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OUR APPROACH TO FUEL CELL VEHICLES

2. In order to introduce the FC technology in the market (early market) our ways are:
a. Not TOTAL FUEL CELL CONFIGURATION but RANGE EXTENDER CONFIGURATION (FC as on

board batteries charge)
b. To use the FC technology in the fleet applications (for example in the city-bus, in car sharing

and car pooling services). In these applicationsthe batterieslimits are more evidentwith

1. Electric vehicles (based on batteries) have 2 great limits:
a. Small range due to the batteries’ capacity
b. Too long recharge time (6-8 hours) that means a long inactivity period
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and car pooling services). In these applicationsthe batterieslimits are more evidentwith
respect to private vehicles

3. By using a small FC, aimed to the range increasing and not to the propulsion, there are different
advantages:

a. Lower costs for FC system
b. Lower hydrogen to store in the on board tanks and less weight
c. Increasing of range (in terms of km or hours) with respect to the same electric vehicle
d. Lower recharge time because batteries are not totally discharged at the end of the journey
e. Competitive product in terms of costs for an easy introduction into the automotive market



Object: development of a hybrid power train (batteries and fuel cells) for a city-bus able to increase 
the range at least of 30% with respect to the electric (total batteries) power train

The Fuel Cell System:
� works as on board recharger of batteries in following cases:

• during vehicle stops
• when required load is lower than FC nominal power

� supplies energy to the power train:
• during other phases of vehicle operation

RANGE EXTENDER CONFIGURATION

THE PROJECT
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• during other phases of vehicle operation

Fuel cell and batteries 
Powertrain layout

PROJECT TARGETS:
1. Increase range of 30%
2. Not change the bus total weight
3. Low costs



THE SELECTED CITY BUS

TECHNICAL CHARACTERISTICS

Total Weight kg 11.800
Length mm 7.720
Width mm 2.200
Height mm 3.050
Seats nr 9+33+1+1

Electric Motor Type
Asynchronous-
three-phase

Power kW 85/150
Inverter Type IGBT
Batteries Type N. 8 ZEBRA
Voltage(inverter input) V 300/750
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Voltage(inverter input) V 300/750
Maximum Speed Km/h 50/55



ORIGINAL ELECTRIC DIAGRAM
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N. 8 ZEBRA Batteries
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NEW HYBRID ELECTRIC DIAGRAM

Hydrogen amount?
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FC Size/Power? Number of 
batteries ?

ENERGY ANALYSIS IS NEEDED
AIMS:
1. To select the suitable size of FC System (and Hydrogen) andto determine the needed number of batteries
2. To install the FC System and Hydrogen Storage System maintaining the bus total weight



ENERGY ANALYSIS

Energy(8 BATT) = 135,68  kWh*1. Energy stored in 8 ZEBRA batteries

Energy(TARGET) = 41  kWh 2. 30% more TARGET

The target must be achieved introducing energy from hydrogen and reducing number of batteries  

3. In the power ranges from 5 to 10kW two size
of Nuvera FC Systems have been analyzed:
5kWand8kW

Energy(TARGET) = 176,38  kWh 

* (A minimum SOC of 
20% is considered)
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5kWand8kW

Using a small FC system (size 5-10 kW) it is useful to use the energy produced by FC not only during the bus
stops but also during all period of bus operation.
The FC power contributes to vehicle traction and, when no load is required, recharges batteries.

• The FC System works at constant power
• Less stress conditions occur 
• A longer lifetime for FC stack



ENERGY ANALYSIS

4,8 kg (53,3m3) @200 bar

7,7 kg (85,8m3) @350 bar

4. Among different commercial compressed 
hydrogen storage systems two Dynetek tanks 
(150 l each, series W150) have been selected: 

128,6 kWh*

80 kWh* Both these two values satisfy the TARGET, but Italian 
regulation is not clear about hydrogen storage at 350bar .
Just  storage at 200bar is considered in this work.  

5. The battery technology selected for the hybrid power train is 
the same used in the original electric city-bus: ZEBRA

*(A 50% of FC System electric efficiency is considered )
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N. of ZEBRA Stored Energy in Batteries H2 Energy + Zebra Energy

4 67,8 kWh*
147,8 kWh (@200 bar)

196,4 kWh (@350 bar)

5 84,8 kWh*
164,4 kWh (@200 bar)

213 kWh (@350 bar)

6 101,7 kWh*
181,7 kWh (@200 bar)

230,2 kWh (@350 bar)

*(A minimum SOC of 20% is considered )

NO! It doesn’t satisfy the target 

Not considered storage @ 350 bar

Not considered storage @ 350 bar

Not considered storage @ 350 bar

POSSIBLE

POSSIBLE



SELECTED DEVICES

FUEL CELL SYSTEM ZEBRA BATTERIES

• Materials (sodium chloride and nickel) used 
for their realization are available and 
recyclable

• Operation temperature (270°C), that from 
the energy point of view is considered a 
disadvantage, makes Zebra insensitive to 
external temperature variations

• It is a Polymer Electrolyte Fuel Cell (PEFC) 
System of 5 and 8 kW power

• The Power Flow is a plug in system composed 
by all needed auxiliary subsystems:

� inlet air blower
� water pump
� fan for water cooling 
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• Energy density is about 120 Wh/kg (10-20% 
more than lithium batteries)

• Costs (600 €/kWh) are about 20-25% less 
than lithium batteries (600-1.200 €/kWh)

• Zebra batteries don’t feel the effect of 
overheating (that is a serious problem for 
other batteries)

• The stack works in “dead end” modality (anode 
is closed by an electric valve that allows the 
water purging)

• A tailored recycling system allows the re use of 
purging hydrogen increasing the hydrogen 
utilization factor

• A direct water injection (DWI) is integrated in the 
system for thermal and humidification 
management



POWER TRAIN OPERATING MODES

PLOAD> PFC

If PLOAD> PFC the required 
load is satisfied by both 

The FC system operates at constant electric power PFC

Urban Cycle Profile
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PLOAD< PFC

If PLOAD< PFC the surplus 
of energy allows the 
charge of the batteries

LOAD FC
load is satisfied by both 
devices (Batteries+FCS)

Urban Cycle Profile



STARTING POINT FOR MODELING 

Electric section

Fuel Cell System

Hydrogen Storage System

Original Siemens Devices (Drive Motor, DC/DC, DC/AC)

A) Nuvera FCS of 5 kW (PowerFlow PFV5)

B) Nuvera FCS of 8 kW (PowerFlow PFV8)

A)2 Tanks 150 lit @ 200bar (4,8 kgH2)
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Hydrogen Storage System

Urban Cycle Profile

A)2 Tanks 150 lit @ 200bar (4,8 kgH2)

A real load profile was analyzed (Rome) 
Its time is 12 hr and 45 min

Battery Pack
A) 5 Zebra Z5 Batteries 

B) 6 Zebra Z5 Batteries 



FC STACK and BATTERIES MODELS
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5kW PEM FC stack model. Polarization curves8kW PEM FC stack model. Polarization curves

Z5 Zebra Batteries models discharge curves



The simulation models have been developed in the Matlab® Simulink® environment
utilizing the SimPowerSystems tool.
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System Architecture 

ELECTRIC POWER TRAIN MODEL
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The FC system operates 
at constant power
( 5kW – 8kW)
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The current limit of the 
DC/DC converter has been 
set to 170A, corresponding 
to 29.85Vdc and 47.8Vdc for 
the FC system of 5kW and 
8kW respectively

The battery pack is 
connected in parallel with the 
DC Bus. 



A number of power train models with different sizes of PEM FC and Batteries have 
been developed... 

The model acquires all the 
system parameters and 

ELECTRIC POWER TRAIN MODEL

Load
100

…but the more significant results regard the following configurations: 

FCS of 8kW + 5 Z5 Zebra Batteries + 2 Tanks @ 200 bar

FCS of 5kW + 6 Z5 Zebra Batteries + 2 Tanks @ 200 bar
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system parameters and 
shows the SoC (%) status 
and hydrogen consumption 
(liters) 

The simulation time is 45900 sec. equivalent to the real EV bus route 

Data have been measured on 
the CAN-bus of the same city 
bus equipped with 8 ZEBRA®

batteries and implemented in 
the model

12h 45min.

P
ow

er
 (

kW
)

0



CONFIGURATION 1: 
8 kW FCS + 5 Zebra batteries

Load Power (kW)

Battery pack Power (kW)
0

40

80

80

Discharge
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Power Analysis (Motor/Batteries/FCS) 

Stack Power (kW)
-8

40

8

0

Discharge

Charge
by FCS



47.8

170

55

CONFIGURATION 1: 
8 kW FCS + 5 Zebra batteries
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180.43

75.8

300

67.8

FC Analysis (Voltage/Current/Efficiency/Consumption-Air,H2(Slpm)/Consumption-Air,H2 (lpm)



72,4% of SOC is a too high 
value. It is a nonsense to 
use hydrogen in order to 
preserve batteries!

CONFIGURATION 1: 
8 kW FCS + 5 Zebra batteries
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SoC Analysis

72,4%

12h 45 min



Load Power (kW)

Battery pack Power (kW)
0

40

80

80

CONFIGURATION 2: 
5 kW FCS + 6 Zebra batteries
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Power Analysis (Motor/Batteries/FCS) 

-5

40

5

Stack Power (kW)

0

Discharge

Charge
by FCS



29.85

170

55

CONFIGURATION 2: 
5 kW FCS + 6 Zebra batteries
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FC Analysis (Voltage/Current/Efficiency/Consumption-Air,H2(Slpm)/Consumption-Air,H2 (lpm)

55

100.83

42.3

167.6

47.9



CONFIGURATION 2: 
5 kW FCS + 6 Zebra batteries

This SOC (44,3%) 
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SoC Analysis

44,3%

12h 45 min

This SOC (44,3%) 
is a good value!



The power train with 6 ZEBRA® batteries connected with 5 kW FC system appears as the 
best solution. 

RESULTS

With the same final SoC 
value (20%) the HEV 
configuration allows to 
increase the range of 
about 40%with respect 
to the EV configuration
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Power Train Configuration Final SoC (%) H2 (lt) Hours

8 ZEBRA® Batteries  20 - 12h 45min.

6 ZEBRA® Batteries + 5 kW FCS 20 52211 18h 10min.

20%

12h 45min 18h 10min

Increase of 40%



WEIGHT BALANCE
HEV - 5 kW FCS + 6 ZEBRA BATTERIES (H2@200bar) *

N° Weight/each Total Weight
- kg kg

Zebra Batteries 6 182,00 1.092,00 
FC System 1 140,00 140,00 
H2 Tanks 2 65,60 131,20 
H2 (@200 bar) 2 2,40 4,80 
DC/DC 1 50,00 50,00   
H2 tanks housing 1 220,00 220,00 
Piping, wiring, …. 1 20,00 20,00 

1.658,00 

� Total Weight 202,00 kg

EV CONFIGURATION  - 8 ZEBRA BATTERIES *
N° Weight/each Total Weight
- kg kg

Zebra Batteries 8 182,00 1.456,00 
1.456,00 

*(The bus tare weight of 11.800 kg is not considered because it is the same in both configurations)

This weight is not considered important.
It is compared with 2 or 3 passengers more. 

COSTS EVALUATIONS
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COSTS EVALUATIONS

� €TOT 41.760,80 €

EV: 8 BATTERIE ZEBRA *
N° Cost/each Total Cost
- €/each €

Zebra Batteries 8 16.209,60 129.676,80    
Piping, wiring,… 1 4.000,00 4.000,00

133676,80 

HEV: FCS da 5 kW + 6 BATTERIE ZEBRA (H2@200bar) *
N° Cost/each Total Cost
- €/each €

Zebra Batteries 6 16.209,60 97257,60
FC System 1 35.940,00 35.940,00
H2 Tanks 2 12.000,00 24.000,00
H2 (@200 bar) 4,8 kg 50,00 240,00
DC/DC 1 10.000,00 10.000,00
H2 tanks housing 1 4.000,00 4.000,00
Piping, wiring, …. 1 4.000,00 4.000,00

175.437,60 



….WORK IS IN PROGRESS…
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Obtained results will be compared and validated with 
experimental data in the next months 


