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a  b  s  t  r  a  c  t

Previous  studies  of  a bi-cell  piezoelectric  proton  exchange  membrane  fuel cell  with  a  nozzle  and  diffuser
(PZT-PEMFC-ND  bi-cell),  using  a  novel  pseudo-bipolar  design,  have  shown  that  the  performance  of  the  bi-
cell could  be  1.6  times  greater  than  that  of  the  single  cell.  In this  study,  this  novel  design,  using  a  reduced
nozzle  and  diffuser,  contains  two  cells  with  two  outside  anodes  and  two inside  cathodes  that  share  a
common  PZT  vibrating  device  for pumping  air  flow.  The  results  show  that  the  bi-cell  should  be  operated
with  a  larger  stoichiometric  ratio  of  1.5  and  a  cell  temperature  of  50 ◦C  to  prevent  concentration  loss.
Furthermore,  the  performance  of  the  bi-cell  using  one  degraded  membrane  electrode  assembly  (MEA)
iffuser
seudo-bipolar
i-cell
uel cell
erformance

and one  normal  MEA  is  investigated  to understand  the  current  flow  characteristic  of  the  bi-cell.  Although
an  internal  current  is  observed,  the  bi-cell  can  still  deliver  a  non-negative  power.  This  finding  will help
reinforce  the  viability  of  using  a  PZT-PEMFC-ND  bi-cell  for future  stack  designs.  Moreover,  the  power
consumption  of  the  PZT device  is  temperature-dependant  and  this  should  be  taken  into  consideration
when  determining  the  net  power  of  the  PZT-PEMFC-ND  bi-cell.  The  maximum  net power  of the bi-cell  is
found  to  be 0.7  W.
. Introduction

Over the past several years, the proton exchange membrane
uel cell (PEMFC) has been an attractive option in the renewable
nergy industry due to its adaptability to a variety of applica-
ions and its zero emissions capabilities [1–3]. For portable PEMFC
pplication, the air-breathing concept is usually adopted to reduce
he auxiliary oxygen supply system, such as compressors and
umidifiers, to support PEMFC performance. In these cases, the
ir supply device should be small, provide sufficient air flow,
nd require low power consumption. Various actuating meth-
ds, such as electrostatic, magnetostriction, shape memory alloy,
hermopneumatic, and piezoelectric actuators, have been devel-
ped to pump fluid in a precise manner. Among these actuating
ethods, the piezoelectric actuator demonstrates good reliabil-

ty, energy efficiency, and moderate volume displacement [4].
o improve its pumping flow rate, Olsson [5],  Ullmann [6],  and

ang [7] have investigated the piezoelectric valveless micropump
ystem in which two chambers are placed in a series or in a
arallel arrangement. The results show that the flow rate in a
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piezoelectric actuator could be controlled by changing the phase
difference.

During operation of an AB-PEMFC, membrane hydration plays
an important role in proton conductivity, which determines the
efficiency of the electrochemical reaction. Furthermore, the hydra-
tion is affected by the conditions of the inlet gases and by the
cell temperature [8,9]. Operating parameters that facilitated better
water removal by evaporation, such as higher temperature, stoi-
chiometric flow rates, and lower inlet stream humidity, resulted in
a higher net current. Yi and Nguyen [10] showed that PEMFC per-
formance was improved by anode humidification and by positive
differential pressure between the cathode and anode, factors that
are also proved by the Nernst equation. Lower cell temperature,
and, hence, higher water condensation in the anode channels, may
contribute to anode flooding [11]. A larger stoichiometric ratio is
often used to mitigate the flooding. However, this might result in
the membrane drying out because the gas might cause too much
water to escape into the outlet.

In previous studies, many simulation models have been
developed to understand complex transport and electrochemical
phenomena in PEMFCs, such as open-circuit voltage, ohmic resis-
tance, and polarization losses. Almost all the models proposed for

the PEMFC consist of mathematical equations and are not very
useful in power converter and system simulations [12]. In order
to simulate the fuel cell behavior effectively, especially in steady-
state conditions, several equivalent circuit models are developed

dx.doi.org/10.1016/j.jpowsour.2011.04.027
http://www.sciencedirect.com/science/journal/03787753
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Nomenclature

A cross-section area
APZT piezoelectric area (m2)
AR aspect ratio
C conductivity coefficient
D channel opening width
f frequency of PZT (Hz)
L channel path
P pressure (N m−2)
Pc channel pressure
Pin inlet pressure
Pout outlet pressure
R gas constant (J mol−1 K−1)
R� ohmic resistance
Rct charge transfer resistance
t time (s)
T temperature (K)
Tan anode inlet temperature
V open-circuit voltage of a bi-cell
Vc cathode inlet velocity (m s−1)
VPZT motion equation of the piezoelectric device (m s−1)
Q flow rate
QAn anode flow rate
Zi internal resistance
ZW finite-length Warburg impedance
� amplitude
� loss coefficient
� diffuser angle
� density (kg m−3)
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∀ volume displacement (m3)

13–15].  These circuit models usually consist of an inductor, a
esistor in the high frequency region, and two  parallel RC cir-
uits connected in a series. The inductor accounts for the influence
ssociated with the external electrical connections. The resistor
esponds to the activation resistance, the ohmic resistance, and the
oncentration transfer resistances. The parallel RC elements sim-
late the kinetic and mass transport behaviors. In the RC circuit,
he capacitor is modeled as a constant phase element to account
or the capacitive losses that generally occur in the porous elec-
rode [15]. However, these models are developed for stacks using a
ipolar design. Few models are proposed to analyze the monopo-

ar design and the pseudo-bipolar design [16], especially those
ith degraded components, such as a membrane electrode assem-

ly (MEA). Degraded MEAs would burden the performance due to
he larger resistance and the lower voltage that results from gas
rossover and contamination [17].

Previous studies [18–21] of a novel piezoelectric proton
xchange membrane fuel cell with a nozzle and diffuser (PZT-
EMFC-ND) have shown that a PZT device could solve these
ooding problems and improve cell performance. The piezoelec-
ric device is an actuator that pumps air into the cathode chamber,
elivering a better performance and a higher current generation.
he results also showed that improved PZT-PEMFC-ND cell perfor-
ance could be obtained using the appropriate aspect ratio (AR) of

he diffuser elements in order to prevent the blocking phenomenon.
urthermore, a bi-cell piezoelectric proton exchange membrane
uel cell with nozzle and diffuser (PZT-PEMFC-ND bi-cell) has been
eveloped and its performance could be 1.6 times greater than that

f a single cell [22].

The objective of this study is to investigate the performance
f a PZT-PEMFC-ND bi-cell with a reduced diffuser design using

 novel pseudo-bipolar design under various operating conditions,
Fig. 1. Operation modes of the PZT-PEMFC-ND bi-cell.

including different cell temperatures and varying stoichiometric
ratios. Moreover, these parameters are applied to a bi-cell using a
degraded MEA  and a normal MEA  to better understand the oper-
ating characteristics of the bi-cell. Furthermore, to optimize the
integrated system output, the net power of the bi-cell and the
power consumption of the PZT device are taken into consideration.

2. The novel pseudo-bipolar design of the air-breathing
PZT-PEMFC-ND

2.1. The concept of the novel pseudo-bipolar design

Various PEMFC stacks have been developed based on differ-
ent considerations of functional demands and system designs [23].
The traditional pseudo-bipolar design contains two  cells with two
inside anodes and two  outside cathodes. Typically, the PEMFC
stack is constructed using the bipolar design. However, because
two  piezoelectric devices are required for a PZT-PEMFC-ND bi-cell,
using the bipolar design may  decrease the net power output of the
bi-cell. Thus, the PZT-PEMFC-ND bi-cell was constructed using the
novel pseudo-bipolar design to deliver increased power. As shown
in Fig. 1, this innovative design differs from the traditional design,
which consists of two  cells with two outside anodes and two inside
cathodes that share a common PZT vibrating device used to pump
air flow. This novel arrangement allows one PZT device to supply
air to the two component cells and pump the produced water out
of the cells, reducing power consumption.

2.2. The circuit model of a bi-cell
The PZT-PEMFC-ND bi-cell, using the novel pseudo-bipolar
design, can be depicted with modified Randles-Ershler circuits and
ideal potential sources, as shown in Fig. 2. R�, Rct, and ZW repre-
sent ohmic resistance, charge transfer resistance, and finite-length
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Fig. 2. The equivalent circuit model of the PZT-PEMFC-ND bi-cell.

arburg impedance, respectively [24]. The conventional double
ayer capacitance is replaced by a constant phase element (CPE)
o account for non-uniform diffusion. The internal resistance Zi of
he component cell could be stated as the sum of the impedance
f these components. Thus, the open-circuit voltage of the bi-cell
ould be written using Kirchhoff’s circuit laws, as follows:

 =
[

Zi,2

Zi,1 + Zi,2

]
× Vb,1 +

[
Zi,1

Zi,1 + Zi,2

]
× Vb,2 (1)

.3. Actuation mechanism

In a PZT-PEMFC-ND bi-cell, two diffuser elements are applied
o induce a larger air flow rate, as shown in Fig. 3. The geometrical
arameters of the diffuser, including the diffuser angle (�) and the
spect ratio (AR), affect pump performance. The lumped system,
eveloped by Ullmann [6],  was applied to analyze the characteris-
ics of the valveless PZT pumping system. This method neglected
patial variations and, instead, focused on time variations that do
ot require complex CFD methods, such as the Navier–Stokes equa-
ions. As shown in Fig. 4, the time variation method was  conducted
or the following: exhaust mode (Pc > Pout > Pin), supply mode
Pout > Pin > Pc), and transition mode (Pout > Pc > Pin). An assump-
ion was made that the inlet pressure, Pin, was  always smaller
han the outlet pressure, Pout, due to the nozzle/diffuser design. In

he supply mode, the diaphragm moved outward and the cathode
hamber volume increased, which caused the chamber pressure to
e lower than the atmospheric pressure. Thus, the air was sucked

nto the chamber. In the exhaust mode, the diaphragm moved

Fig. 3. The cathode chamber design of the PZT-PEMFC-ND bi-cell.
Fig. 4. The flow modes during the pumping process.

inward and the cathode chamber volume decreased. Because the
pressure inside the cell was higher than the atmospheric pressure,
the air was  pushed into the catalyst layer and the resulting water
was  pumped out of the cell. Between the exhaust mode and the
supply mode, a transition mode occurred when the outlet pressure
was  higher than the chamber and inlet pressures, Pout > Pc > Pin.

To analyze the air flow rate of the PZT-PEMFC-ND system, the
system’s control volume was  chosen in the cathode chamber. The
equation of motion for the PZT device was a sine function given by
Eq. (2).

�VPZT = d

dt
[−� × (sin(2�ft))].  (2)

Thus, by using the Reynolds Transport Theorem and the continuity
equation [18–21],  the air flow rate can be written as:

Qc = 1
R

∂

∂t

∫
C∀

P

T
d∀ + � �VPZTAPZT. (3)

The inlet flow from the nozzle and diffuser could be found by
using the diffuser element theory and the continuity equation, as
follows:

Qin,l = Cn

√
(Pout − PC) for the air inflow from left to right (4)

Qin,r = Cd

√
(Pin − PC) for the air inflow from right to left (5)

where the conductivity coefficient can be separated into nozzle, Cn,
and diffuser, Cd.

Cn = A√
(1/2)	n�

(6)

Cd = A√
(1/2)	d�

(7)
Thus, the inlet flow rate is given by Eq. (8),  as follows:

Qin = Qin,l + Qin,r (8)
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ing device, a function generator was  utilized to first deliver the sine
ig. 5. The I–V curves under different aspect ratios at Tcell = 50 ◦C, TAn = 50 ◦C,
 = 180 Hz and � = 10◦ .

.4. The improved diffuser design

A previous study [22] showed that PZT-PEMFC-ND module
erformance would be restricted by the blocking phenomenon

nduced by a larger aspect ratio. As such, the better geometri-
al parameters are an AR of 11.25 and a � of 5◦. The aspect ratio
s defined as the channel length divided by the channel opening

idth. The channel opening width is 1 mm,  so the channel length
s 11.25 mm.  In order to reduce the size of the bi-cell, a smaller
spect ratio is required. Thus, the performance of the PZT-PEMFC-
D is investigated with a larger � of 10◦ and different ARs, as shown

n Fig. 5. The results showed that the performance improves when
 smaller AR of 5.63 is used. Thus, the channel length is reduced

o 5.63 mm.  A three-dimensional transitional model, based on the
emi-implicit method for pressure line equations consistent (SIM-
LEC) procedure, was used to analyze the effects of the diffuser

Fig. 7. Schematic of the PZT-PEMF
Fig. 6. Velocity profiles under different aspect ratios at � = 10◦ .

geometry on the flow behavior of the PZT-PEMFC-ND, as described
in [22]. As shown in Fig. 6, the velocity profiles in the supply mode
reveal that the blocking phenomena occurred in cases with an AR
of 11.25 and 16.88. Thus, a better performance is obtained when
the size of the bi-cell is smaller and when a smaller AR of 5.63 and
a larger � of 10◦ are used.

3. Experimental setup

Fig. 7 shows the test platform used to analyze PZT-PEMFC-ND
bi-cell performance. On the anode side, the hydrogen from the
hydrogen storage bottle flowed through the mass flow controller
and entered the bubble humidifier. The humidifier was a water
tank with a heater that allowed the reactant gas to pass through
at a specific temperature. Next, the hydrogen with water vapor
was  delivered to the PZT-PEMFC-ND module for an electrochemi-
cal reaction. The equipment on the cathode side was more complex
than the equipment on the anode side. To activate the PZT vibrat-
wave signals. The signals from the function generator were then
sent to an amplifier to magnify the signals, so that the piezoelectric
device vibrated when it received the signal. To measure the power

C-ND bi-cell testing system.
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Fig. 8. An exploded drawing of the PZT-PEMFC-ND bi-cell.

onsumption of the PZT device, a power meter was  connected to
he output terminals of the amplifier.

The PZT-PEMFC-ND bi-cell, shown in Fig. 8, consists of two
node current collectors, two anode flow field plates, two  MEAs,
ne PZT device, and one cathode current collector. The reaction
rea of the MEA  is 2 × 2 cm2, the membrane is Nafion®212, and the
pening ratio is 34.7% in the cathode. To prevent gas leakage, the
ZT material (BM 70/25/200M, Piezomechanik GmbH) is attached
o a gasket film, made of PDMS, on the cathode current collector.
ig. 9 shows the assembled bi-cell and the setup of the bi-cell exper-
ment. In this study, the two cells were electrically parallel. Thus,
wo hydrogen supply lines and two thermocouples were prepared.
n contrast, the signal from the amplifier was transmitted through
he signal wires in the middle of the module.

The PZT device of the PZT-PEMFC-ND bi-cell was  driven by a
ine wave signal generated by a function generator. The amplifier
as required to magnify voltage to the designated dB. The vibration

requency of the PZT device was set at 60 Hz because a frequency
hat is too large unfavorably affects the lifetime of the PZT material.
hus, the PZT device controlled the air flow on the cathode side. The
mbient condition was considered to be an environmental temper-
ture of 22 ◦C and a relative humidity of 60%. The amplitude of the
ZT device was measured using a laser displacement measurement
ensor (AR200-6M, Acuity). The hydrogen in the anode side was

upplied by hydrogen storage and controlled by the mass flow con-
roller. Next, two flow meters were prepared to monitor the flow
ate into the different component cells. The DC electronic load sim-
lated the electronic loading of voltage and current. In this study,

Fig. 9. Experimental setup of the PZT-PEMFC-ND bi-cell.
Fig. 10. The I–V curves under different cell temperatures at TAn = 30 ◦C,
QAn = 60 ml  min−1, and f = 60 Hz.

a constant voltage mode was  chosen and the polarization curves
were obtained by decreasing 0.1 V from an open-circuit voltage to
0.2 V every 10 min, using LabVIEW software. Furthermore, two cur-
rent shunts were prepared to measure the currents through each
of the cells.

4. Results and discussion

In this study, the influence of the cell temperature and the sto-
ichiometric ratio (
), at a 10◦ diffuser angle and a reduced aspect
ratio of 5.63, were investigated to determine the performance of
the PZT-PEMFC-ND bi-cell. The bi-cell performance was then con-
sidered with regard to the power consumption of a PZT device in
order to estimate the net power of the PZT-PEMFC-ND bi-cell. The
better parameters were applied to a bi-cell using a degraded MEA
to understand the current flow characteristics of the bi-cell.

4.1. Influence of the cell temperature

The performance of the AB-PEMFC with a traditional pseudo-
bipolar design was  affected by the humidity in the surrounding
environment and by the operational temperature [25]. In this study,
the cell temperature changes from 30 ◦C to 60 ◦C while maintain-
ing the temperature of the humidified anode inlet gas at 30 ◦C.
Fig. 10 shows the I–V curves under different cell temperatures
at TAn = 30 ◦C, QAn = 60 ml  min−1, and f = 60 Hz. As the cell temper-
ature increases from 30 ◦C to 50 ◦C, the current output and cell
performance increase because a high cell temperature improves
the chemical reaction rate and induces a lower anode humidi-
fied condition that facilitates water removal. However, the bi-cell
performance does not increase significantly with increasing tem-
perature. This may  be due to the fact that lower anode relative
humidity also induces a larger back diffusion of water which is unfa-
vorable for the electron transfer. Additionally, the current density
and the cell performance decrease as the cell temperature increases
from 50 ◦C to 60 ◦C because a larger activation loss was  induced.
Thus, the bi-cell should be operated under a cell temperature of
50 ◦C. This condition is favorable for reducing the humidification
system loading in future applications of a portable PZT-PEMFC-ND
stack.

4.2. Influence of the PZT amplitude

In this study, the component cell currents were monitored
simultaneously using two current shunts to analyze PZT-PEMFC-

ND bi-cell performance. Fig. 11 shows the I–V curves of
the bi-cell and the component cells at Tcell = 50 ◦C, TAn = 30 ◦C,
QAn = 60 ml  min−1, and f = 60 Hz. The test results revealed that these
two  MEAs performed differently under the same cell temperature,
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Fig. 11. The I–V curves of the bi-cell and the component cells at Tcell = 50 ◦C,
TAn = 30 ◦C, QAn = 60 ml  min−1, and f = 60 Hz.
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The degraded MEA  was prepared by stripping the hot-pressed
gas diffusion electrodes from the membrane and then re-attaching
Fig. 12. The coordinates of the PZT device vibration.

he same hydrogen flow rate, and the same anode inlet tempera-
ure. Why  was this so? Since the air flow to the cathode was  driven
y the PZT vibrations, the amplitude of the PZT device was the key
lement affecting the performance. The PZT material was attached
o one side of the film made of PDMS. The origin of vibration was
et at the tip of the PZT material. The positions of the MEAs are
hown in Fig. 12.  The positive amplitude is the amplitude toward
EA-a, and the negative amplitude is the amplitude toward MEA-

. Obviously, the negative amplitude is closer to MEA-b and causes
he smaller cathode chamber volume of MEA-b.

Fig. 13 shows an amplitude variation ranging from 0.10 mm
o −0.14 mm.  Furthermore, the amplitude for the supply mode

nd the exhaust mode is not the same in each of the component
ells. Eqs. (2)–(5) show that the inlet flow rate is decided by the
mplitude. Since the negative amplitude is larger than the positive

Fig. 13. The amplitude of the PZT device.
Fig. 14. The I–V curves under different stoichiometric ratios at Tcell = 50 ◦C,
TAn = 30 ◦C, and f = 60 Hz.

amplitude, the supply mode in MEA-a may  suck more air than the
supply mode in MEA-b and, thus, MEA-a generates more current.
Therefore, asymmetric amplitude might influence the performance
of the component cells in the bi-cell and, thus, the performance of
the bi-cell is not double that of a single cell.

4.3. Influence of the stoichiometric ratio

A stoichiometric ratio (
) is often applied as a design guide to
achieve a higher current output. If 
 is too large, the membrane
might dry out and the fuel efficiency might be reduced. In portable
applications of PEMFC, low fuel efficiency is unfavorable.

The influence of the stoichiometric ratio on the performance of
the PZT-PEMFC-ND bi-cell is shown in Fig. 14.  The results show that
the performance of the bi-cell increases when 
 increases from 1 to
1.5 and the concentration loss is alleviated. However, operating the
bi-cell with a 
 larger than 1.5, or a constant anode hydrogen flow
rate of 60 ml  min−1, would not improve its performance. Thus, a sto-
ichiometric ratio of 1.5 was chosen as the optimal parameter for the
PZT-PEMFC-ND bi-cell under TAn = 30 ◦C, Tcell = 50 ◦C, and f = 60 Hz.

Furthermore, serious concentration loss occurred when the 

was  smaller. As shown in Fig. 15,  the MEA-b performance is worse
than the MEA-a performance in the concentration loss region at

 = 1.2. However, while the same hydrogen flow rates are sup-
plied to both component cells, insufficient hydrogen is supplied
to generate current in MEA-a, which may  lead to a heavier flooding
phenomenon.

4.4. Influence of the degraded MEA in the bi-cell
them to the membrane. This procedure resulted in a degraded MEA

Fig. 15. The I–V curves of the bi-cell and the component cells at 
 = 1.2, Tcell = 50 ◦C,
TAn = 30 ◦C, and f = 60 Hz.
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Fig. 16. Normal MEA  and degraded MEA  performance.

erformance that was significantly lower than the normal MEA  per-
ormance. The open-circuit voltage was 0.54 V, as shown in Fig. 16.
ext, the bi-cell was assembled using a normal MEA  and a degraded
EA, which were placed in the positions of MEA-a and MEA-b,

espectively.
Fig. 17 shows the performance of the bi-cell and the component

ells operated with a degraded MEA  under Tcell = 50 ◦C, TAn = 30 ◦C,
An = 60 ml  min−1, and f = 60 Hz. The open-circuit voltage drops

rom 0.9 V to 0.84 V and, from Eq. (1),  it can be seen that the
mpedance of the degraded MEA  may  be ten times larger than the
mpedance of the normal MEA. Because the bi-cell is electrically
arallel, its current output results from the component cell and
he current generated from the degraded MEA  is negative at open-
ircuit voltage, which means an internal current exists inside the
i-cell. This internal current may  result from the voltage difference
etween the component cells. The degraded MEA contributes to
he performance from an operating voltage lower than 0.7 V. Thus,
he bi-cell can work in a degraded mode under a lower operating
oltage 0.7 V.

.5. Net power of the bi-cell

The power consumption of the PZT device increases with
ncreasing temperature due to the positive temperature-
ependent dielectric constant of the PZT material [26]. Fig. 18
hows that the power consumption of the PZT device increases
rom 0.19 W to 0.26 W when operating temperatures increase
rom 30 ◦C to 60 ◦C. In this study, the optimal performance of the
ZT-PEMFC-ND bi-cell is 0.91 W with an operating temperature
f 50 ◦C, an anode flow rate of 60 ml  min−1, and a PZT vibration

requency of 60 Hz. Considering the power consumption of the
ZT device, a maximum bi-cell net power of 0.7 W was  obtained
hen TAn = 30 ◦C, Tcell = 40 ◦C, and f = 60 Hz. Thus, the temperature-
ependant power consumption characteristics of the PZT device

ig. 17. The I–V curves of the bi-cell and the component cells at Tcell = 50 ◦C,
An = 30 ◦C, QAn = 60 ml min−1, and f = 60 Hz.
Fig. 18. The power consumption of the PZT device and the net power of the PZT-
PEMFC-ND bi-cell under different temperatures.

should be taken into consideration when determining the net
power of the PZT-PEMFC-ND bi-cell.

5. Conclusion

An innovative pseudo-bipolar design for the PZT-PEMFC-ND
bi-cell, with a reduced nozzle and diffuser, has been successfully
developed and its performance was  investigated under different
operating conditions as well as under a degraded working mode.
The major findings are as follows:

(1) Cell temperature and stoichiometric ratio are the two most
important operating parameters required to increase the
performance of the PZT-PEMFC-ND bi-cell. Optimal bi-cell per-
formance is obtained with a stoichiometric ratio of 1.5 and a
cell temperature of 50 ◦C.

(2) PZT-PEMFC-ND pump performance may  be influenced by the
asymmetric amplitude of the PZT device. The asymmetric
amplitude results in different air flow rates through the cath-
ode chamber of the component cells and in different current
outputs for the component cells.

(3) A stoichiometric ratio smaller than 1.5 may result in a concen-
tration loss for the bi-cell and one component cell would suffer
a serious concentration loss.

(4) The degraded MEA  would result in a lower open-circuit voltage
and an internal current inside the bi-cell. However the novel
bi-cell can still deliver a non-negative power. In this study, the
degraded MEA  contributes to the performance of the bi-cell at
an operating voltage lower than 0.7 V. This finding will enable
the use of PZT-PEMFC-ND bi-cells in future stack designs.

(5) The power consumption of the PZT device is temperature-
dependant and should be taken into consideration when
determining the net power of the PZT-PEMFC-ND bi-cell. In this
study, the maximum net power of the bi-cell was found to be
0.7 W.
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