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Abstract

The performance of a system consisting of a proton exchange membrane (PEM) fuel cell coupled to a centrifugal air
compressor is simulated. Two modes of operation of the system are investigated: one in which the speed of the
compressor is constant, and the other in which the compressor speed is varied with the electric load on the fuel cell
stack. The operating characteristics of the compressor and the PEM fuel cell stack and their in¯uence on the system
ef®ciency are analyzed for a step change in the stack current. The effects of the fuel cell stack back-pressure and the
electric load on the compressor power consumption and the system ef®ciency are studied. It is found that the system
ef®ciency is higher when the fuel cell stack is operated at a constant oxygen gas stoichiometry by varying the
compressor speed instead of at a constant compressor speed. The system model can be used to determine the
rotation speed of the compressor for various electric loads.

List of symbols

Acell active area per cell (cm2)
C�O2

gas phase concentration of oxygen
(mol cmÿ3)

Eoc open-circuit voltage of a single fuel cell
(V)

F Faraday's constant (96 500 A s molÿ1)
H fraction of the compressor's design

head
Had adiabatic head developed by the com-

pressor (m)
i operating current density (A cmÿ2)
IFC current drawn from the fuel cell system

(A)
min

O2
; mout

O2
inlet and outlet ¯owrates of oxygen gas
(mol sÿ1)

N fraction of the compressor's design
rotation speed

Ncomp rated compressor rotation speed, as-
sumed to be 5000 rpm

Ncell number cells in a fuel cell stack
p�H2

average partial pressure of oxygen
(atm)

p�O2
average partial pressure of hydrogen
(atm)

P average stack operating pressure (kPa)
Pback pressure at the stack outlet (kPa)
P1, P2 gas pressure at compressor inlet and

discharge, respectively (kPa)

Pw
sat vapour pressure of water at the oper-

ating temperature (kPa)
Pcomp power consumed by the compressor

(kW)
PFC power generated by the fuel cell (kW)
Q fraction of the compressor's design

inlet gas ¯owrate
Q1 gas ¯owrate at the compressor inlet

(m3 hÿ1)
QSTK gas ¯owrate at the fuel cell stack inlet

(m3 hÿ1)
R gas constant (J kmolÿ1 Kÿ1)
SO2

oxygen stoichiometry
Ta ambient temperature (assumed

293.15 K)
T1 compressor inlet temperature (as-

sumed to be equal to Ta)
T operating temperature (K)
V cell voltage (V)

xavgN2
average mole fraction of nitrogen

xinN2
mole fraction of nitrogen in the inlet gas

DPSTK pressure drop across the stack (kPa)

Greek symbols
c ratio of speci®c heats of a gas, assumed

1.4 for air
gact activation overvoltage (V)
gohm voltage drop due to membrane resis-

tance (V)
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1. Introduction

Fuel cell powered vehicles have the environmental
bene®ts inherent in electric vehicles without the disad-
vantages of long charging times and limited range
associated with battery powered vehicles. There is tre-
mendous interest in the commercialization of PEM fuel
cell based power systems for automobile and stationary
applications because of the PEM fuel cell's high operating
current density, ef®ciency and fast start-up time.
Various mechanistic and empirical models of fuel cells

are available in the literature [1±6]. The emphasis of all
the above models is on the performance of single fuel
cells operating in isolation. In practice, PEM fuel cells
are connected to auxiliaries like compressors, humidi®-
ers etc. The major parasitic power loss in a PEM fuel cell
system is due to the compressor used to deliver air.
A detailed understanding of the in¯uence of the com-
pressor on the PEM fuel cell operation is essential for
system optimization and control. These issues have not
received wide exposure in the available literature since
fabrication of large-scale fuel cell power systems is a
recent development. This study focuses on the coupling
of the fuel cell stack performance to the operation of the
air compressor.
In this study a continuous stream of pure hydrogen at

the desired operating pressure is assumed to be available
(compressed gas) and is used as the fuel. Ambient air
delivered to the fuel cell via a compressor is the cathode
reactant. Operation at higher air pressures typically
results in higher fuel cell performance [1]. The perfor-

mance of the fuel cell is strongly dependent on the
oxygen concentration at the catalyst surface. The
oxygen stoichiometry is de®ned as

SO2
� min

O2

min
O2
ÿ mout

O2

�1�

where min
O2

and mout
O2

are the inlet and outlet molar
¯owrates of oxygen gas.
Hence, for a speci®c operating current density, higher

inlet air ¯owrate, which implies higher oxygen gas
stoichiometry, increases the effective concentration of
oxygen with the resultant increase in the fuel cell
performance. This increase in the fuel cell performance
at higher operating pressures and air ¯owrates comes at
the cost of increasing power consumption by the
compressor. Various compressor control strategies are
analysed and a quantitative measure of the system
ef®ciency is obtained for different modes of operation.
A schematic of a PEM fuel cell system with an air

compressor is given in Figure 1. A back-pressure regu-
lator at the air outlet controls the operating pressure on
the air side. The rotation speed of the compressor motor
controls the inlet air ¯owrate and the pressure rise
across the compressor. The gas manifolds of the fuel cell
stacks are connected in parallel and a compressor is used
to deliver air to all the fuel cell stacks. In this study an
internally humidi®ed stack that contains a humidi®ca-
tion section integral to the stack is used [7].
The design parameters and rated operating conditions

for the system under consideration are given in Table 1.

gN compressor operating ef®ciency
gN�100% compressor ef®ciency at the rated ro-

tation speed
gsys PEM fuel cell/compressor system ef®-

ciency

Parameters
A±D, a; b compressor head-¯owrate relationship

(dimensionless)
E; F ; G ef®ciency of the compressor at the

rated speed (dimensionless)
Hj; Qj�j � L;R� isoef®ciency lines of the compressor

(dimensionless)

K1; K2 constants characterizing an isoef®-
ciency line that are calculated as part
of the solution procedure (dimension-
less)

kFF resistance of the ¯ow ®eld for gas ¯ow
(kPa mÿ3 h)

kMN resistance of the stack manifold for gas
¯ow (kPa mÿ6 h2)

n1±n7 parameters that describe fuel cell volt-
age dependance on operating condi-
tions (refer to Table 3 for units)

Fig. 1. PEM fuel cell with an air compressor.
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The fuel cell power system is assumed to consist of two
parallel trains of fuel cell stacks with 10 stacks connect-
ed in series in each train as shown in Figure 2. The fuel
cell stack used in the analysis is assumed to be designed
for operation at about 303.9 kPa back-pressure (Pback),
80 �C temperature (T ) and 0.4 A cmÿ2 current density
(i), with an active area (Acell) of 900 cm2 per cell). For
®xing the design, the fuel cell is assumed to generate
0.7 V per cell under these conditions. The above
operating conditions are ®xed such that the fuel cell
operates close to the operating regime of the Ballard
Mark IV fuel cells [8], one of the few fuel cells that have
been used to build large PEM fuel cell stacks. Thus the
fuel cell system is designed to deliver a total current of
720 A with a bus voltage of about 350 V, about
252 kW.
Typical use of the fuel cell powered vehicle with its

varying power demand necessitates the use of some form
of control for energy ef®cient operation. Different

modes of operation of the fuel cell system are discussed
in a recent work [9] and are summarized below:
(i) Operation of the compressor at constant speed.
(ii) Varying the compressor speed such that a constant

oxygen stoichiometry is maintained at all power
levels.

(iii) Varying both the compressor speed and the oper-
ating pressure to reduce the parasitic power loss at
the compressor.

The operation of the compressor±PEM fuel cell
system was studied previously [9] with consideration to
the performance model of only the fuel cell. The
ef®ciency of the compressor was assumed to be con-
stant. This is an extension of the above work in that the
model of a centrifugal compressor is coupled to that of
the fuel cell and the system performance is studied. Also,
the change in rotation speed of the compressor required
for a speci®ed change in the current drawn from the fuel
cell can be predicted using the system model presented
here. Quantitative measures of the system ef®ciency for
the different modes of operation are presented.

2. Compressor characteristics

The performance of a centrifugal compressor is charac-
terized by the head developed by the compressor at each
inlet gas ¯owrate at different rotation speeds of the
impeller. Also, compressor ef®ciency data is speci®ed as
isoef®ciency lines that are overlaid on the compressor
characteristic curves. The modeling of compressor
systems is discussed with varying levels of detail in the
literature [10±13] and requires user supplied tables of
ef®ciency and head-¯ow data at various rotation speeds.
For this study empirical equations and the algorithm

to map compressor data were chosen from the literature
[13]. The fraction of the rated head developed by
centrifugal compressors of similar design is given by

H � AN 2 � BNQ� CQ2 � D 1ÿ N a� �Qb �2�
where N is the fraction of the rated rotational speed, Q is
the fraction of the rated inlet gas ¯owrate and the other

Table 1. System design parameters used in the analysis

Power system 252 kW

2 parallel trains each with 10 stacks connected electrically in series.

360 A current in each of the trains, total current of (0.4 ´ 900 ´ 2)

720 A.

Bus voltage at design operating conditions is about (0.7 ´ 50 ´ 10)

350 V.

Fuel cell stack

Number of cells, Ncell 50

Active area per cell, Acell 900 cm2 (30 cm ´ 30 cm)

Anode reactant Pure compressed hydrogen

Cathode reactant Saturated air

Operating conditions (design)

Pressure, Pback 303.9 kPa

Operating temperature, T 353.15 K

Ambient temperature, Ta 293.15 K

Current density, i 0.4 A cm)2

Cell voltage, V 0.7 V

Oxygen stoichiometry, SO2 2.0

Compressor rating

Inlet gas ¯owrate, Q1 770 m3 h)1

Rotation speed 5000 rpm

Compression ratio, P2/P1 3.0

Fig. 2. Electrical schematic of the power system analysed.
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variables are model parameters. The compressor ef®-
ciency at the rated rotational speed is given by

gN�100% � E � FQ2 � GQ4 �3�

where E; F and G are ®tted parameters. The isoef®-
ciency lines to the left and right of the maximum
ef®ciency line (Fig. 3) are as follows:

Right: H ÿ HR � K1 Q� QR� �2 �4a�

Left: H ÿ HL � K2 Q� QL� �0:5 �4b�

The parameters are obtained by ®tting the equations to
the representative compressor data from the literature
[13] using the Powell hybrid method [14].
The model parameters are given in Table 2 and the ®t

to the data is in Figure 3. It is seen that the compressor
head decreases with increasing ¯ow for most part of the
operating region. At each rotation speed, as the ¯ow is
reduced below a certain value, the head developed by
the compressor begins to fall. This leads to a well-known
phenomenon called surge that produces unstable oper-
ation due to momentary reversal of ¯ow in the com-
pressor. The compressor should not be operated in this
region and most compressor systems are equipped with
surge protection systems.
The ef®ciency at the rated speed is given in Figure 4.

If the operation is away from the rated ¯ow as may
occur in fuel cell systems during periods of peak or low
power demands, the ef®ciency of the compressor suffers.
The operating pressure can be changed to accommodate
the ¯ow requirement. But this may lead to undesirable
conditions since the gas in the channels and manifold is
saturated with water vapour that may condense and
disrupt the ¯ow patterns. An optimal solution to this
problem is to vary the rotation speed of the compressor,
thus explicitly controlling the operating point, that is,
the pressure and the gas ¯owrate. The above equations,
in conjunction with the equation describing the hydrau-
lic behaviour of the stack, discussed in the following
Section, are solved using the Newton±Raphson method
to obtain the ef®ciency and rotation speed of the

compressor for a speci®ed operating pressure and gas
inlet ¯owrate.
The power consumption, Pcomp, and the adiabatic

head, Had, developed by the compressor are given in [15]
as follows:

Pcomp � 1

gN
2:78� 10ÿ4

c
cÿ 1

Q1P1
P2

P1

� �cÿ1=c
ÿ1

" #
�5�

Had � c
cÿ 1

� �
� RT1

9:806� 28:84

P2

P1

� �cÿ1=c
ÿ1

" #
�6�

where gN is the operating ef®ciency, Q1 is the inlet gas
¯owrate, T1 is the inlet temperature, P1 and P2 are inlet
and discharge pressures, respectively, and c is the ratio
of speci®c heats (1.4 for a diatomic gas).

3. Fuel cell performance model

3.1. Gas ¯ow behaviour

The principal resistance to gas ¯ow in fuel cell stacks is
due to the ¯ow ®elds that distribute the reactant gas

Table 2. Parameters for the empirical equations describing the

compressor performance obtained by ®tting the equations to

compressor characteristics data (Fig. 2) from the literature [13]

Dimensionless parameters in Equation 2

A 0.510

B 1.581

C )1.090
D )20.011
a 0.015

b 3.046

Dimensionless parameters in Equation 3

E 0.623

F 0.433

G )0.265
Dimensionless parameters in Equations 4(a) and (b)

HL )8.653
QL 1.837

HR )1.131
QR 2.790

Fig. 3. Typical compressor characteristics. Fig. 4. Compressor e�ciency at rated rotation speed.
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across active surface area of the gas diffuser and
membrane electrode assembly (MEA). Flow ®elds can
be in the form of a block of porous material that is in
contact with the gas diffuser and the pressure drop
across it is given by Darcy's law [16]. Another type is the
interdigitated ¯ow ®eld, where the gas ¯ow is through
the thin gas diffuser backing. This may lead to poten-
tially better fuel cell performance [17], but the pressure
drop may be high. Graphite or carbon composite plates
with grooves for gas ¯ow are extensively used in
commercial fuel cell stacks [18]. The dependance of the
pressure drop on the gas ¯owrate is related to the
geometry of the individual channel and also the design
patterns that the grooves form on the carbon plate. This
study assumes the use of the above ribbed ¯ow ®elds.
Data on the pressure drop-¯ow relationship for these

¯ow ®elds are not available in the open literature to the
authors' knowledge. Previous work on the modeling of
¯ow ®elds with a rectilinear network of grooves pre-
dicted a linear relationship between the pressure drop
and the gas ¯owrate [19]. The present work models the
pressure drop (in kPa) across the stack as a sum of the
contributions due to the ¯ow of gas in the ¯ow ®eld and
the gas manifold. The pressure drop in the manifold is
assumed to be smaller than that in the ¯ow ®eld and is
given as follows by the empirical equation:

DPSTK � kFF
QSTK

Ncell
� kMNQ2

STK �7�

kFF and kMN are parameters that depend on the ¯ow
®eld design, the gas ¯ow con®guration, stack design,
®ttings etc. In this study the values of kFF and kMN are
arbitrarily selected to be 30.33 kPa mÿ3 h and
0.0 kPa mÿ6 h2, respectively. QSTK is the gas ¯owrate
at the inlet of a single stack. Since all the stacks are
connected in parallel with respect to the air and
hydrogen gas ¯ow, QSTK is related to the inlet ¯ow at
the compressor and is given below:

QSTK � 1

20
Q1

101:3

�P2 � Pback�=2
T
Ta

� �
�8�

where Ta and T are the ambient and operating temper-
ature, respectively. The discharge pressure of the com-
pressor is given by

P2 � DPSTK � Pback �9�

where Pback is the back pressure set by the operator.

3.2. Electrochemical performance

The empirical model of the Ballard Mark IV fuel cell is
used to describe the current voltage relation since the
fuel cell modelled has been used to build large stacks
that are of interest in this study. The cell voltage, V , is
the sum of the open circuit potential, Eoc, the activation
overvoltage, gact, and the ohmic drop in the membrane,
gohm, and is given below (from [6]):

V � Eoc � gact � gohm

Eoc � 1:229ÿ 0:85� 10ÿ3 T ÿ 298:15� �
� 4:3085� 10ÿ5 T

�
ln�p�H2

� � 1
2 ln�p�O2

�� �10�
gact � n1 � n2T � n3T ln�C�O2

� � n4T ln 50:56 i� �
gohm � ÿi n5 � n6T � n7i� �

where T is the operating temperature, i the cell current.
C�O2

is the concentration of oxygen at the interface. The
parameters, ni, used here are similar to those in reference
[6] and are summarized in Table 3.
The interface concentration of oxygen, C�O2

, is given as
follows [8]:

C�O2
� 1

101:3

� �
P ÿ Pw

sat ÿ PxavgN2
exp 0:291 i

T 0:832

ÿ �
5:08� 106 exp ÿ498

T

ÿ �" #
�11�

where Pw
sat is the vapour pressure of water at the

operating temperature. The operating pressure of the
stack, P , is the average of the inlet and outlet pressures
and is �P2 � Pback�=2.
Assuming both the inlet and outlet cathode gas

streams to be saturated, the mole fraction of N2 in the
cathode outlet gas stream is 0.79 Pback ÿ Pw

sat

ÿ �
=Pback�

SO2
= SO2

ÿ 0:21� � using the de®nition of stoichiometry
(Equation 1). The current ef®ciency of oxygen reduction
is assumed to be 100% (transport of gaseous oxygen
across the membrane is negligible). Hence, the average
mole fraction of nitrogen, xavgN2

, is related to the
stoichiometry of oxygen and is as follows:

xavgN2
� 1

2
xinN2
� 0:79� Pback ÿ Pw

sat

Pback
� SO2

SO2
ÿ 0:21

� �� �
�12�

The oxygen stoichiometry and the actual inlet air
¯owrate at the compressor are related to the current
drawn from the fuel cell system, IFC by Faraday's law
and is given below after consideration to the electrical
circuit and the ambient temperature.

Q1 � 20Ncell� �80:64� Ta

273:15
� SO2

0:21
� IFC=2

4F
�13�

where F is the Faraday's constant and Ta is the ambient
temperature, assumed to be 293.15 K in this study.

Table 3. Parameters for the fuel cell performance equations used in

this study

n1 )0.9514 V

n2 0.00312 V K)1

n3 7.4 ´ 10)5 V K)1, C�O2
in mol cm)3

n4 1.87 ´ 10)4 V K)1, i in A cm)2

n5 0.8115 X
n6 )1.77 ´ 10)3 X cm2 K)1

n7 0.205 X cm4 A)1

kMN 0 kPa m)6 h2

kFF 30.33 kPa m)3 h
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The power generated by the fuel cell system is given by

PFC � 1

103
�10:50�V IFC �14�

where IFC is the current drawn from the fuel cell.
The ratio of the net power output by the compressor-

fuel cell system to the gross power generated by the fuel
cell stack is de®ned as the system ef®ciency and is given
below.

gsys �
PFC ÿ Pcomp

PFC
�15�

where PFC is the power generated by the fuel cell and
Pcomp is the power consumed by the compressor. The
system ef®ciency as de®ned above is equivalent to the
mechanical ef®ciency as used in internal combustion
engine study.

4. Results and discussion

The pressure drop-¯owrate relationship curve is overlaid
on the compressor characteristics in Figure 5. Each
intersection of the fuel cell system curve with a com-
pressor characteristic curve de®nes a unique operating
point. It can be seen that the compressor rotation speed
offers a degree of freedom that can be used to ®x the
operating point at a speci®ed inlet gas ¯owrate for any
particular back-pressure, Pback.
The compressor power consumption over a range of

gas ¯owrates at different back-pressures is given in
Figure 6. At gas ¯ow rates higher than the rated ¯ow,
770 m3 hÿ1, the effect of back pressure on the compres-
sor power consumption is lower. Also, as expected, the
power consumption decreases with decrease in the gas
¯owrate and operating pressures.
A 30% drop (step change down) in the operating

current is imposed on the system as shown in
Figure 7(a) and the system performance is analysed.

The abscissae in Figures 7±9 are hypothetical since
transients are not considered in this study. The numer-
ical values in the abscissa are given only as a reasonable
estimate of time over which the study is applicable. The
solution methodology for calculation of various mea-
sures of performance of the system, N ; PFC, Pcomp, and
gsys, is illustrated by calculating them for speci®c
operating regions.

4.1. Compressor rotation speed for maintaining
constant SO2

(Figure 7(b))

This Section deals with the calculation of the required
compressor speed to maintain a constant SO2

when the
current drawn from the fuel cell system is changed. At
constant oxygen stoichiometry, the required inlet air
¯owrate at the compressor is calculated using Equation
13 and the discharge pressure at the compressor is
calculated using Equations 7±9. The required change in
compressor speed is then calculated by solving the
Equation 2. The speci®c case of the reduction in the
current drawn from the fuel cell system (operating at
the design conditions as given in Table 1) from 720 to
504 A (Fig. 7(b)) is discussed next.
For the case of operation at a constant stoichiometry,

SO2
� 2:0, the required inlet gas ¯owrate is calculated

from Equation 13 as 538.1 m3 hÿ1. Thus the fraction of
rated inlet ¯owrate (rated ¯owrate is 770 m3 hÿ1), Q, is
0.7. The discharge pressure, P2, calculated by solving
Equations 7±9 by using Newton±Raphson method is
found to be 310.4 kPa. The compressor head, Had,
corresponding to this discharge pressure calculated from
Equation 6 is 1:14� 104 m. The compressor rated head
is obtained by substituting the design compression ratio,
P2=P1 � 3, in Equation 6 and is found to be
1:11� 104 m. Thus the fraction of rated head, H , at
the speci®c operating condition is 1.022. Equation 2 is
solved with these calculated values of Q and H to obtain
N , the fraction of rated rotation speed as 0.97.
Thus the compressor speed is reduced from 5050 rpm

(for operation at 720 A) to 4850 rpm to maintain
constant stoichiometry of 2.0 as seen in Figure 7(b).

Fig. 5. System operating curves. Each operating point is uniquely

determined by the intersection of the system curve with the compressor

characteristics.

Fig. 6. E�ect of gas ¯owrate and operating pressure on the compres-

sor power consumption.

556



4.2. Power generated by the fuel cell (Figure 8(a))

The solution procedure to calculate the cell voltage and
the power generated by the fuel cell is discussed. At
constant compressor rotation speed, the inlet air ¯ow-
rate is constant. Hence, the oxygen stoichiometry varies
with the current drawn from the system and is calculated
from Equation 13. When a variable speed drive is used
with the compressor, the stoichiometry can be main-
tained at the desired value as discussed in Section 1. For
both cases, the cell voltage is obtained using Equations
10±12 and the power generated by the fuel cell system is
calculated from Equation 14. Speci®c cases are discussed
below to illustrate the procedure.
For the constant rpm case, the inlet ¯owrate, Q1, is

constant at 768.8 m3 hÿ1 (¯owrate calculated for oper-
ation at 720 A, from Equation 13) and hence, the
oxygen stoichiometry, SO2

, increases from 2.0 to 2.9
(calculated from Equation 13) for the drop in current
from 720 to 504 A. The nitrogen mole fraction in the
inlet gas, xinN2

, is 0.671 (for saturated air at tempera-
ture, T , 353.15 K and pressure (calculated as in Section
1), P2, 313.2 kPa). The average nitrogen mole fraction
obtained from Equation 12 is 0.696. The concentration
of oxygen at the interface, C�O2

, calculated from Equa-
tion 11 is 0:371� 10ÿ6 mol cmÿ3 (the average pressure,

P , is 308.6 kPa and the vapor pressure of water, Pw
sat, is

47.2 kPa at 353.15 K). The operating current density is
given by i � IFC=2900 � 0:28 A cmÿ2, for this case. For
saturated pure hydrogen gas at the same temperature
and pressure as the cathode gas, the partial pressure of
hydrogen, p�H2

, is 2.6 atm (310.4±47.2 kPa). The partial
pressure of oxygen at the interface, p�O2

, is given by [8]

p�O2
� 1

101:3
P ÿ Pw

sat ÿ PxavgN2
exp

0:291i
T 0:832

� �� �
� 0:46 atm �16�

These values are substituted in Equation 10 to obtain
the cell voltage, V , as 0.711 V. The open circuit voltage,
Eoc, is 1.191 V and the activation overpotential (gact)
and the ohmic drop (gohm) are ÿ0:412 V and ÿ0:068 V,
respectively. Similar calculations for other conditions
are performed.
The cell voltage increases from 0.645 V (for 720 A

current) to 0.711 V in the above case. Thus, the power
generated in this case calculated from Equation 14 is
179.2 kW. When the compressor speed is varied and the
stoichiometry, SO2

, is maintained at 2.0, the cell voltage
increases to 0.707 V from an initial value of 0.645 V.

Fig. 7. (a) Step change in the current drawn from the system. (b)

Variation in the compressor speed required to maintain (a) constant

oxygen stoichiometry, varying rpm, (b) constant rpm.

Fig. 8. (a) Changes in the fuel cell performance for the constant rpm

and constant stoichiometry cases. Constant rpm case results in

marginally higher fuel cell performance. (b) Changes in the compressor

power consumption. The constant rpm (case b) results in higher power

consumption.
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The change in the fuel cell voltage and hence the
power delivered is given in Figure 8(a). It is seen that the
fuel cell power produced by operation at constant
compressor speed is marginally higher than in the case
where the stoichiometry is constant.

4.3. Compressor power consumption (Figure 8(b))

The calculation of the compressor ef®ciency and the
power consumption by the compressor is presented here.
The head developed by the compressor at the operating
point (characterized by Q1 and P2) is calculated from
Equation 6. It is then determined whether the operating
point falls to the left or right of the maximum ef®ciency
line. The constant, K1 or K2, in the equation for the
appropriate isoef®ciency line (Equation 4(a) or 4(b))
that passes through the operating point is determined.
The intersection of the isoef®ciency line with the
compressor characteristic at the rated rotation speed
(N � 1:0) is calculated by solving Equations (4(a) or
4(b)) and Equation 2. The ¯owrate, QN�100%, corre-
sponding to this point is substituted in Equation 3 to
obtain the compressor ef®ciency. The power consump-
tion by the compressor is determined from Equation 5.
The system ef®ciency is calculated using Equation 15 for
all the cases. To illustrate the above procedure, the
compressor power consumption at the design operating
point, 720 A current load at a stoichiometry (SO2

) of 2.0,
is calculated.
The procedure for ®nding the operating conditions,

(Q; H ), are the same as that discussed in the calculation
of the compressor speed, Q, and were found to be 0.998,
and 1.032, respectively. The ¯owrate, Q, that maximizes
the ef®ciency at the rated speed, N � 1:0, is given by

dgN�100%
dQ

� F 2Q� G4Q3 � 0 �17�

Hence,

Q � ÿ F
2G

� �1=2

�18�

The Q calculated above (Q � E=2G� �1=2) and the corre-
sponding fractional head, H , calculated from Equation 2
(with N � 1:0), are given by 0.904, 1.048. Assuming the
equation of the maximum ef®ciency line is of the form
Equation 4(b), the value of K2 for this line is 5.86,
obtained by substituting the above values of Q and H in
Equation 4(b). The fractional head, H , corresponding to
the point on the maximum ef®ciency line at the
operating ¯owrate, Q � 0:998, is obtained by substitut-
ing this value of Q in Equation 4(b). It is given by

H � HL � 5:86 0:998� QL� �1=2� 1:214 �19�

Since the head corresponding to the operating point,
H � 1:032, is less than the above calculated value of
1.214, the operating point lies to the right of the

maximum ef®ciency line (Figure 3) and Equation 4(a)
applies to the isoef®ciency line passing through the
operating point (0.998, 1.032). The value of K1 for this
line is given by

K1 � 1:032ÿ HR

0:998� QR� �2 � 0:151 �20�

Solving the equation for this isoef®ciency line, Equation
4(a) with K1 � 0:151, and Equation 2, with N set to 1.0,
gives the point corresponding to the intersection of the
design head-¯owrate curve and the isoef®ciency line
passing through the operating point. It is found to be
(0.981, 1.012). Substituting this value of Q, 0.981, in
Equation 3 gives the ef®ciency of the operating point,
gN , and is found to be 0.794. The compressor power
consumption, Pcomp, found from Equation 5, is 36.3 kW
(Q1 � 768:8 m3 hÿ1 and P2 � 313:2 kPa, calculated as
in Section 1). The system ef®ciency, gsys, at this
operating point is obtained from Equation 15 as 0.844
(the fuel cell power, PFC, is 232.2 kW, calculated as in
Section 2).
The compressor power consumption for both cases,

constant rotation speed and constant stoichiometry, are
given in Figure 8(b). The power consumed is signi®-
cantly reduced in the case of constant stoichiometry
but remains the same for operation at constant rotation
speed.

4.4. Ef®ciency of operation (Figure 9)

It is seen from Figure 9 that the system ef®ciency,
de®ned in Equation 15, is higher after the step change in
the case of constant stoichiometry due to the decreased
gas throughput in the compressor. A signi®cant decrease
in system ef®ciency is observed for the case of operation
at constant compressor speed.
It is to be noted that the model is steady state and the

transient changes in the cell voltage near the step change
are not modelled. The time constant of these transients
is of the order of 0.002 to 0.01 s [20] and is not relevant
in the time scale considered here. Changes in membrane

Fig. 9. The constant stoichiometry, SO2
, mode operates at higher

e�ciencies at lower currents in contract to the much lower e�ciencies

exhibited by the constant speed, N, mode.
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hydration states and variations in the temperature due
to the slow dynamics of the coolant loop introduce
transients with larger time constants, but these effects
are outside the scope of this study.
To evaluate the case of decreasing the operating

pressure in addition to maintaining a constant stoichi-
ometry (case c) the change in the system ef®ciency at
different operating pressures and currents (with the
stoichiometry set to 2.0) are plotted in Figure 10. From
the contour plot, it is seen that for operation to the right
of the rated current (greater then 1.0) any control action
involving a decrease in pressure does not contribute to
any increase in ef®ciency. In contrast a decrease in
pressure marginally improves the system ef®ciency for
operation to the left of the rated current. Further sudden
swings in the operating pressure are not conducive to
stable operation of the system. Thus the control strategy
of maintaining a constant stoichiometry (case b) by
varying the compressor speed is optimal from a power
ef®ciency point of view.

5. Conclusions

The operation of the compressor fuel cell system is
analyzed at different operating conditions. A method to
obtain the speed of the compressor for a speci®c
operating condition is developed. This strategy could
be implemented using microcontrollers for scheduling
the compressor speed. Compressor operation at con-

stant speed is the most inef®cient form of operation. It is
found that the marginally better performance of the fuel
cell at higher stoichiometry (as in the case for constant
rpm at reduced current load) is offset by the higher
power consumption by the compressor thus reducing the
overall ef®ciency. The strategy of varying the compres-
sor speed to maintain a constant oxygen stoichiometry
leads to ef®cient operation over a wide range of power
demands.
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