition range 4-77% in air by volume
Autoignition temperature 585°C

Ignition energy 0.02 MJ

A Colorless, odorless, tasteless, non -toxic , and non -poisonous

A Very small molecule, low viscosity, therefore, prone to leakage
A High auto ignition temperature

A Wide range of gas -to-air ratio for combustion

1/10 of natural gas
1/6 of natural gas
90°C below LNG

3x that of gasoline
1/3 of natural gas

1/3 of LNG
8x methane
6x wider than methane
220°C for gasoline
1/10 of methane



HydrogenianchAmmoniaApplications tions

Used H, + N,

Industrial applications (amines,
alcohols, cycloalkanes, hydrogen
peroxide)

/ Yrge-scale power generation

B i
—a X (4 W

=Ll Domestic power generation

Aviation

T
A

Trains, buses

Material handling vehicles

Potential utilization of hydrogen and ammonia in various sectors
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Internal
combustio
n engine

Combined

cycle Battery

turbine

Higher ramp rate (faster), higher active power

Larger inertia, higher reactive

Possible priority integration of hydrogen in electrical grid

10



HydfogeniniAsian Countriesries

Country Policy Name Year Main Focus Notes 12
Launched

Japan

South
Korea

China

India

Australia

Basic Hydrogen Strategy 2017

Green Growth Strategy

Hydrogen Economy
Roadmap

Hydrogen Industry Plan
(2021-2035)

National Hydrogen
Mission

National Hydrogen
Strategy

2020

2019

2022

2021

2019

Energy,
industries,
transportatio
n

Vehicles,
infrastructure

Industrial
use, vehicles

Green
hydrogen
production

Export,
energy
security

A Target: 3 Mt/y by 2030, 20 Mt/y by 2050

A Focus on power generation, industry, and
transport

A 320 hydrogen refueling stations planned

A Investments: $3B government support

A 6.2 million FCEVs on roads by 2040
A 1,200 hydrogen refueling stations

A Exporting hydrogen technology

A Hydrogen buses, trucks for logistics

A 50,000 hydrogen vehicles by 2025, 1 M
by 2030

A Large-scale hydrogen industrial clusters

A Focus on green hydrogen

A Development of hydrogen pipelines

A 5 Mt of green hydrogen by 2030

A Focus on renewable-powered electrolysis
A Incentives for manufacturers

A Export focus to Europe and Asia

A Positioning as major exporter by 2030

A Hydrogen hubs in key states (WA, QLD)

A Hydrogen Superpower Roadmap

A International partnerships (Japan, Korea,
Germany)
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Target in 2030 (Million Tonnes)

10

8

6

4

2 l

O T T T T -_\
Japan South China India  Australia

Korea
Challenges
0 High production costs (electrolyzers and

storage)

0 Infrastructure and logistics gaps
refueling stations)

Policy harmonization
standards

Still focus on  non -green hydrogen
Public acceptance and awareness
International trade rules alignment
Technological barriers: Storage, transport

Regulatory Complexity: Different country
standards

0 Supply Chain Risks: Critical materials

(limited

ox

needed: unified

o Ox Ox Ox Ox

11



Possible-Roadmap fof HydrogensSomeSE-Cauntniesitries

[ Export oriented J

’ o

[Domestic large scale]

Pilot and export

- LRC/LRF to H,/NH,4

- Small-scale EOR
(demo)

- FCEV demo

- H,/NH; co-

. . —cambustion, blending

- Tanked H, /

Turn-over profit

Establishing
while buildir
scale applic
acceptance

1g domestic large-
ation and social

Infrastructure/market
development
- Distributed electrolysis
- Liquid H,
- H,/NH; for distributed
power (small scale)
- EOR deployment
- H, station

Priogifes on no -regret
tions applications

export market,

5K F

(:_ ’ THE UNIVERSITY OF TOKYO

Domestic (large and
small scale) and Export

power generation)
- Massive export
- Renewables-based H, production
- Mineralization, sequestration

Establishing both domestic and
international markets

Hydrogen economy/society
Massive domestic use (small and large

v

2020 2030-2035

Time

2045-2050

Measures for optimizing the business case:

® Reduction of investment costs

® Reduction of operational expenses

® Improvement of utilization

® Public support (tax breaks, subsidy, ...)

Valley of Death

Cumulative annual cash flow of a
hydrogen refueling station network

10-15 years —»«

Cumulative annual cash flow illustration of
hydrogen refuelling station

Ball and Weeda. The hydrogen economy ¢ Vision or reality? Int. J.
Hydrogen Energy 40 (2015) 79037919

EOR: enhanced oil recovery

LRC: low-rank coal

LRF: low-rank fuels

SMR: steam methane reforming 12
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Power generation
and grid balancing
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O O O
Immediate next steps Early adoption Infrastructure building Diversification and

(~2025)

)

Engineering @ _ @
analysis and pilot 4

(Initialization of hydrogen economy)

NH3-coal

Open market @

broad rollout

) &'f‘ P2H2P
Concentrated % T Power to H2,
power plant = H2 to power

4*1 f\r'

Transportation

Light vehicles
demonstration

Industrial Fuel

- (electricity
co-firing and H2)
NG replacement a2 _
to NH3 st ; AnC|!Iary
Ea .. services
A=
. . Fif e ‘ ¥
Material handllng/m -
forklifts ‘)ﬁ Light commercial Heavy Hydr(_)
Vehic'es Vehicles station
High-grade

industrial heat /
steam productior

Steelmaking and
other heavy industries

Residential and
buildings

Small-scale
demonstration, green Partial
industries steelmaking
S
| mmsum_;i,.--']

Portable FC and
electrolyzer, FC-

=

— ey =
Gas-grid (local and
domestic grids)

Small-scale combined
heat and power

________________________________________________________________________ bhased minL grid. _ .

13
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Other

11%
) 50 Road €02 Emissions by Economic Sector CO2 Emissions by the Transport Sector
Industrial ~ ! 34%
29% S 40 ™™ Non-Road
S -
S 8 rewP
Buildings = 30 S Wy 1%
e 3 g  Hsl o
5 2 = 5 B -
Q>. § lg E Q O
> ~ »
S, PEEY S PR S . w
lﬁ 3 R (] E = ) s Electricity and heat production = Manufacturing and construction b M
Transport Q ~ R o < = —y— Transport = Residental
29% 0 Other Automobiles Trucks = Aviation = Marine = Railways
. : Energy Demand (Million TJ
Global final energy consumption 9 ( )
by sector (2018, source: IEA) Global energy usage in the transport sector in 2015 Global Greenhouse Gas Emissions by the Transportation Sector

A Transportation is a  significant portion of energy use and GHS emissions
A Huge energy consumption in transportation sector, especially car and motorcycles
A The need for fuel decarbonization , smart vehicle, vehicle multifunction, and integration

A However, moving away from oil in the  transportation sector  is not as simple as an electric ~ vehicle in

every driveway. Electric vehicles work  well for many applications, but for others, oi |l 0s asart ur e
energy -dense liquid is more difficult  to replace .

SS Ravi, M Aziz. Cleanhydrogen for mobility ¢ Quo vadis?Int J Hydrogen Energ$7 (2022) 206320661 14



Hydfogenn-based! Véhicles s

1766 Discovered fuel cell
effect

The First PEM Fuel
Cell

Vision of Hydrogen

Hydrogen was Economy

identified
as an element

First Fuel Cell Vehicle -
Farm tractor powered

First PEMFC car by alkaline fuel cell

Commercialization General Motors used fuel

begins cell technology in production

FCX Clarity - First FCV of the Electro-van e
becomes commercially

available

» First global FCV
2011 Over 4000 fuel cell stock
forklifts worldwide ~13000
Over 100 Fuel Cell First Hydrogen
buses worldwide fuel cell
powered tram car

A historical road map of hydrogen utilization in mobility applications from 1766

to the present day

SS Ravi, M Aziz. Cleanhydrogen for mobility ¢ Quo vadis?Int J Hydrogen Energ$7 (2022) 206320661
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70
1800 | W # of Vehicles in 2019
B # of Vehicles 2030
1600 | —e— % Rise in No. of Vehicles (2019-2030) 60
«
2 1400 $
o 50 &
= 1200 2
= o
5, 1000 40 %
3 >
S 00 30 8
S S
(5]
Q 600 o
. 20 ©
O 400 o
3+
200 10
0
0

Bus Light
commercial heavy duty
vehicles trucks

Medium and Cars

Vehicle Type

Projection of the global number of hydrogen -fueled passenger
cars, light-, medium- and heavy-duty vehicles expected to be on
road by the year 2030 around the world.

A Over 13,000 vehicles with fuel cells that could use
hydrogen as a fuel in 2019, and continually increases
reaching about

16



Fuel-Celll Based!\VVehicles s

Hydrogen fuel-cell diversity in transportation

—— e e — — — —

£ N
Ships g \\
4-60MW ‘
..... - seeenenesan : —/Electronic |
100 Trains : | P Drive and ]
=3 - uxiiary. Control ]
1.5-3 MW A ircrafté : Energy Unit I
HDVs | 0.1-8 MW :
2 Long-haul trucks, coaches 150 — 400 kW | ; I o I
S - : | E ; % :
b 02

£107 MDVs ! — 1
= Delivery trucks, city buses 100 — 200 kW 2 = —_— 1 |

5 8 S0 1 Fuel Cell :
g_ LDVs 2 § efficiency. 1 Hydrogen Stack Electric :
o 100 - 200 kW g 5 - = | | Tanks Motor :
% 1 Passenger cars g § - I 1
80— 200 kW S \\ /

: . g < U7
: Material handling & | IS, =~ -
" Forklifts A, required
10 50 100 200 500 1,000 Schematic representation of FCEV powertrain with auxiliary power systems

Average mileage (miles per day)

A roadmap of light -, medium- and heavy-duty applications highlighting
the importance of the shift from light -to heavy-duty FCEV applications

A Shifting from light to heavy duty vehicles

A Focus on the systems that requires
A For light passenger vehicles, it seems that battery EV potentially be the winner

high gravimetric energy density

SS Ravi, M Aziz. Cleanhydrogen for mobility ¢ Quo vadis?Int J Hydrogen Energ$7 (2022) 206320661

(bus, truck, train, ships, and airplane)

of fuel
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(; ’ THE UNIVERSITY OF TOKYO

17



Hydfogenn-Fueled!Aircrafti(

Development in hydrogen

DASA-Tupolev Cryoplane
based on A-310

Aircraft with different
- configuration

iTupolev TU-154 EN;S-Tunmev demonstrator
- aircraft based on Do-328
LI
2 Satun-1v
Chaniere
Hydrogen Balloon
1783 1893 1937 1956 1963 1988 1993 1998 2003
Years

Historical timeline of hydrogen -fueled aircraft

(e
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Airbus is targeting to adopt hydrogen for passenger aircrafts by 2035

PASSENGERS

Blended-
wing body

Undecided

PROPULSION ENGINES

Hybrid turbofans 2
driven by hydrogen

combustion and

electricity generated

by fuel cells

Wholly fuel-cell powered;
removeable pods each
contain hydrogen fuel cells, a
liquid hydrogen tank, cooling
system and electric motor to
turn a propeller

Hybrid turbofans
driven by hydrogen
combustion and
electricity generated
by fuel cells

Hybrid turbofans
driven by hydrogen
combustion and
electricity generated
by fuel cells

EXHAUST RANGE

Water vapor 3,700 km
and trace

gases to be

determined by

research

Water vapor Undecided

Water vapor
and trace
gases to be
determined by
research

3,700 km

Water vapor and
trace gases to
be determined
by research

1,850 km

The concept of aircrafts being developed by Airbus

Fuselage tank configuration

Khandelwal , et al. Hydrogen powered aircraft : The future of air transport. Progress in Aerospa&zience$0 (20134559

18
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Hydrogenn-Fueled!Shipsanddrainsns
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Hydrogen -fueled trains in Germany
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Hydfogeniasiship fueluel

Is Hydrogen an alternative energy vector?
Criteria :

Local and regional impacts

Overall environmental impact
Infrastructure (system, bunkering, etc.)
Total costs (ship, fuel, infrastructure)
Energy/Power requirements

Hybrid and non -hybrid systems

To Jo T T To Do

considered

’ =~ 100% l N — -100%
85% | 100% : € 100% ”
, Particulates ': l] % 100% ’ o~ Particulates
NO . P vond 0 ’ NO:
Obstacles:
Methane Technical Even though LNG is
GWP 20years | +84 Political undisputedly acleaner

alternative fuel to diesel

GWP 100years| +28 oils, it is still afossil fuel!

( Investment )

No silver bullet solution

Carbon neutral fuel has to be

Rail 0.50%

International Aviation
1.90%

Other 15.28%

Other Energy
Industries 4.60%

Electricity and Heat
Production 34.97%

Carbon Emissions

5K F
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International shipping
2.70%

Domestic shipping &
fishing 0.60%

Manufacturing Industries
and Construction 18.18%

Millions MT CO2e Bﬁzggisps 10?%1h7ips
11 59 million ALBDs 82 million ALBDs 200% Carnon
: Footprint
10 4t S
N
9 - "
Y
LNG ~ 25% i
Bio LNG ~10 % N
50 % reduction Shore power ~ 10 % S IMO t I‘get
8 target by 2030 Additional energy savings ~5 % N 5(} .
(- % )
& >
. but ships built in 2020's N
7 will still be in fleet in 2050 Y
\\
N
N
N\
6 Changhgs targg;f:/)r 9 ’ Not achievable with <
new ships to o - \ N
3 current technolo
reduction by 2030 ay NS
N

5 \\

2050 Carbon

Footprint
4 T T T T T

Y2005 Y2010 Y2015 Y2050

SourceCarnival Corporation &£LC



Project iDevelopmentfor Shipsand keniiés:rries

Energy Observer

2018

Water-Go-Round

HYSEAS

2020

2021

Hydrogen Viking

Fiskerstrand car and passenger

T

Norled car and
passenger ferry

2022

Hydrogen fast ferries

Havila Coastal Route

2023

Sogn & Fjordane

TCaunty

NS

AL

v

9
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Assess the potential DNV GL, LR, RINA, 2002- MCFC,

for maritime use of FC  EU GROWTH pro- 2004 SOFC,

and develops a gram PEM
FCSHIP Roadmap for future

R&D on FC applica-

tion on ships

Research project on INE (Icelandic New 2004 - - -
New-H- the use of hydrogen in  Energy), GL, DNV, 2006
Ship marine applications et

Small passenger ship  Rederij Lovers, etc. 2012 - PEM 60 kW
Nemo H2 in the canals of Am- present

sterdam

Hybrid ferry with diesel Hornblower 2012 - PEM 32 kW
Hornblower  ganerator, batteries, present
Hybrid PV, wind and fuel cell

Small passenger ship  Bristol Boat Trips, 2012 - PEM 12 kKW
Hydro-gen-  nich operates in Bris-  etc. present
eslis tol

Small passenger ship  CMR Prototech, 2010 HTPEM 12 kW
MF Vagen  in the harbor of Ber- ARENA-Project

gen
Class Hybrid propulsion us- CMR Prototgch, 2003 - PEM 306
219A/214 ing a fuel c_:eII and a ARENA-Project, present kw,
Subma- diesel engine 'I_'hyssen Krupp Ma-
’ rine Systems, Sie-
rines

mens

Feasibility study of a Sandia National 2015 - PEM 120 kW

high-speed hydrogen  Lab., Red and White present per
SF- fuel cell passenger Fleet module
BREEZE ferry and hydrogen re- total

fueling station in San power

Francisco bay area 2.5 MW

PEFC-Cluster-improv-  NuCellSys, PhG IVI, 2005 - PEM Cluster

ing PEFC reliability CCM 2008 System
FELICITAS = ang power level by

clustering

Sport boat employing  Zebotec, Brunnert- 2007 - PEM 50 kW
Cobalt233  hybrid propulsion sys-  Grimm present
Zet tem using batteries for

peak power
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Levelizedd Cost of HydrogendRroductiontion

LCOH (USD/kg)
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Costs of producing hydrogen from renewables and fossil fuels today
IRENA. Hydrogen: A Renewable Energy Perspective. 2019
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Range of actual and allowable hydrogen production costs for different end -uses

Ball and Weeda. The hydrogen economy ¢ Vision or reality? Int. J. Hydrogen Energy 40 (2015) 79037919
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Lane et al. Forecasting renewable hydrogen production technology shares under cost uncertainty. JHE 46 (2021) 272937306
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HydrogeniPricecandrExpont PoténtialiniSEi Countriesniries

The amount of green hydrogen that can be

&

LCOH (USD/kgHby ASEAN

5N o

THE UNIVERSITY OF TOKYO

hilippine --== Mean LCOH: 5.79 )
S I S e produced in each ASEAN country (MMT) country (2021/ 2050)
7.0t i
ASEAN Biomass Geothermal ~ Sum ASEAN LCOH LCOH
: Member States Member (2021) (2050)
| ) States
S e i @ Indonesia Brunei i i i
= E : Brunei 8.5 5.4
o LaoPDR | Cambodia T T T :
2 ol s | Cambodia 7.1 4.0
< : Indonesia 3.84 4.34 8.17 :
R SR, WSRO WU WSS, [ S— SO W— Indonesia  10.2 6.4
) ; Lao PDR 0.14 0.01 0.15
< 55 i Lao PDR 9.5 51
' B Myanmar i MalaySia. 0.08 T 0.08 .
| Malaysia 7.8 4.8
| Myanmar 0.12 T 0.12
5ol i y Myanmar 7.1 3.8
_— Philippines 0.03 0.53 0.56 Philippines 8.6 53
I/IThailand E Singapore i i i Singapore 8.9 5.8
4.5 b—i fiomrey L L L L L L L ’ )
0 1 2 3 4 5 6 7 8 Thailand 0.27 T 0.27 .
MMT (Million Metric Tons) - Thailand 6.6 3.9
Vietnam 0.06 0.05 0.11 Vietham 6.9 4.0

A fourquadrant analysis of green hydrogen export potential by ASEAN
country using biomass and geothermal energy

A The assumed price is based on the potential resources owned by the country and does not reflect the dynamic

strategy of the respective country

A As many SE countries are developing and high  -population countries,  the energy demand in the future is very

dynamic and volatile. Therefore, the exportable energy (including hydrogen) is also very volatile and sometimes

difficult to predict

Kim et al. Green hydrogen export potential in each Southeast Asian country based on exportable volumes and levelized cost of hydrogen. Applied Energy 383 (2025) 125371
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Potentiah Seurces for H2/NH3JN |

hdonesianesia

5K F
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H2

NH3

thermochemical water splitting

Primary source Potential potential potential Technologies Concerns
gy
High -rank coal \\ 1.1 Mt 0.1 Mt 0.6 Mt Thermochemical: gasification, Low price and unused for low -rank coal
Mid -rank coal 3.9 Mt 0.3Mt 1.7 Mt chemical looping, water -gas Complicated process
Low -ran 3.2 Mt 0.2 Mt 0.9Mt shift, purification High concern on produced CO2
Thermochemical: reforming E_stablished_current infrastructure _
Natural gas 135 TSCF | 841 Mt 4.9 Gt e D High potential as energy buffer during
water-gasshift, purification g
transition
Widely distributed
Wind energy 60.6 GW 11.1 Gtly | 61.6 Gtly Electrolysis Tropical characteristics (relatively low speed
and unstable)
SECTITEBAY) ngpeilcyaldclzshtg:)algtzcrlistics (high moisture
Solar energy 207.8 GW | 38.2Gtly | 211.4 Gtly Thermochemical (CS): diffraction) '
thermochemical water splitting Geological characteristics
—
Biomass an Thermochemical: gasification, Distributed resources (generalbiomass)
32.6 GW 4.3 Gtly 24.9 Gtly chemical looping, water -gas High potential for industrial waste
Wastes . e
shift, purification Low concernon generated CO2
Geological characteristics (remote)
75 GW 13.8 Gtly | 76.3 Gtly Electrolysis SeCleE]lez Ele) SRR sl
Excellent resourcesof water (power and
electrolysis)
Electrolysis Geological characteristics (grid or tank?)
Geothermal 29.5 GW 5.4 Gtly 30.0 Gtly Thermochemical: \Water resource

Hydrogen transportation

42
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I " I : | :
I Natural gas I ; Small scale I I
: | : Compressed H2 | I

I I I
I I [ | B | :
| Low -rank coal [ ' | I |
: I I Large and o [ |
| — I ' shortterm  Liquid H2 I I
! !
| I | H H : ,
I Industnal/agrlcultural wastes: ' I H\b_of ' :
I black liquor, palm wastes : | A o | : :
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I I I
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Hydrogen Storage, Transportation:, and
Distribution



TechnicahChallengesdn H2 Storage @and TranhSpontationtation
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Compressed gas (pressure higher than 30 MPa)

Liquid (temperature —253 °C at 1 atm)
; Physical storage <
.~ Cryo-compressed (e.g., pressure 35 MPa at -253 °C)

Slush (combination of liquid and solid hydrogen at a triple point)

~Metal hydrides (e.g., MgH,, AlH;)
~ Complex hydrides (e.g., NaAlH,, Mg(AlH,),)
/Hydrides <
.~ Chemical hydrides (e.g., NH;BH;)

Hydrogen storage

Interstitial metal hydrides (e.g., La, Pd, LaNigH, FeTiH,)

__~Adsorption (e.g., MOFs, CNTs)
Chemical storage x .. ) )
"~ Liquid organic carriers (e.g., CsHg/CsHyp, C;Hg/C7H )

" Reformed organic fuels (e.g., methanol, ammonia, gasoline)

Hydrolysis (e.g., NaBH,)

Aziz M. Liquid Hydrogen: A Review on Liquefaction, Storage, Transportation, and Safety. Energies2021; 14(18):5917 49
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density 5 g cm® 2gcm® 1gcm?® 0.7gcn®
. Cmi:)HOQS dec-éA?l Blzﬂ 4)3 “"-nlll-'-llllllll....."
BaReH, Mg ,FeH, m.p. 20§“K‘-" '--.,...
<373 K, 1 bar 620 K. 1 bar “"' LiBIH ,dec. ".,.
LaNi H, H ’ \aEH 553K
4 o %
1300 K, 2 bar ' MgH , dec. 680K ~ & C.H H,
B FeTiH, 620 K, 5 bar L sH180q) NHiqg Chemisorbed on
W 300 K, 1.5 bar Lit dec. carbon i
I 1 ~ 650K: LO- -2 :
2 / .
MoNiH, ™ NaAH, \ Ctow) W~ CHaga)
- ’ KBH dec. 400K
4 '0... ““‘
20000 dec. 580K T, 200, 20K
- T~ .
5000 ~ < physisorbed on
carbon
2000 T — __
= T —
1000 7" — __
800 ~ — Pressurised H, ()
L 500 @~ @mposite material) p [bar] 130
I~
200 T
| | | L~ |
0 5 10 15 20 25
Gravimetric H, density (mass%)
50

Andersson J,Gronkvist S. Largescale storage of hydrogen. Int. J. Hydrogen Energy 44 (2019) 119611919



