nergy
conomics
roup

Interdisciplinary Summer School 2022

Energy &Transport

Prospects for hydrogen and fuel cell vehicles

Amela Ajanovic

Energy Economics Group (EEG)

Institute of Energy Systems and Electrical Drives
Vienna University of Technology

Tel. +43-1-58801-370364

Web:

Vienna, 23.6.2022


http://eeg.tuwien.ac.at/

%;j}j%,—cs Content

Introduction

EU hydrogen vision

Historical developments

Economic and environmental assessment
RES and storage

Conclusion

2Rl i\



Conomics Transport sector

roup

= o1l products

Electricity Other
Biofuel 0.2% 3

» Jeast-diversified

esel
40.8%

" cnergy import dependency

Gasoline

Venezuela Nigeria 51.5%

United States Libya 4%\ 3%

5% \ 5%

Russia
9%

Saudi Arabia
26%

Global energy consumption
in road transport

United Arab
Emirates
9%

Irag
14%

Countries with largest conventional oil reserves



nergy
conomics
roup

GHG - EU 27
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GHG

Greenhouse Gas Emissions (GHG)* by Sector: EU-27
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%nergy The challenges for EU climate

Mitigate
global
warming

Improve

air quality Car passenger transport

Effective
policies and
measures
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Electric vehicles

@ ICE —@ HEV _@ —Q
= 0
& £ =) £
REX _@ @ BEV —@ _@
0 :@oo
A=Nel Il 3 ool
o | = & =)

Svymbols: / \ICE @B 1.k O sattery [ Generator ‘) Electric motor

<> Power converter Jﬂ]]hFuel cell DHZ-Tank | Transmission

el |:> Electricity i Hydrogen




nergy

cfgon‘fpmics FCV

Stores hydrogen gas
compressed at extremely
high pressure 10 increase
driving range

Power Control Unit

Governs the flow of
electricity

from regenerative braking
and provides supplemental
power 1o the electric motor

Propels the vehicle much more
quietly, smoothly, and
efficiently than an internal
combustion engine and
requires less maintenance

Converts hydrogen gas
and oxygen into
electricity to power the
electric motor

Vehicle image courlesy 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

Losses final customer

USEFUL ENERGY
PRIMARY \\SECONDAR ENERGY> SERVICES
ENERGY ENERGY

Losses conversion

Losses exploration and transport
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»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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A challenging European hydrogen vision
Hy;i rog_ezr_{ :l“\\
oriented

e Direct Hz production from renewables; 2050

- _D{\ -.I de-carbonised Hz society
&0
S
/ Q‘Od{‘:’ 4 Increasing de-carbonisation of Hz production; renewables,
[ & / fossil fuel with sequestration, new nuclear
-
- 2050

Widespread Hz pipeline infrastructure

/: use in aviation

2040 Fuel cells become dominant
technology in transport, in distributed
power generation, and in micro-applications

Interconnection of local Hz distribution grids; significant Hz
production from renewables, incl. biomass gasification

2020

H; produced from fossil fuels with C sequestration
Clusters of local Hz distribution grids
- . g
Local clusters of Hz filling stations, Hz 2 qq,
& 5
W
2

2030 Hz prime fuel choice for FC vehicles

Significant growth in distributed power generation
with substantial penetration of FCs
Znd generation on-board storage (long range)

2020 Low-cost high-temperature fuel cell systems;
FC= commercial in micro-applications
FC vehicles competitive for passenger cars

transport by read, and local Hz production
at refuelling station (reforming
and electrolysis)

Hz produced by refarming
natural gas and electralysis

First H; fleets (15t generation Ha storage)

2000 2010 Series production of FC vehicles for fleets (direct Hy and on-board reforming) and
=y other transport (boats); FC for auxiliary power units {incl. reformer)

Fossil Stationary low-temperature fuel cell systems (PEM) (<300kW) —~ "'\\
fuel-based /’H Lo \
aconom Stationary high-temperature fuel cell systems (MCFCSOFRD) (<500KW); {‘ﬁ & k%l- \
y 2000 Hz ICEdeveloped; Demonstration fleets of FC buses /. (_,.3 ‘}_36;‘39 K |
13 / /
Stationary low-temperature fuel cell systems for niche commercial (<50kKW) |' ‘ﬂ \o‘Q {.‘-é':f

\ K\ -.,p*‘i /!

! ) .
Source: EU, 2003 \9 &
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FCVs

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

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

uel providers may not
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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Refuelling stations

Japan
Germany
United States*
South Korea
China
France
England
Canada
Denmark
Norway
Austria
Netherlands

Sweden

country

134

STATISTA, 2021
Number of hydrogen fueling stations for road vehicles worldwide as of 2021, by
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Hydrogen supply chains

Biomass
Hydro
Wind
Solar
Geothermal
Nuclear
Oil c
5
=
Coal 8%
Natural =3

Gas

HIGH EFFICIENCY &
RELIABILITY

2

ZERO/NEAR ZERO
EMISSIONS

Transportation

Distributed
Generation
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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/kKW

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 Maturity
capacity investment
cost

Alkaline Up to 150 500-1 400
electrolyser MW USD/kW

60 000-
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



nergy

%ﬁg’fp’""cs Colors of hydrogen

B Green H2

Oil
Coal

Natural gas ‘ Grey H2

) 52

With Carbon
Sequestration
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different production pathways

Hydrogen cost (USS/kg H2)

Blue hydrogen Grey hydrogen Green hydrogen
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Electrolysis

20

15

10

Costs of hydrogen (cent/kWh)

reasonable cost range

1000 2000 3000 4000 5000 6000 T000 B000 9000
hoursfyear

——Capital costs  —@=Average costs of electricity =de=Total production costs
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The costs per km driven C, ., are calculated as:

IC-« C [€/100 km driven]
C, = + P, - FI +—2%
skm skm
IC...... investment costs [€/car]
A........ capital recovery factor
skm.....specific km driven per car per year [km/(car.yr)]
Pf........ fuel price incl. taxes [€/litre]

Coanm---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(l+2)
(1+z) —1

n..... the number of annuities received.
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0 20 40 60
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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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150 -

100 -

50 -

2015 2030 2050

W Fuel cell system (80kW)

Development of the costs of the fuel cell system



conomics

nergy Scenario for development of
roup investment costs

Technological learning:

140000

(Power: 80 kW)

120000 /’—\

10000(¢

8000(

EUR/car

GOOOT

4000C

20000\

2010 2015 2020 2025 2030 2035

—e—Gasoline —m—Diesel

—+—Diesel-Hybrid —Electric vehicles

2040 2045

2050

Gasoline-Hybrid

~-Fuel cell vehicles
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| FEEL SO DIRTY !

BEV & FCV

Artist: Marian Kamensky
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Well-to-Wheel (WTW)

A

- ™
Primary
energy - — " Hydrogen  )-——-——- Mobility
source

E ! |

i ! ;

i I ;

Well-to-Tank (WTT) Tank-to-Wheel (TTW)
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FCVs vs BEVs

BEV

» Costs

* Infrastructure
» Fuel efficiency

Costs

*Environmental benefits

<

BEV
advantages

FCV

*Refuelling time

Driving range

*Weight of energy storage

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
€missions

» Increase use of renewable energy sources (RES)

» How to cope with excess electricity from RES
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Demand for long-term storage TU

WIEN
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Long-term storage needed
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Very low roundtrip efficiency for electricity!

nN=27-38%
n =90% nN=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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Announced targets for FCV

2030

[ Hydrogen Council vision: 10-15m cars; 0.5 m trucks
California China Germany Japan Korea
1 m FCVs; 1000 HRS 1 m FCVs 1000 HRS 0.8 m FCVs; 6.3 m FCVs;
; 900 HRS 520 HRS

[ Hydrogen Council vision: 400 m cars; 15-20 m trucks, 5 m buses
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Uses of hydrogen

Current role

Demand perspective

Cars and vans

(light-duty
vehicles)

>28 000 vehicles in
operation, mostly in
California, Europe and
Japan

The global car stock is expected to
continue to grow; hydrogen could
capture a part of this market

Toyota Mirai

Honda Clarity

Hyundai Tucson

Hyundai Genesis
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Current role

Trucks and Demonstration and niche
buses markets:
(heavy duty >25 000 forklifts
vehicles) >500 buses

>400 trucks

>100 vans.

Demand perspective
Strong growth segment; long-haul and

heavy-duty applications are attractive
for hydrogen

Hydrogen Bus in the UK

Sunline Transit H2 Bus in CA

Hydrogen Bus in Norway
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Uses of hydrogen

Current role Demand perspective

Rail

Two hydrogen trains in Rail is a mainstay of transport in many
Germany countries

Coradia iLint i Gem'l .
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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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More cars

Congestion

Congestion More roads

More cars
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Energy efficiency of mobility

System AVOID
efficiency unnecessary travel and reduce trip distances

|

> Travel SHIFT
efficiency towards more sustainable modes

—

g
Vehicle IMPROVE
efficiency L transport practices and technologies
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Energy
Technology
Analysis

FPOF“fOSPECTS
HYDROGEN

AND

FUEL CELLS

@. ® ica hydrogen

GLOBAL TRENDS AND
OUTLOOK FOR HYDROGEN

December 2017

Technology Roadmap

Hydrogen and Fuel Cells

The Future of
Hydrogen

Seizing today’s opportunities

HH» INTERMATIONAL ENERGY AGENCY

@ o o

MYDROGEN IMPLEMENTING AGREEMENT

HYDROGEN
PRODUCTION

AND

STORAGE

R&D Priorities and Gaps

Global Hydrogen Review
2021




