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Research Topics in the Lab
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(a) Solar efficiencies distribution of each month (b) Wind efficiencies distribution of each month 

(c) Fuel cell efficiencies distribution of each month (d) Water electrolysis efficiencies distribution of each month 

(e) Ammonia synthesis efficiencies distribution of each month (f) Total efficiencies distribution of each month 

Advanced combustion 
modeling and prediction

High density iron redox 
flow battery

(a) 

(b) 

Decarbonization in industrial 
processes (iron/steelmaking, cement)

Material selection and 
optimization for SSBs

Nano/microscopic structure 
development for FC



General Roadmap for Decarbonization in Indonesia
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2060205020402030

Net zero carbon target

CO2 capture and utilization

Capture: power plant, cement plant, steel making, 

industrial combustor, industrial facilities

Utilization: industrial use, synthetic fuels, 

materialization, mineralization, geological storage)

Realization of 

carbon -neutral 

society

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

Synthetic carbon fuels with carbon -neutral 

resources ( low cost CO2 separation)

Renewable energy

Deforestation, carbon tax, and other policies

CO2 reduction

Focus mainly on no -regret options



Possible Indonesian energy roadmap toward Zero Carbon 2060

Ç 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.).

Ç 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 .
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2020 2030 2040 2050 2060

Zero Carbon 
target

ÅRE target 50%
ÅSMR and other advanced nuclear 

technologies (distributed, floating, 
remote, islanded)

ÅVehicle -to-grid (ancillary 
services)

ÅDomestic H2 market
ÅElectrified transportation for new 

purchase order
ÅLoad leveling and peak shaving

ÅBiomass co-firing
ÅNH3 co-firing demo
ÅElectric vehicles adoption
ÅH2 demonstration (diesel 

blending, fuel cell, etc.)
ÅEOR demonstration
ÅEnergy efficiency optimization

ÅCO2 capture for coal and gas plant 
ÅPhasing down coal plants
ÅEstablished distributed energy
ÅRetrofitting previous coal/gas 

plants for H2/NH3
ÅDistributed H2 power generation 

(fuel cell, etc.)
ÅDemand response and real -time 

pricing 

ÅRE target 70% (nuclear 10%, 
coal/gas with CO2 capture 20%)

ÅPhasing-out coal plants (except 
those included in the above 
20%)

ÅEstablished non-carbon-based 
energy market

ÅRE target 30%
ÅPumped hydro (large storage)
ÅH2/NH3 export
ÅMassive extension of geothermal
ÅGrid upgrading (smart grid, 

metering, etc.)
ÅCO2 utilization (materialization, 

materialization, etc.) demo

ÅNext gen (solid-state) battery 
production

ÅOpen electricity market (bulk 
and balancing services)

ÅH2 infrastructure (storage, 
transportation, stations, etc.)

ÅH2/NH3 co -firing (coal plants)

ÅRE target 60%
ÅH2/NH3 dedicated power 

plants
ÅPower-to-H2/NH3, H2/NH3 -to-

power
ÅEstablished CO2 utilization 

(mineralization, 
materialization, etc.) 

ÅLarge-scale fuel cell-based 
power generation

Å Interconnected national and 
international grids

Focusing mainly on no -regret clean energy applications



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

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

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

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

Hydrogen: Flexible Secondary Energy Source and Potential 
Energy Carrier

H2 production and utilization
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Primary 

energy 

sources

Direct use

Storage

Global energy systems in transition sources

Decarbonization pathway toward zero carbon
R.A.H. Iii. The age of energy gases. Int J Hydrogen Energy, 27 (1) (2002), pp. 1-9



Hydrogen Characteristics

ÅColorless, odorless, tasteless, non -toxic , and non -poisonous

ÅVery small molecule, low viscosity, therefore, prone to leakage

ÅHigh auto ignition temperature

ÅWide range of gas -to -air ratio for combustion
9



Hydrogen and Ammonia Applications
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Domestic power generation

Aviation

Maritime vehicles

Trains, buses Material handling vehicles

Large-scale power generation

Ammonia production

Industrial applications (amines, 
alcohols, cycloalkanes, hydrogen 

peroxide) 

H2/
NH 3 Combined 

cycle
Gas 

turbine

Internal 
combustio
n engine

Fuel cell 
(SOFC)

Battery

Higher ramp rate (faster), higher active power 

Larger inertia, higher reactive power, larger capacity

Possible priority integration of hydrogen in electrical grid
Potential utilization of hydrogen and ammonia in various sectors



Hydrogen in Asian Countries 
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Country Policy Name Year 

Launched

Main Focus Notes

Japan Basic Hydrogen Strategy

Green Growth Strategy

2017

2020

Energy,

industries, 

transportatio

n

ÅTarget: 3 Mt/y by 2030, 20 Mt/y by 2050

ÅFocus on power generation, industry, and 

transport

Å320 hydrogen refueling stations planned

Å Investments: $3B government support

South 

Korea

Hydrogen Economy 

Roadmap

2019 Vehicles, 

infrastructure

Å6.2 million FCEVs on roads by 2040

Å1,200 hydrogen refueling stations

ÅExporting hydrogen technology

ÅHydrogen buses, trucks for logistics

China Hydrogen Industry Plan 

(2021-2035)

2022 Industrial 

use, vehicles

Å50,000 hydrogen vehicles by 2025, 1 M 

by 2030

ÅLarge-scale hydrogen industrial clusters

ÅFocus on green hydrogen

ÅDevelopment of hydrogen pipelines

India National Hydrogen 

Mission

2021 Green 

hydrogen 

production

Å5 Mt of green hydrogen by 2030

ÅFocus on renewable-powered electrolysis

Å Incentives for manufacturers

ÅExport focus to Europe and Asia

Australia National Hydrogen 

Strategy

2019 Export, 

energy 

security

ÅPositioning as major exporter by 2030

ÅHydrogen hubs in key states (WA, QLD)

ÅHydrogen Superpower Roadmap

Å International partnerships (Japan, Korea, 

Germany)

0

2

4

6

8

10

12

Japan South
Korea

China India Australia

Target in 2030 (Million Tonnes)

Challenges

ð High production costs (electrolyzers and 
storage)

ð Infrastructure and logistics gaps (limited 
refueling stations)

ð Policy harmonization needed:  unified 
standards

ð Still focus on non -green hydrogen

ð Public acceptance and awareness

ð International trade rules alignment

ð Technological barriers: Storage, transport

ð Regulatory Complexity: Different country 
standards

ð Supply Chain Risks: Critical materials



Possible Roadmap for Hydrogen: Some SE Countries
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12Time

Hydrogen economy/society
- Massive domestic use (small and large 

power generation)

- Massive export

- Renewables-based H2 production

- Mineralization, sequestration

2020 2030-2035 2045-2050

Pilot and export
- LRC/LRF to H2/NH3

- Small-scale EOR 

(demo)

- FCEV demo

- H2/NH3 co-

combustion, blending

- Tanked H2

Infrastructure/market 

development
- Distributed electrolysis

- Liquid H2

- H2/NH3 for distributed 

power (small scale)

- EOR deployment

- H2 station

Export oriented 

Domestic (large and 
small scale) and Export

EOR: enhanced oil recovery
LRC: low-rank coal
LRF: low-rank fuels
SMR: steam methane reforming

Establishing export market,
while building domestic large-
scale application and social 
acceptance

Establishing both domestic and 
international markets

Domestic large scale

Cumulative annual cash flow illustration of 
hydrogen refuelling station

Ball and Weeda. The hydrogen economy ɬVision or reality? Int. J. 
Hydrogen Energy 40 (2015) 7903-7919

Priorities on no -regret 

options applications



Possible H2 Application Roadmap
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Immediate next steps

(~2025)

Early adoption Infrastructure building

(Initialization of hydrogen economy)

Diversification and 

broad rollout

Transportation

Power generation 

and grid balancing

Industrial Fuel

Residential and 

buildings

NH3-coal 

co-firing

Light commercial 

vehicles

Engineering 

analysis and pilot

Distributed power

Concentrated 

power plant

Heavy 

vehicles

Ancillary 

services

Rail
Ships

High-grade 

industrial heat / 

steam production

Gas-grid (local and 

domestic grids)

AircraftMaterial handling / 

forklifts Hydrogen 

station

NG replacement 

to NH3

Partial 

steelmaking

Open market 

(electricity 

and H2)

P2H2P

Power to H2, 

H2 to power

Light vehicles 

demonstration

Small-scale combined 

heat and power

Portable FC and 

electrolyzer, FC-

based mini grid

Small-scale 

demonstration, green 

industries
Steelmaking and 

other heavy industries



Energy and Transportation 

ÅTransportation is a significant portion of energy use and GHS emissions

ÅHuge energy consumption in transportation sector, especially car and motorcycles 

ÅThe need for fuel decarbonization , smart vehicle, vehicle multifunction, and integration

ÅHowever, 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, oilõs nature as an 
energy -dense liquid is more difficult to replace .
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Global energy usage in the transport sector in 2015

SS Ravi, M Aziz. Clean hydrogen for mobility ɬQuo vadis? Int J Hydrogen Energy47 (2022) 20632-20661

Global final energy consumption 
by sector (2018, source: IEA) Global Greenhouse Gas Emissions by the Transportation Sector



Hydrogen -based Vehicles

Å Over 13,000 vehicles with fuel cells that could use 
hydrogen as a fuel in 2019, and continually increases 
reaching about 
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A historical road map of hydrogen utilization in mobility applications from 1766 
to the present day

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.

SS Ravi, M Aziz. Clean hydrogen for mobility ɬQuo vadis? Int J Hydrogen Energy47 (2022) 20632-20661



Fuel -Cell Based Vehicles

ÅShifting from light to heavy duty vehicles (bus, truck, train, ships, and airplane)

ÅFocus on the systems that requires high gravimetric energy density of fuel

ÅFor light passenger vehicles, it seems that battery EV potentially be the winner

17

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

Schematic representation of FCEV powertrain with auxiliary power systems

SS Ravi, M Aziz. Clean hydrogen for mobility ɬQuo vadis? Int J Hydrogen Energy47 (2022) 20632-20661



Hydrogen -Fueled Aircraft
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Airbus is targeting to adopt hydrogen for passenger aircrafts by 2035

The concept of aircrafts being developed by Airbus

Historical timeline of hydrogen -fueled aircraft

Khandelwal , et al. Hydrogen powered aircraft : The future of air transport. Progress in Aerospace Sciences 60 (2013) 45-59

Fuselage tank configuration



Hydrogen -Fueled Ships and Trains
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Hydrogen -fueled trains in Germany

*ÈÞÈÚÈÒÐɯɁSuiso%ÙÖÕÛÐÌÙɂɯÍÖÙɯÓÐØÜÐËɯÏàËÙÖÎÌÕɯÛÙÈÕÚ×ÖÙÛÈÛÐÖÕ

PassangerÍÌÙÙàɯɁHySeasɂɯÐÕɯ2ÊÖÛÓÈÕË



Hydrogen as ship fuel 

LNG H2DIESEL

Methane

? ?

GWP 20years +84

GWP 100 years +28

Even though LNG is  
undisputedly a cleaner  

alternative fuel to diesel  
oils, it is still a fossil fuel!

Obstacles:
Technical
Political

Investment

Is Hydrogen an alternative energy vector?
Criteria :
Å Local and regional impacts
Å Overall environmental impact
Å Infrastructure (system, bunkering, etc.)
Å Total costs (ship, fuel, infrastructure)
Å Energy/Power requirements
Å Hybrid and non -hybrid systems

No silver bullet solution

Carbon neutral fuel has to be 
considered

Source: Carnival Corporation &PLC

IMO target



Project Development for Ships and Ferries
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o

with respect toLNGdevelopment

Energy Observer

(2017)

Race for Water

(2017)

NPRA

Elektra

Water-Go-Round

Maranda

HYSEAS

III

Norled car and  
passenger ferry

Hydrogen fast ferries  

Sogn & Fjordane

County

Havila Coastal Route

Fiskerstrand car and passenger

ferry

KHI LH2 carrier

2019

2018

2020

2021

2022

2023

Hydrogen Viking

Flagship s



Levelized Cost of Hydrogen Production 

35Lane et al. Forecasting renewable hydrogen production technology shares under cost uncertainty. JHE 46 (2021) 27293-27306

Costs of producing hydrogen from renewables and fossil fuels today
IRENA. Hydrogen: A Renewable Energy Perspective. 2019

Range of actual and allowable hydrogen production costs for different end -uses 
Ball and Weeda. The hydrogen economy ɬVision or reality? Int. J. Hydrogen Energy 40 (2015) 7903-7919



Hydrogen Price and Export Potential in SE Countries

Å The assumed price is based on the potential resources owned by the country and does not reflect the dynamic 
strategy of the respective country

Å 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

36

A four-quadrant analysis of green hydrogen export potential by ASEAN 
country using biomass and geothermal energy

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

ASEAN

Member States

Biomass Geothermal Sum

Brunei ï ï ï

Cambodia ï ï ï

Indonesia 3.84 4.34 8.17

Lao PDR 0.14 0.01 0.15

Malaysia 0.08 ï 0.08

Myanmar 0.12 ï 0.12

Philippines 0.03 0.53 0.56

Singapore ï ï ï

Thailand 0.27 ï 0.27

Vietnam 0.06 0.05 0.11

The amount of green hydrogen that can be 
produced in each ASEAN country (MMT)

ASEAN

Member 

States

LCOH 

(2021)

LCOH 

(2050)

Brunei 8.5 5.4

Cambodia 7.1 4.0

Indonesia 10.2 6.4

Lao PDR 9.5 5.1

Malaysia 7.8 4.8

Myanmar 7.1 3.8

Philippines 8.6 5.3

Singapore 8.9 5.8

Thailand 6.6 3.9

Vietnam 6.9 4.0

LCOH (USD/kg H2) by ASEAN 
country (2021/ 2050)



Potential Sources for H2/NH3 in Indonesia
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Primary source Potential
H2 

potential
NH3 

potential
Technologies Concerns

High -rank coal
Mid -rank coal
Low -rank coal

1.1 Mt
3.9 Mt
3.2 Mt

0.1 Mt
0.3Mt
0.2 Mt

0.6 Mt
1.7 Mt
0.9Mt

Thermochemical: gasification, 
chemical looping, water -gas 
shift, purification

Low price and unused for low -rank coal
Complicated process
High concern on produced CO2

Natural gas 135 TSCF 841 Mt 4.9 Gt
Thermochemical: reforming, 
water-gasshift, purification

Established current infrastructure
High potential as energy buffer during 
transition

Wind energy 60.6 GW 11.1 Gt/y 61.6 Gt/y Electrolysis
Widely distributed
Tropical characteristics (relatively low speed 
and unstable)

Solar energy 207.8 GW 38.2Gt/y 211.4 Gt/y
Electrolysis (PV)
Thermochemical (CS): 
thermochemical water splitting

Widely distributed
Tropical characteristics (high moisture, 
diffraction)
Geological characteristics

Biomass and 
Wastes

32.6 GW 4.3 Gt/y 24.9 Gt/y
Thermochemical: gasification, 
chemical looping, water -gas 
shift, purification

Distributed resources (generalbiomass)
High potential for industrial waste
Low concern on generated CO2

Hydro 75 GW 13.8 Gt/y 76.3 Gt/y Electrolysis

Geological characteristics (remote)
Ecological and seasonal concern
Excellent resourcesof water (power and 
electrolysis)

Geothermal 29.5 GW 5.4 Gt/y 30.0 Gt/y
Electrolysis
Thermochemical:
thermochemical water splitting

Geological characteristics (grid or tank?)
Water resource
Hydrogen transportation



Initial Possible Scenarios in Indonesia 

43

Natural gas

Low -rank coal

Industrial/agricultural wastes:
black liquor, palm wastes

Compressed H2

Liquid H2

Methanol

Ammonia

Combustion for thermo -cycle

ICE/ Diesel blend

Fuel cells

Production Storage/ transportation Utilization

Hydro

Co-combustion 

Large/small 
and long term

Carbon-based

Large and 
short term

Small scale

Geothermal

Level of feasibility/preference:        High                Moderate               Low Copyright @ 2021 Aziz Lab., UTokyoUsed for material rather than fuel



Hydrogen Storage, Transportation , and 
Distribution

47



Technical Challenges in H2 Storage and Transportation
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MolecularSize

Diffusivity

Reactivity

Density

Flammability

Å Smallest in size

Å Easily pass through metallic andnon-metallic  

material

Å Four-time higher diffusion coefficientcompared

to naturalgas

Å Rapid gas escape forming flammable gas in air

Å Highly reactive

Å Combines with most elements to formhydride
Hydrogen

Embrittlement

Å Seven times lighter than naturalgas

Å Low volumetric energydensity

Å Highly flammablegas

Å Flammability range of 4-74 vol% inair

Hydrogen

Permeation

Fire Safety  

Issue

Hydrogen  

Blistering

High gravimetric  

but low  

volumetricdensity

Flammable  

hydrogenclouds  

formation



Hydrogen Storage and Transportation Options

49
Aziz M. Liquid Hydrogen: A Review on Liquefaction, Storage, Transportation, and Safety. Energies. 2021; 14(18):5917



H2 Storage Methods and Their Densities

50Andersson J, Grönkvist S. Large-scale storage of hydrogen. Int. J. Hydrogen Energy 44 (2019) 11901-11919

Gravimetric H 2  density (mass%)

V
o

lu
m

e
tr

ic
H

2
d

e
n

si
ty

(k
g

 H
/m

3 )
 

BaReH9

140        <373 K, 1 bar

LaNi 5H 6

FeTiH 1.7
300 K, 1.5 bar

300 K, 2 bar

Mg 2FeH6

620 K, 1 bar

Mg 2NiH 4

550 K, 4 bar  dec. >520K

KBH 4

NaAlH 4

LiAlH

dec. 400K
4

LiH dec. 
650K

dec. 580K

MgH 2

620 K, 5 bar

NaBH 4

dec. 680 K
C8H 18 (liq .)

C4H10 (liq .)

b.p. 272 K

CH4 (liq .)

b.p. 112 K

Pressurised H 2 (gas)

(composite material) p [bar] 130

H 2

physisorbed on 
carbon

H 2
Chemisorbed on 

carbon

20.3 K

AI(BH 4)3  
dec. 373 K
m.p. 208 K

C H 0.95
nano

2000

1000
800

500

200

density 5 g cm-3 2 g cm-3 1 g cm-3 0.7 g cm-3

20000

5000

160

0 5 20 25

120

100

80

60

40

20

0

LiBlH 4 dec. 
553K

H2 (liq .)

10 15

NH 3 (Liq )


