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Abstract

Among the major issues in recent years, global warming and environmental disruption as well as
depletion of fossil fuels caused by exhaust emissions from various power sources of automobiles are
crucial. Then automakers are under pressure to develop a new type of vehicle equipped with a clean
power source replacing the conventional internal combustion engine. The objective of our studies is to
reveal a new power system achieving both higher efficiency as well as a compact and lightweight body
for fuel cell (FC) vehicles which have been the focus of the world’s attention as the new type of vehicle.
This report covers the investigation and analysis of the R&D trend for FC vehicles (FCVs) in the world
and aims at giving a direction for the future effort to design the power system. The results of the
investigation are summarized as follows:

1) PEM fuel cells are the most suitable for vehicles by reason of high power density and easy operation.
2) As for fuel storage and supply, an approach based on hydrogen cylinders is advantageous to
designing a more simple power system and to putting into market for the time being. Otherwise,
gasoline reforming has advantage with regard to fuel supply making the best use of current
infrastructure.

3) The hybrid FC system in combination with batteries or ultracapacitors, which is expected to achieve
high efficiency, is a promising power system for urban vehicles with energy regeneration. Otherwise,
single FC system is still under development because of its simple configuration and cost benefits.

4) As for energy storage device, the introduction of Ni-MH battery is increasing rapidly and the
performance of ultracapacitors is improving these days.

5) As for electric motor, high performance permanent magnetic motor is progressively put into use in
Japan. The induction motor is ,however, often used in foreign countries for its durability and cost
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Table. 1 (a). Development of FCVsin North America (Part 1)

Company name

Ballard Power Systems

Type
(Base vehicle)

Bus, Phase 1 Bus

Bus, Phase 2 Bus

Bus, Phase 3 Bus

Bus, Phase 4 Bus :ZEbus

Year of development

1993

1995

1999

1997

Pictures
Typeof FC PEM PEM PEM
Output Ballard 93kW Ballard 205kW Ballard 205kW Ballard 205kW
Fuel storage Compressed H, Compressed H, Compressed H, Compressed H,
Auxiliary power unit None None None None
FC-Auxiliary power 10:0 10:0 10:0 10:0
unit power ratio
Type of motor DC 80kW AC induction 160kW AC induction 160kW AC induction
Company name Energy Partners
Type . Passenger car
(Base vehidle) SUV, Green car Golf cart, Genesis SUV, Gator (Chevy Lumina)
Year of development 1993 1995 1996 1997

Pictures
Type of FC PEM PEM PEM
Output 15kwW 7.5kW 10kW 20kw
Fue storage Compressed H, Compressed H, Compressed H, Compressed H,
Auxiliary power unit Lead-acid battery 9kW
FC—/—_\uxmary power 6.4 100
unit power ratio
Type of motor AC synchronous 44kW DC 7kW DC 8kW AC induction 59kW




Table. 1 (b). Development of FCVsin North America (Part 2)

Company name Ford GM
Type Passenger car, Focus FCV Van,
(Base vehicle) Passenger car, P2000 SUV, P2000SUV Passenger car, FC 5 Six- Passenger dlectrovan
Year of development 1999 1999 1999 1967

Pictures
Typeof FC PEM PEM PEM PEM . .
Output Ballard 67kW Ballard Ballard Ballard 75kW (Union Carbide Skw)
Fue storage Compressed H, Reformed methanol Compressed H, Liquid H,
Auxiliary power unit None None
FC-Auxiliary power 10:0 10:0
unit power ratio
Type of motor AC induction 67kW AC induction 67kW
Company name GM
Type Passenger car, Pickup truck o
(Base vehidle) Fud Cdl EV-1 Passenger car, PRECEPT (Chevrolet S-10) AUTOnomy HY-wire
Year of development 1998 2000 2001 2002 2002

Pictures :
Type of FC oEM PEM PEM PEM PEM
Output GM 105kW GM 25kw GM 100kW GM 94kw
Fue storage Reformed methanol Chemicd hydride Reformed gasoline Compressed H,
Auxiliary power unit Ni-MH battery None Battery None
FC-Auxiliary power 10:0 10:0
unit power ratio
Type of motor AC induction 102kW 85kW Whedl-drive motorx 4




Table. 1 (c). Development of FCVsin North America (Part 3)

Company name Damler Chryder (Chryder)
Type SUV, SUV, Mini van,
(Base vehicle) Jeep Commander Jeep Commander 2 Town & Country Natrium
Year of development 2000 2001
LA
Pictures S s R
Typeof FC PEM PEM PEM
Output Ballard Ballard Ballard
Fue storage Reformed gasoline Reformed methanol Sodium borohydride (NaBH4)
Auxiliary power unit Battery Ni-MH battery (90kW) Li-lon battery (40kW)
FC-Auxiliary power
unit power ratio
Type of motor AC inductionx 2 AC 35kw
Company name International Fudl Cdlls Georgetown University
Type Bus, Bus, Bus,
(Base vehicle) Generation | Bus Generation |1 Bus Methanol Transit Bus
Year of development 1998 2000

1994

-

Pictures
Typeof FC Phosphoric acid PEM PEM
Output (Fuji Electric 55kW) IFC 110kW dbb 100kW
Fuel storage Reformed methanol Reformed methanol Reformed methanol
Auxiliary power unit Ni-Cd battery 60kW Ni-Cd battery L ead-acid battery
FC-Auxiliary power .
unit power ratio 55
Type of motor DC 74kW PM 175kW AC induction 185.5kW




Table. 2 (a). Development of FCVsin Europe (Part 1)

Company name

Damler Chryder (Daimler Benz

Type Van, NECARI Van, NECARII Bus. NEBUS Passenger car, Passenger car,
(Base vehicle) (MB-100) (V-dass) ' NECAR 3 (A-dlass) NECAR 4 (A-dass)
Year of development 1994 1997 1997

Pictures
B
Typeof FC PEM PEM PEM PEM PEM
Output Ballard 50kW Ballard 50kW Ballard 190kW Ballard 50kW Ballard 70kW
Fue storage Compressed H, Compressed H, Compressed H, Reformed methanol Liquid H,
Auxiliary power unit None None None None None
FC-Auxiliary power 10:0 10:0 10:0 10:0 10:0
unit power ratio
Type of motor AC induction 30kW AC induction 33kW AC induction AC induction 33kW AC induction 55kW

Company name

Damler Chryder (Damler Benz

Type Passenger car, Passenger car, NECAR4 Van, Srinter FC Bus, Citaro FC
(Base vehicle) NECARS5 (A-dass) Advanced (A-dass) (Sprinter) (Citaro)
Year of development 2000 2001 2001

Pictures w
Typeof FC PEM Direct Methanol PEM PEM PEM
Output Ballard 75kW 3kwW Ballard 75kW Ballard 75kW Ballard 250kW
Fuel storage Reformed methanol M ethanol Compressed H, Compressed H, Compressed H,
Auxiliary power unit None None None
FC-Auxiliary power 10:0 100 10:0
unit power ratio
Type of motor AC induction AC induction 190kW




Table. 2 (b). Development of FCVsin Europe (Part 2)

Company name Renault Opel
Type Wagon Mini van Mini van Mini van, HydroGen 1 Mini van, HydroGen 3
(Base vehicle) (Laguna Estate) Sintra Zafira Zdfira Zdfira
Year of development 1996 1998 1998 2000 2001

2 .1—

Pictures - -
| # |
Typeof FC PEM ~ PEM PEM PEM PEM
Output De Nora 30kW GM 50kW GM 50kW GM 120kW GM 129kW
Fuel storage Liquid H, Reformed methanol Reformed methanol Liquid H, Liquid H,
Auxiliary power unit Ni-MH battery Battery Battery None None
FC-Auxiliary power i i . .
unit power ratio rangeextender (28 3:7) 10:0 10:0
Type of motor AC synchronous AC induction 50kW AC induction 50kW AC induction 55kW AC induction 60kW
Company name VW ESORO
Type Passenger car Passenger car Passenger car Passenger car, HvCar
(Base vehicle) (Golf-1V) (Golf) () BoraHY.POWER (Bora) y
Year of development 1997 2000 2000 2002 2001

Pictures
Typeof FC PEM PEM PEM PEM PEM
Output Ballard 20kW Ballard (Siemens 75kW (PSI 48kW 6.4kW
Fuel storage Reformed methanol Reformed methanol Liquid H, Hydrogen Compressed H,
Auxiliary power unit Ni-MH battery Battery Ni-MH battery Ultracapacitor 50kW Ni-MH battery
FC-Auxiliary power : ! )
unit power ratio rangeextender (2.8 3:7) 5:5
Type of motor 50kwW AC induction 75kW AC induction 75kW AC induction 35kW




Table. 2 (c). Development of FCVsin Europe (Part 3)

Company name Ansaldo Ricerche Srl. PROTON MOTOR Neoplan Coval H2 Partners
Type Bus Bus, Bayern-Bus | Bus, Pickun truck
(Base vehicle) (Macchi-Ansaldo city bus) (Neoplan MIC N8012) Midi bus N 8008 FC P
Year of development 1997 2000 1999 1998
. f
|
Pictures ‘1
Typeof FC PEM PEM PEM PEM
Output De Nora45kw (PROTON MOTOR 80kW) De Nora 220kW De Nora 6.5kW
Fue storage Liquid H, Compressed H, Compressed H, Compressed H,
Auxiliary power unit Lead-Acid battery Flywheel (100kW) Ni-MH battery Lead-Acid battery
FC-AUX|I|ary power 46 73
unit power ratio
Type of motor 70kWx 4 AC induction 45kWx 2 63kwW
Company name Zeneco
Type Utility vehicle, Ven Utility truck Van Van
(Base vehicle) TUG M3 London Taxi (Cova H2 Partners truck) Iveco ddivery van Coval ddlivery van
Year of development 1998 1999 1999 1999

Pictures
Type of FC Alkdine Alkdine Alkdine Alkdine
Output ZeTek 5kw ZeTek 5kwW ZeTek 7TkW ZeTek 5kwW
Fue storage Compressed H, and O, Compressed H, Compressed H, and O,
Auxiliary power unit Battery Battery
FC-Auxiliary power d
unit power ratio range extencer
Type of motor Motorx 2 DC 63kW 68kW DC 63kW




Table. 2 (d). Development of FCVsin Europe (Part 4)

Company name EUREKU Scania MAN
Type Bus Bus, Bus, Low floor Bus Bus, Low floor Bus
(Base vehicle) (Van Hool city bus) Scania FC Midi City Bus (NL 163 BZ2) (NL 223)
Year of development 1995 2001 1999 2001
i o .- _." -
Pictures
- [
Typeof FC Phosphoric acid PEM PEM PEM
Output (Elenco 78kW) De Nora 60kW Siemens 120kW De Nora 120kwW
Fue storage Liquid H, Compressed H, Compressed H, Liquid H,
Auxiliary power unit Ni-MH battery
FC—Auleary power g2 g2
unit power ratio
Type of motor 200kW 155kw AC induction 75kWx 2 75kWx 2
Company name Irisbus Peugeot FIAT
Type BUS Mini van Mini van Passenger car,
(Base vehicle) (Partner) (Partner) Seicento Fuel Cell (Seicento Elettra)
Year of development 2000 2001

2001

2001

Pictures
Typeof FC 60KW PEM PEM PEM
Output (Nuvera 30kW) (H Power 5.5kW TKW
Fuel storage Compressed H, Compressed H, Compressed H, Compressed H,
Auxiliary power unit Battery Ni-MH battery Ni-MH battery Lead-Acid battery
FC-Auxiliary power
unit power ratio
Type of motor 33kw 36kwW AC induction 30kW




Table 3 (a). Development of FCVsin Asia (Part 1)

Company name MAZDA TOYOTA
Type_ Cart Passenger car, _ Passenger car, ' Passenger car, SUV
(Base vehicle) DEMIO-FCEV (Demio) | DEMIO-FCEV (Demio) | PREMACY-FCEV PREMACY (RAVALV)
Year of development 1992 1997 1999 2001

1996

Pictures
Typeof FC PEM PEM PEM PEM PEM
Output Ballard 7.8kW MAZDA 20kw Ballard 50kW Ballard TOY OTA 20kW
Fue storage Hydrogen-absorbing dloy | Hydrogen-absorbingdloy | Hydrogen-absorbing dloy Reformed methanol Hydrogen-absorbing dloy
Auxiliary power unit None Ultracapacitor 20kW None Battery Lead-Acid battery
FC-Auxiliary power 10:0 5:5 10:0 10:0
unit power ratio
Type of motor DC 5.5kW PM 40kW AC synchronous 50kW AC induction 65kW PM 45kW
Company name TOYOTA
Type SUvV SUV, FCHV-3 SUV, FCHV-4 SUV, FCHV-5 Bus FCHV-BUS1
(Base vehicle) (RAVALV) (KLUGER V) (KLUGER V) (KLUGER V) (HINO HU2PMEE)
Year of development 1997 2001 2001 2001

2001

Pictures Sirkify E ‘ml t w
Typeof FC PEM PEM PEM PEM
Output TOY OTA 25kW TOY OTA 90kW TOY OTA 90kW TOY OTA 90kW TOYOTA 90kWx 2
Fue storage Reformed methanol Hydrogen-absorbing dloy Compressed H, Reformed gasoline Compressed H,
Auxiliary power unit Ni-MH battery Ni-MH battery 21kW Ni-MH battery 21kW Ni-MH battery 21kW Ni-MH battery
FC-Auxiliary power 8:2 8:2 8:2
unit power ratio
Type of motor PM 50kW PM 80kW PM 80kW PM 80kW PM 80kWx 2




Table. 3 (b). Development of FCVsin Asia (Part 2)

Company name HONDA
Type Passenger car, Passenger car, Passenger car, Passenger car, Passenger car,
(Base vehicle) FCX-V1 EV-Plus FCX-V2 EV-Plus FCX FCX-V3 EV-Plus FCX-V3 EV-Plus
Year of development 1999 1999 2000 2001

Pictures
Typeof FC PEM PEM PEM PEM PEM
Output Ballard 60kW HONDA 60kW HONDA 60kW Ballard 62kW HONDA 70kW
Fuel storage Hydrogen-absorbing dloy Reformed methanol Reformed methanol Compressed H, Compressed H,
Auxiliary power unit Ni-MH battery Ni-MH battery Battery Ultracapacitor Ultracapacitor
FC-Auxiliary power
unit power ratio
Type of motor PM 49kwW PM 49kw PM 49kw PM 60kW PM 60kW
Company name HONDA NISSAN
Type Passenger car, Passenger car, Passenger car SUV, XtaraFCV
(Base vehicle) FCX-v4 EV-Plus FCX EV-Plus R’ nessa Xtera
Year of development 2001 2002 1999 2000

|

Pictures
Typeof FC PEM PEM PEM PEM
Output Ballard 78kW Ballard 78kW Ballard10kW Ballard
Fuel storage Compressed H, Compressed H, Reformed methanol Compressed H,
Auxiliary power unit Ultracapacitor Ultracapacitor Li-lon battery Li-lon battery
FC-Auxiliary power
unit power ratio
Type of motor PM 60kW PM 60kwW PM PM




Table. 3 (c). Development of FCVsin Asia (Part 3)

Company name DAIHATSU FUJI-HEAVY TOSHIBA
Type Light passenger car, Light passenger car, Light truck
(Base vehicle) MOVEEV-FC MOVE FCV-K-II (SUBARU SUMBAREV)
Year of development 1999 2001 2001
f__. g
Pictures :
Typeof FC PEM PEM PEM
Output DAIHATSU 16kW TOY OTA 30kW MITSUBISHI HEAVY 10kW TOSHIBA 1.2kW
Fuel storage Reformed methanol Compressed H, Reformed methanol
Auxiliary power unit Ni-MH battery Ni-MH battery
FC-Auxiliary power
unit power ratio
Type of motor PM 32kW PM 32kw PM 40kW
Company name MITSUBISHI OsakaNationa Research Inditute HYUNDAI Korea
Type Passenger car, Passenger car, Light truck UV
(Base vehicle) MFCV Space Liner SANTA FE
Year of development 2001 1972 2000

Pictures
-"- . -‘1"'-; . 3 r=]
Typeof FC Hydrazine PEM
Output MITSUBISHI HEAVY 40kW 5.2kW IFC 75kW
Fuel storage Reformed methanol Liquid hydrazine Compressed H,
Auxiliary power unit Li-lon battery Lead-Acid battery 2.5kW None
FC-Auxmary power 73 100
unit power ratio
Type of motor PM 40kw Motorx 2 DC 5kw AC induction 65kW




Table. 4 (a). Characteristics of Fuel CellsInstalled in Previously-Developed Vehicles

Type

Phosphoric Acid
(and others)

Alkaline

(FC Control Ltd)

Praton Exchange Membrane

(Globe Tech)

Direct Methanol

(ElectroChem)

Power density

X

Oper ation at room temperature

o

Vibration/ Impact resistance

Life span

X

Ease of fuel supply

X

Cost per output

o

o

Number of applicable FCVs
in theworld (JAPAN)

3(2)

5(0)

77 (27)

1(0)

Table. 4 (b). Characteristics of Various Fuel Storage/ Supply Approaches

Based on hydrogen storage Based on reformed hydrocarbon fuel
Com&ﬁdeer n Absorbing dloy Liquid Hz Methanol Gasoline
Type FL ! ‘
& L7
- -.L. -t
(TOYQTA) (BMW) (TOYQTA)
System on FCVs
Emissions of vehicles x
Range X o
Weight density of onboard fue X X o
Volume density of onboard fuel X o o
Ease of refueling and infrastructure X X X o
Fudl storage stability X X
Cost X
Number of app! '(?:L‘ZFN():VS 33(8) 8(6) 8 (0) 20 (9) 5(1)




Table. 4 (c). Power System Configuration and Operating Procedures on Previously-Developed Vehicles
System based on FC only Hybrid system (FC and auxiliary power unit) without FC
(10:0) (9:1) (6:4) : (5:5) (4:6) (L9 (0:10)
i -.-'

—=

(NISSAN)

System configuration

Role of FC
Output is changed considerably
according to the load requirement
Absorption of regenerative energy — — Absorption and assisting the main power source— — The only power source

(Ratio between FC capacity and
auxiliary power unit capacity)
(DaimlerChryser) (MAN) E (TOYOTA) (Zevco)
Theonly power source — —»  Major power source  — —  Assisting the main power source  « — Range extender
~ - Outputischanged ~ — Onlytheswitchis « - awaysoperated at the constant load
turned on and off (at the best efficiency point)
The current performance and cost level exceeds the requirement

FC operation procedures
High performance and low cost
High performance, long life and low cost

Performance/ Cost requirementsfor FC
Role of auxiliary power unit
Perfor “?ance’ Cost (mclgdmg mamtenapce) The current performance and cost level exceedstherequirement  « —
requirements for auxiliary power unit
Characteristics ifn;p;?nzgggnwﬁn;i'gg Highly efficient system capable of absorbing regenerative energy Ordinary EV
Number of applicable FCVs 5 :
in theworld (JAPAN) 24(5) 8(4) : 64 S
Table. 4 (d). Characteristics of Auxiliary Power Devices
B_attery - Ultracapacitor
Ni-MH Li-lon
" ik Others
Type (Flywhee, etc)
(Shinkobe-Denki) (TOYOTA) (NISSAN) (HONDA)
Energy density (Wh/kg) o X
Power density (W/kQg) o o
Efficiency
Life span o o
Number of applicable FCV's
in theworld (JAPAN) 4(2) 179 54 () 2(1)




Table. 4 (e). Characteristic of Motorsfor Various Powers

Type

DC Motor

AC Induction Motor

(NISSAN)

(ECOSTAR)

AC Synchronous Motor
i

8,

(NISSAN)

M otor

Controller

M otor

Controller

Motor Controller

Power Density (Size)

X

o

X

X

Maintenance/ Life Span

Efficiency

Cost

X
X
O

Number of applicable FCV's
in theworld (JAPAN)

10 (3)

24.(2)

24 (21)
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Fig. 1. Annual Total of the Number of Adoption




