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a  b  s  t  r  a  c  t

A  Li  ion  polymer  battery  pack  for road  vehicles  (48  V, 20 Ah)  was  tested  by charging/discharging  tests
at different  current  values,  in  order  to evaluate  its performance  in comparison  with  a  conventional  Pb
acid  battery  pack.  The  comparative  analysis  was  also  performed  integrating  the  two  storage  systems
in a  hydrogen  fuel  cell power  train  for moped  applications.  The  propulsion  system  comprised  a fuel
cell generator  based  on  a 2.5 kW  polymeric  electrolyte  membrane  (PEM)  stack,  fuelled  with  compressed
hydrogen,  an  electric  drive  of  1.8  kW  as  nominal  power,  of the  same  typology  of that  installed  on com-
mercial  electric  scooters  (brushless  electric  machine  and  controlled  bidirectional  inverter).  The  power
ydrogen
ybrid vehicles
ithium battery
ower management

train was  characterized  making  use of  a test  bench  able  to  simulate  the  vehicle  behaviour  and  road  char-
acteristics  on  driving  cycles  with  different  acceleration/deceleration  rates  and  lengths.  The  power  flows
between  fuel  cell system,  electric  energy  storage  system  and  electric  drive  during  the  different  cycles
were  analyzed,  evidencing  the  effect  of  high  battery  currents  on  the  vehicle  driving  range.  The  use  of  Li
batteries  in  the  fuel  cell  power  train,  adopting  a range  extender  configuration,  determined  a  hydrogen
consumption  lower  than  the  correspondent  Pb  battery/fuel  cell  hybrid  vehicle,  with  a  major  flexibility  in

the power  management.

. Introduction

Current means of transportation are strongly dependent on oil-
erived fuels, therefore the possible troubles associated with oil
rice fluctuations and supply scarcity need to be faced. In addi-
ion, their contribution to global anthropogenic emissions of CO2
s widely recognized. These issues justify the strong interest of
esearch towards new fuels and innovative propulsion systems, in
articular different typologies of hybrid electric vehicles present
uge potentialities in terms of efficiency and emission control
1]. In this context the hybrid vehicles which adopt an internal
ombustion engine in addition to an electric drive have already
emonstrated their potentiality in having a significant impact on
he light duty vehicle market. Furthermore, the hydrogen fuel cell
echnology has been gaining much attention in recent years as it
ffers the great advantage to assure the high efficiency and local
ero emissions typical of battery powered electric vehicles, improv-
ng at the same time their driving range.

In a fuel cell propulsion system the electrochemical generator

an be used as the unique power source on board, but the most
eliable solutions include the support of electric energy storage sys-
ems, such as batteries and/or supercapacitors. Even if the driving
ange of a fuel cell vehicle depends on the quantity of hydrogen
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stored on board, the possibility of adopting high performance bat-
teries, such as lithium based systems, is of great interest for range
extender hybrid solutions [1,2].

Lithium metal is attractive as battery anode material mainly
due to its lightness and high voltage, in spite of some concerns
of safety hazard, due to the metal high reactivity. For this reason,
in the so-called lithium-ion batteries, both positive and negative
electrodes employ lithium “host” compounds, where an intercala-
tion process occurs. In these systems the lithium ion conducting
electrolyte is based on a solution of a lithium salt in organic sol-
vents [3],  which is not the best solution in terms of safety. Therefore
for automotive applications the so-called lithium polymer batteries
seem more suitable, since they adopt a solid polymeric electrolyte
to transfer lithium ions between the electrodes [4].  The absence of
liquid phases facilitates the construction of leak-proof and light-
weight containers, which represents an additional advantage for
automotive applications.

The most recent developments in this field have been focused
on the possibility of reaching very high energy and power densities
by using new types of anode, in particular, it has been found that a
Si–Li alloy presents a theoretical specific capacity of 4200 mAh  g−1,
to be compared with 371 mAh  g−1 of graphite [5,6]. Electrode pul-

verization phenomena associated with the alloy formation, and the
consequent limitation of cycling capability, have led to the research
of different solutions, mainly based on reduction of metal parti-
cle size down to nanoscale [7,8], utilization of composite materials
(in which an inactive component added to the active metal acts as

dx.doi.org/10.1016/j.jpowsour.2011.02.012
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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storage system, electric drive, and data acquisition systems. The
FCS was  based on a 2.5 kW PEM stack fuelled with compressed
pure hydrogen. The electric drive was based on a LAFERT brush-
less engine of 1.8 kW nominal power, equipped with a controlled

Table 1
Main characteristics of Pb and Li battery packs.

Lead battery pack Lithium battery pack

Nominal voltage 4 × 12 46.8
Nominal cell voltage 2.0 3.6
Number of cells 6 13
Capacity 40 Ah 20 Ah
Energy 1920 Wh 936 Wh
Specific energy 33 Wh kg−1 105 Wh kg−1
ig. 1. Discharging test on Pb acid battery pack (48 V, 40 Ah) at different current va
unction of test length.

 buffer for volume variations) [9,10] or metal hydrides as anode
11]. The researches about the cathode are intensively oriented on
igh voltage spinels and high capacity layered lithium metal oxides
12–15].

Even with reference to the current technology the lithium
olymer batteries represent the state of the art in the field of elec-
ric energy storage systems, since they are characterized by very
nteresting values of the basic electrochemical parameters [5].  Nev-
rtheless storage capabilities able to assure a satisfactory driving
ange to battery electric vehicles have not yet been reached [16].

The aim of this paper was to compare the behaviour of Li ion
olymer with Pb acid battery packs when they supply a hybrid
uel cell power train, working in dynamic conditions representative
f actual road load requirements. Both battery packs were char-
cterized in charging/discharging test cycles at different constant
urrent values. The same types of batteries were integrated in a
uel cell power train for moped application, which was  installed
n a laboratory dynamic test bench. Experimental tests were per-
ormed on different load cycles varying acceleration/deceleration
ates and duration, in order to obtain indications about fuel econ-
my  and dynamic behaviour issues associated with the utilization
f those types of batteries in hydrogen fuel cell vehicles.

. Experimental

The lithium based storage system used in the present work was

 lithium ion polymer battery composed by a graphite based anode,
 Li(NiCoMn)O2 based cathode and a Li+ cconducting polymer elec-
rolyte as separator. The battery pack was provided by EiG Battery
nd its main characteristics and recommended operative condi-
ions are reported in Table 1 in comparison with those of a Pb acid
(A) Voltage, (B) Ah discharged, (C) power supplied and (D) battery temperature as

battery pack, provided by Exide Technologies. The lithium and lead
battery packs were tested in charging/discharging cycles respecting
the recommended values of maximum voltage in charging (54 V for
both Li and Pb) and minimum voltage in discharging (39 V for both
Li and Pb), in order to avoid battery damages. For these tests the
current values for charging and discharging phases were set in the
range 4–60 A, compatible with the dynamic conditions required by
automotive applications.

The experimental tests with the fuel cell power train were per-
formed using the propulsion system already described in Ref. [17],
whose main characteristics are reported in Table 2. It was  consti-
tuted by fuel cell system (FCS), DC–DC converter, electrical energy
Energy density 99.25 Wh  l−1 130 Wh l−1

Operating temperature −20 +50 ◦C −30 +50 ◦C
Weight 57.6 kg 8.9 kg
Cycle life 500 cycles 1000 cycles
Accessories – Auxiliary cooling fan
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ig. 2. Discharging test on Li ion polymer battery pack (48 V, 20 Ah) at different curre
s  function of test length.

nverter, whose typology was the same of those installed on electri-
al commercial scooters. The DC–DC converter, necessary to match
he stack output voltage to the values required by the engine,
llowed the implementation of control strategies corresponding
o different hybrid configurations. The propulsion system was cou-

led to an electric brake able to perform different driving cycles
sing a control software specifically developed [17]. The parame-
ers which take into account the vehicle and road characteristics
re reported in Table 2.

able 2
ain characteristics of the fuel cell power train.

Fuel cell system
FCS electric output Max  2 kW after DC–DC converter
FCS dynamic Max  change rate 500 W s−1

Hydrogen Purity of 99.999%Inlet gas pressure: 500 kPa
Air Side channels compressor 24 VDC, 16 kPa
Water cooling Circulating pump 24 VDC, 20 kPa, 7 l min−1

Electric drive
Type Brushless
Rated power 1.8 kW
Maximum power 2.5 kW
Link voltage 48 V
Rated speed 3000 rpm
Maximum speed 6000 rpm

DC–DC converter
Inlet voltage range 19–34 V
Rated output voltage 48 V
Rated power 2.8 kW

Vehicle parameters
Vehicle weight 100 kg (with Li batteries)
Driver weight 80 kg
Vehicle speed 50 km h−1 at 6000 rpm
ues. (A) Voltage, (B) Ah discharged, (C) power supplied and (D) battery temperature

The driving cycles used in tests on the power train were
characterized by acceleration and deceleration rates in the range
40–400 W s−1. A control strategy based on a hard hybrid config-
uration was adopted, setting the power supplied by the fuel cell
system at a constant level (600 W).  During all the tests the lithium
battery packs were air cooled to keep their temperature under the
recommended value of 323 K.

3. Results and discussion

The two  battery packs described in Section 2 have been firstly
characterized by discharging tests at different constant current val-
ues. Before these tests, both battery packs were charged at 4 A,
corresponding to 0.1 and 0.2 C for Pb and Li battery respectively.
The results of these characterizations are reported in Figs. 1 and 2,
where voltage, Ah discharged, power supplied and temperature are
reported as function of the discharging time. The Pb battery volt-
age decrease during the discharging phase (Fig. 1A) evidenced the
diminution of plate potential, due to the decrease of electrolyte
concentration inside plate pores, because of the reduction of dif-
fusion rate inside cells [18]. The test was  stopped just before the
occurrence of the curve knee, corresponding to an abrupt voltage
drop. This phenomenon rapidly increased at higher discharge rates,
in particular at 60 A the battery voltage decreased from 48 to 44 V
in 0.25 h (Fig. 1A). The effect of this behaviour on the actual bat-
tery capacity is shown in Fig. 1B, in terms of Ah discharged versus

discharging time. It is evident that the actual capacity of the Pb bat-
tery decreased almost linearly with the discharging current, and
was always lower than its nominal capacity (40 Ah). In particular
resulted 32 Ah at 10 A, and dropped down to 17 Ah at 60 A. The cor-
responding power values are reported in Fig. 1C, and show a range
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Fig. 3. Battery current acquisition during the complete discharging test on the
power train powered by Pb and Li packs.

Fig. 4. Battery voltage acquisition during the complete discharging test on the
power train powered by Pb and Li packs.
084 O. Veneri et al. / Journal of Po

rom 500 W at the lowest discharging current up to about 3 kW at
0 A, covering the power range required by the engine (Table 2). In
ig. 1D the acquisition of the battery temperature is shown, all val-
es are comprised between 298 and 303 K, evidencing that thermal

ssues are negligible for Pb batteries.
The discharge curves of Li battery pack are shown in Fig. 2A at

he same values of discharging current investigated for Pb batteries.
 decrease of battery voltage was observed during the discharge at
ll current values, evidencing the effect of Li transportation kinetics
hrough the cathode channels and the interface between the solid
lectrolyte and the electrode [19]. However, differently from Pb
atteries, it can be noticed that only at 60 A an appreciable reduc-
ion of actual battery capacity was observed, in particular less than
5% of the nominal capacity was lost at 60 A (Fig. 2B). Since voltage
ange and discharging currents were similar to those adopted in Pb
attery tests, also for the Li battery pack the power values resulted
ompatible with those required by the engine (Fig. 2C), while the
hermal behaviour resulted completely different. In Fig. 2D the bat-
ery temperature acquisition versus discharging time is shown,
videncing a significant temperature increase starting from 20 A.
n particular a temperature of about 328 K was observed at the end
f test at 40 A, while a lower temperature was measured at 60 A
hen the test was stopped at 0.25 h, with a final temperature of

bout 316 K (the heating rate increased from 1 K h−1 at 10 A up to
0 K h−1 at 60 A). This aspect could represent a disadvantage of Li
atteries when used in an electric vehicle, because it could imply

 limitation in power supplying in severe driving conditions (high
ower requirement for long periods).

The superior performance of Li battery pack resulted evident for
ll discharging current investigated, and confirmed the suitability
f this type of storage system for high dynamic applications, such
s those involved in automotive applications. This better perfor-
ance at high current draw can be attributed to minor transport

imitations associated with the higher electrode surface to volume
atio in the Li systems.

In order to confirm the advantages deriving from the utiliza-
ion of a Li battery pack in an electric propulsion system, some
xperiments were carried out on the power train without fuel cell
enerator, performing successive severe load cycles. These were
haracterized by acceleration of 500 rpm s−1, steady state condition
f 100 s at maximum speed (5000 rpm) and torque (2.5 Nm), and
eceleration of 250 rpm s−1. These tests were carried out with both
i and Pb batteries in the same vehicle weight condition (Table 2),
oltage and current were acquired and the tests were stopped when
he minimum voltage tolerated by each battery was reached. The
attery state of charge (SOC) was instantaneously calculated during
ach cycle by the following equation:

OC(t) = SOC◦ +
∫ t

t◦
IBatt(t) dt

here SOC◦ is the known battery state of charge at the time t. The
omparison between the two battery packs supplying the power
rain is shown in Figs. 3–5.

During the acceleration phase a maximum current of about
0 A was reached for both systems, whereas during the deceler-
tion phases low negative values of current were reached for a
hort time due to regenerative braking (Fig. 3). Comparable volt-
ge profiles were also obtained for the two batteries, as they were
omprised between the minimum and maximum voltage accepted
y both systems (Fig. 4). The difference of duration between the

ests, effected with the two batteries, resulted lower than expected
n the base of their nominal capacity. In fact the Pb battery pack
eached the minimum voltage after about 3000 s, while for Li pack
his voltage was  reached after 2500 s. The SOC values reported in
ig. 5 clarify this aspect, as 22 out of 40 Ah were discharged from

Fig. 5. SOC values during the complete discharging test on the power train powered
by  Pb and Li packs.
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ig. 6. Comparison between Pb and Li battery packs in terms of driving range in km

b battery in 3000 s, while almost the total nominal capacity was
ischarged from Li battery in 2500 s (19 out of 20 Ah). The effect of

attery performance on the scooter driving range is shown in the
istogram of Fig. 6, in terms of kilometres covered by the vehicle
uring the tests of Figs. 3–5,  together with the nominal capacity of
oth batteries. It can be noticed that a comparable driving range
20 km for Li, and 24 km for Pb) was covered by the vehicle pow-

ig. 7. Fuel cell power train with Li battery pack tested on driving cycle. Acquisition ver
urrent, (C) battery voltage, and (D) SOC.
 the complete discharging test. Nominal capacities are reported for reference.

ered by the two battery packs, in spite of the Li nominal capacity
was half of Pb capacity. The different behaviour in terms of driving

range between the two battery packs is due to the current profiles of
Fig. 3. In fact both battery packs operated during the cycle sequence
for the most of time at 40 A, with peaks at 60 A, therefore the dis-
charge was performed in conditions unfavourable for Pb systems
(Fig. 1).

sus time of: (A) power profiles of engine, battery and fuel cell system, (B) battery
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The same power train, integrated with the fuel cell system, was
urther tested on a series of load cycles characterized by an acceler-
tion phase at 500 rpm s−1, followed by a steady state phase of 50 s
nd a deceleration at 1000 rpm s−1, while a standstill of 30 s was
dopted after each cycle. A range extender hybrid configuration
as chosen, in order to fully exploit the dynamic characteristics

f the storage system, and utilize the stack in steady state con-
itions and at a level of generated power much lower than the
ngine power. The stack power was fixed at 600 W,  correspond-
ng to 500 W at the DC–DC converter outlet. In Fig. 7 the results of
n experiment conducted on the fuel cell power train with Li bat-
ery pack are reported in terms of power profiles, battery current,
oltage and SOC versus cycle length. During each cycle the engine
ower peaked up 2700 W in 10 s, with the steady state phase at
000 W,  while the stationary contribution of the fuel cell system
ermitted a lower power was delivered from the batteries towards
he engine (maximum 2200 W,  Fig. 7A). The negative electric power
ntering the batteries corresponds to both the regenerative braking
nd battery recharging from the fuel cell system during the stand-
till phase. The power variations shown in Fig. 7A implied that the
attery current ranged for most of the time between 30 and 50 A,
uring acceleration and steady state phases (Fig. 7B), while nega-
ive current peaks of 30 A were detected during the regenerative
raking. The SOC profile is reported in Fig. 7C, and evidences the
ifferent phases of discharging and recharging of the battery pack,
ith a decrease of 0.5 Ah during the acceleration and steady state
hase, and an increase of 0.1 Ah during regenerative and standstill
hase. The battery voltage plot (Fig. 7D) shows that a minimum
alue of 41 V was reached at the end of the acceleration phase,
hile in the breaking phase the battery voltage increased from 43

o 50.5 V, remaining within the range of tolerance during the cycle.
Data of Fig. 7 evidence the high dynamic capability of Li bat-

eries, which are able to satisfy the engine requirements during
ery fast acceleration phases, without appreciable loss of nominal
apacity, allowing significant energy recovery during rapid deceler-
tions. The range extender hybrid configuration, with a stack power
et at about 25% of the engine maximum power, assured the bat-
ery recharging and extended the vehicle driving range. The same
est effected with the Pb battery pack, characterized by a nominal
apacity twice than Li, showed that identical dynamic performance
ere obtained by both battery packs utilized in this work.

However, for the cycle shown in Fig. 3 (30–50 A) the Pb stor-
ge system, due to the high battery current involved, presented a
riving range loss of about 50% with respect to what expected con-
idering its nominal capacity (Fig. 6). Whereas, in the case of the fuel
ell vehicle, a higher hydrogen consumption was due to the weight
f Pb battery pack, which was about six times higher with respect
o Li pack (Table 1) [20]. Consequently, the design of a hybrid fuel

ell propulsion system in the range extender configuration could
ake advantage of the utilization of a Li battery pack, because of the
ower weight of the storage system, for the same vehicle mission
nd power management strategies. On the other hand, the use of
igh dynamic Li systems at parity of nominal capacity might allow

[

[

[

urces 196 (2011) 9081– 9086

the downsizing of the fuel cell system, as the storage system would
provide more power during severe acceleration phases with less
capacity losses.

4. Conclusions

Two different battery packs (Li and Pb) have been characterized
from the point of view of their application in fuel cell power trains.
The experimental results lead to the following conclusions:

• For high discharge currents (≥40 A) the nominal capacity in Ah of
Li batteries was almost completely maintained, while the actual
capacity of Pb batteries was reduced of about 50%.

• This behaviour had a negative effect on the driving range of the
vehicle powered with Pb battery when used in high dynamic
driving cycles.

• The tests carried out on a fuel cell power train for scooter
application showed that the FC vehicle with Li batteries can
offer dynamic performance comparable to that of the FC vehi-
cle equipped with Pb storage systems, but with higher driving
range and lower H2 consumption.

• The use of Li batteries in a FC vehicle, thanks to their better per-
formance on dynamic cycles, might give a major flexibility in the
design and energy management of fuel cell power trains, with the
possibility of downsizing both storage and FC generation system
in the range extender configuration.
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