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Stores hydrogen gas
compressed at extremely
high pressure to increase

Power Control Unit dnving range

Governs the flow of
electricity

High-Output Battery

from regenerative braking
and provides supplemental
power to the electric motor

Propels the vehicle much more Converts hydrogen gas
quietly, smoothly, and and oxygen into

efficiently than an internal electricity to power the
combustion engine and electric motor
requires less maintenance Vehicle image courtesy of

American Honda Motor Co., Inc.

Major components of a fuel cell-powered passenger car
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Crude oil, wood, Hydrogen, gasoline Heat, light, Warm and bright
coal, natural gas electricity, pellets, mechanical rooms, mobility
solar, hydro, nuclear district heat work

USEFUL
ENERGY

ENERGY
SERVICES

Losses final customer

PRIMARY SECONDARY
ENERGY ENERGY

Losses conversion

Losses exploration and transport




nergy

l-‘G:-C,?O"ug,mfcs Hydrogen

»Hydrogen is the simplest, lightest and most abundant
element in the universe

» Secondary energy carrier .... It can be produced from
different energy sources

»Hydrogen is less flammable than gasoline
»Hydrogen is non-toxic
»Hydrogen combustion produces only water

» Storage for surplus electricity
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Share of FCEV and HRS stock by region, 2023 FCEV stock by region and mode, 2023
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The main reasons for the slow introduction of FCVs:

. Costs
Application | Power or Energy Investment | Lifetime Maturity
energy efficiency cost
capacity
Fuel cell 80 - 120 kW | Tank-to- USD 60 000-f| 150 000 km Early market
vehicles wheel 100 000 introduction
efficiency
43-60%
° Consumer acceptance

° Infrastructure
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Customers will not buy
vehicles until they are
cost competitive and fuel
is widely available

uel providers may no
provide fuel widely until fuel
cell vehicles are widely

Fuel cells will not be cost
competitive until they
are mass produced

OEMs may not mass
produce fuel cell cars
until the fuel is widely

available and customer

The transition to a hydrogen economy is complex
OEM-Original Equipment Manufacturer
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Transportation
Biomass
HIGH EFFICIENCY &
RELIABILITY
Hydro
» Wind
X Solar
Geothermal
Nuclear
Distributed
Generation
Oil
55
=
Coal S‘gvj
= % ZERO/NEAR ZERO
Natural |38 EMISSIONS
Gas
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Electricity ;

5%
Coal; 11%

Other; 10%

Gas; 68% Refining;
25%
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Hydrogen production

Steam reforming of natural gas

Application

Steam
reformer,
large scale

Steam
reformer,
small scale

Power or
capacity

150-300 MW

0.15-15 MW

Efficiency

70-85%

Initial
investment
cost

400-600
USD/KW

3 000-5 000
USD/KW

Life time

30 years

15 years

Maturity

Mature

Demon-
stration

In steam reforming of natural gas ca. 7 kg CO, are produced per kg

hydrogen.
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Application Power or Efficiency Initial Life time

capacity investment
cost

Maturity

Alkaline Up to 150 63-70% 500-1 400 60 000- Mature
electrolyser MW USD/kW 90 000 hours
PEM Up to 150 56-60% 1 100-1 800 30 000- Early market
electrolyser kKW USD/KW | 90 000 hours
(stacks)Up
to 1 MW
(systems)

Electrolysis requires ca. 9 liters of water to produce 1 kg hydrogen.

IEA, 2019
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Oil
Coal
Natural gas

)

With Carbon
Sequestration
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different production pathways

Hydrogen cost (US$/kg H2)

Blue hydrogen Grey hydrogen Green hydrogen
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The costs per km driven C,, are calculated as:

IC - C [€/100 km driven]
C,,=——+P, -Fl + ==
skm skm
IC...... investment costs [€/car]
(o PRI capital recovery factor
skm.....specific km driven per car per year [km/(car.yr)]
Pf........ fuel price incl. taxes [€/litre]

Coen---Operating and maintenance costs
FI........ fuel intensity [litre/100 km]

A capital recovery factor (a) is the ratio of a constant annuity to the present value of

receiving that annuity for a given length of time. Using an interest rate (z), the capital
recovery factor is:

z(1+ ')
S

n..... the number of annuities received.
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1% 3%

Glider
39%
B Fuel cell system
H2 tank

W Battery

m Electric motor and
power control

Structure of investment costs of fuel cell vehicles
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B Fuel cell system (80kW)

Development of the costs of the fuel cell system
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Technological learning:
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(Power: 80 kW)
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——Diesel-Hybrid ——Electric vehicles «~Fuel cell vehicles



nergy

lgcggug,mfcs Environmental assessment

Well-to-Wheel (WTW)
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BEV FCV

» Costs *Refuelling time

Driving range

*\Weight of energy storage

* Infrastructure
» Fuel efficiency

Environmental benefits

Costs

BEV
advantages BEV

| FCV

FCV
advantages

_>
Range
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» Major challenges of global energy system:
= sufficient and secure energy supply
= reduction of energy-related greenhouse gas
emissions

» Increase use of renewable energy sources (RES)

» How to cope with excess electricity from RES
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Very low roundtrip efficiency for electricity!

nN=27-38%
n =90% N=50-60% \
Compressor Combined cycle

n=60-70%

Electrolyser

Battery degradation

Energy supply chains: Storage and/or use of RES for mobility
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Compressor

Electrolyser

Energy supply chains: Storage and/or use of RES for mobility
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Policy framework

Targets and long-
term vision

Standards,
regulations, Demand creation
coordinated actions

Policy framework

R&D .
) Investment risk

Demonstration mitigation
projects
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2030 [ Hydrogen Council vision: 10-15m cars; 0.5 m trucks J
. . Japan Korea
california [ China ] [ Germany J 0.8 m FCVs: 6.3 m FCVs;
; 1 m FCV: 1000 HRS ' ' : '
1 m FCVs; 1000 HRS m FLYVS 800 HRS 520 HRS

[ Hydrogen Council vision: 400 m cars; 15-20 m trucks, 5 m buses
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Current role Demand perspective
Cars and vans >87 000 vehicles in The global car stock is expected to
(light-duty operation, mostly in continue to grow; hydrogen could
vehicles) California, Europe and capture a part of this market
Japan

Toyota Mirai Honda Clarity Hyundai Tucson Hyundai Genesis
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Uses of hydrogen

Current role Demand perspective
Trucks and Demonstration and niche Strong growth segment; long-haul and
buses markets: heavy-duty applications are attractive
(heavy duty >50 000 forklifts for hydrogen
vehicles) >5000 buses

>400 trucks

>100 vans.

Hydrogen Bus in the UK Sunline Transit H2 Bus in CA

Hydrogen Bus in Norway
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Current role Demand perspective

Rail > 14 hydrogen trains Rail is a mainstay of transport in many
countries

Coradia il.it i Germ |
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Hydrogen can help to:

v Increase diversification of energy used in transport

v Decarbonise different transport modes (incl. trucks,
ships, planes)

v' Enhance energy security

v Integrate more renewables, serving as storage and
providing flexibility to grid balance

Major challenges for hydrogen and FCV:
— Economics

— Infrastructure

— Policies framework
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Conclusions

Introduce individual
bonus/malus

E-mobility

Size dependent
registration tax Fuel cell cars

Improve biofuels CO, based fuel tax

CO, standards
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System AVOID
efficiency unnecessary travel and reduce trip distances
5 Travel SHI FT
efficiency towards more sustainable modes
4
Vehicle IMPROVE
efficiency L transport practices and technologies

—

Energy efficiency of mobility
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Analysis
HYDROGEN
PROSPECTS PRODUCTION
FOR
HYDROGEN STORAGE
AND Technology Roadmap e
FU EL C E LLS kG F CE R&D Priorities and Gaps
O
@..ieo hydrogen The Future of iea

Hydrogen

Seizing today’s opportunities

GLOBAL TRENDS AND Report prepared by the A .
OUTLOOK FOR HYDROGEN (23(I)02l:a| Hydrogen Review

December 2017




