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Effects of Key Operating Parameters on the Efficiency 
of Two Types of PEM Fuel Cell Systems 

(High-Pressure and Low-Pressure Operating) 
for Automotive Applications 
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School of  Mechanical and Aerospace Engineering, Seoul National Universit), 

San 56-1, Shinlim-dong, Kwanak-gu, Seoul 151-742, Korea 

The proton exchange membrane (PEM) fuel cell system consisting of stack and balance of 
plant (BOP) was modeled in a MATLAB/Simulink environment. High-pressure operating 

(compressor type) and low-pressure operating (air blower type) fuel cell systems were con- 

sidered. The effects of two main operating parameters (humidity and the pressure of the supplied 
gas) on the power distribution characteristics of BOP and the net system efficiency of the two 

systems mentioned above were compared and discussed• The simulation determines an optimum 

condition regarding parameters such as the cathode air pressure and the relative humidity for 
maximum net system efficiency for the operating fuel cell systems. This study contributes to get 

a basic insight into the fuel cell stack and BOP component sizing. Further research using multi- 

object variable optimization packages and the approach developed by this study can effectively 
contribute to an operating strategy for the practical use of fuel cell systems for vehicles. 

Key Words : PEM Fuel Cell, Fuel Ceil System, BOP, High-Pressure Operating, Low-Pressure 
Operating, Net System Efficiency, Component Sizing 

Nomenclatnre LHV,,, 
A " Surface area of the stack (cm 2) 

a : Modeling constant m ~  

Up :Specific heat (J/kgK) mnz 

cl : Modeling constant PBop 
c2 : Modeling constant P~et 
c3 : Modeling constant P~c~ 

E : Open circuit voltage (V) Roh,~ 
h : Heat transfer coefficient (W/cm 2 K) T~,~ 

i : Current density (A/cm 2) T~,~, 

ira~x : Current density that cause precipitous Vact 
voltage drop (A/cm 2) Veonc 

: Exchange current density (A/cm z) Vtc 

Vah= 
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W, 
AT~ 

: Lower heating value of hydrogen 

Wkg) 

Mass flow rate of stack coolant (kg/s) 

• Mass flow rate of hydrogen gas (kg/s) 

: Parasitic load of BOP (W) 

Net system power (W) 

• Stack gross electric power (W) 

Internal electrical resistance (fl cm 2) 

: Mean temperature of coolant (.°C) 
: Mean temperature of stack (°C) 

Activation overpotential (V) 
; Concentration overpotential (V) 
; Fuel cell voltage (V) 

: Ohmic overpotcntial (V) 
: Constant (V) 

Voltage drop at zero current density 
(v) 

; Stack power (W) 
: Coolant temperature difference between 

stack inlet and stack outlet (*C) 
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~],~t : Net system efficiency 

1. Introduction 

With the increasing concern for the environ- 

ment, automakers worldwide in recent years, have 

been engaged in different research and develop- 

ment activities aiming at reducing exhaust emis- 

sions. However, current internal combustion en- 

gine can hardly meet the more stringent emis- 

sion standards and CO2 regulations. Consequent- 

ly, nowadays, many car manufactures are engaged 

in active researches on fuel cell powered vehicles 

basically to reduce COz emission and to improve 

power-train efficiency. Fuel cell is an electro- 

chemical device that can directly convert the 

chemical energy of a reactant into electrical ener- 

gy (Pukrushpan et al., 2003; June and Koo, 

2003). It is recognized as a promising future en- 

ergy source because it is environmentally friendly, 

and it can achieve efficiency higher than the con- 

ventional combustion cycle. Among various types 

of fuel cells, proton exchange membrane (PEM) 

fuel cell is considered to be practical for the au- 

tomotive applications because of its high effi- 

ciency, low-operating temperature, high power 

density, quick response to load change, low emis- 

sions, low noise operation, and modular design. 

Previous researches on PEM fuel cell have been 

mainly focused on the development of high per- 

formance membrane electrode assembly (MEA) 

by electro-chemical approaches (Larminie and 

Dicks, 2000 ; Cunningham et al., 2001). 

However, for the PEM fuel cell to be com- 

mercialized as automotive power source it is nec- 

essary to conduct a system based analysis and 

research that will optimize its elements such as 

the auxiliary components (blower, compressor, 

humidifier, and pump etc.) as well as the fuel cell 

stacks. The auxiliary components to drive the 

fuel cell stack are generally called as balance of 

plant (BOP). Main components of BOP include 

gas supplying system (such as compressor and 

blower), water management system (humidifier 

and pump), and heat management system (stack 

cooler, condenser, and heat exchanger). The goal 

of research on BOP components in fuel cell sys- 

tern is to enhance the performance and effi- 

ciency of fuel cell system by optimizing the fuel 

cell stack power with changing power demands 

(Friedman et al., 200l;  Nelson et al., 2000; 

Ronald, 2003). 

Recently, of particular concern in research on 

fuel cell for automotive applications is whether 

the air to the stacks should be applied at a com- 

pressed state or at a low pressure (nearly am- 

bient) state. The device structure is relatively 

compact and easy to control in the case of low- 

pressure operating systems. However, with that 

system it is difficult to control the relative hu- 

midity of the supplied gas. On the other hand, the 

high-pressure operating system makes easy the 

control of the humidity but increases the system 

weight. Furthermore, it renders the control of the 

system difficult due to the complicated nature of 

its configuration. 

This paper consists of three main parts: The 

first part presents the modeling of the BOP com- 

ponents for both low and high pressure opera- 

ting fuel cell systems, then, follows a comparison 

of the net system efficiency of the two operating 

systems working with the same number of stack- 

ed unit cells. The final section of the paper dis- 

cusses the characteristics of the two types of fuel 

cell systems having the same net system power 

level. 

2. Fuel Cell System Model 

In this study, the fuel cell stack and the BOP 

system components for the low-pressure and high- 

pressure operating systems were described. The 

main criteria dividing a fuel cell system (low vs. 

high-pressure operating system) is operating sys- 

tem pressure. In this study, low-pressure operat- 

ing system is driven by blower and the operating 

system pressure is less than 1.5 bar. On the other 

hand, high-pressure operating system is usuaUy 

driven by compressor and its operating pressure is 

over 1.5 bar. 

The models were implemented in MATLAB/ 
Simulink environment. 

The main modeling assumptions employed for 

this study were presented in this section. 
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2.1 Assumptions 
A fuel cell system was assumed to operate in 

steady state. The complex nature of the detailed 

transport processes related to chemical species, 

water, and heat inside the PEM fuel cell was 

neglected : 

(1) The thermal properties of working fluid 

are constant. (The temperature change in fuel cell 

is relative small.) 

(2) Gas streams in the flow channel are hu- 

midified, fully developed flow and show ideal gas 

behavior. 

(3) The efficiency of motor used to drive the 

air blower was assumed to be 85% and constant. 

(4) The efficiency of cooling water pump is set 

equal to 70%. (For the maximum stack power 

condition (over 75 kW), it was found that the 

required power for the cooling water pump was 

relatively small compared to the maximum stack 

power.) 

(5) The relative humidity (~bse~r) of the sup- 

plied gas after the self humidifying system is 

assumed. (This is for the investigating the effect 

of membrane type humidifier on the performance 

of fuel cell system in this study.) 

(6) The heat generated by the cooling circuit 

was assumed to be totally absorbed by the cooling 

water. 

2.2 Low-pressure operating fuel cell system 
model 

In this section, the fuel cell stack and the BOP 

system components of the low-pressure operating 

Fuel Cell 
Stack ~ ,  

Fig. 1 Schematic diagram of the low-pressure oper- 
ating fuel cell system 
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system were modeled as described in Fig. I. 

2.2.1 Stack modeling 
The stack used in this study, was constructed by 

piling up unit cells. The modeling of the unit cell 

was based on the fuel cell model developed by 

Pukrushpan (Pukrushpan et al., 2003). 

In the Pukrushpan's fuel cell model, the vol- 

tage of fuel cell can be obtained by subtracting 

the fuel cell losses from the open circuit voltage 

E.  The fuel cell losses include activation over- 

voltage ( V a c t ) ,  ohmic overvoltage (Vohra), and 

concentration overvoltage (Vconc). Each is defin- 

ed as follows (Pukrushpan et al., 2003); 

Vie = E - F a c t  - Vohra - -  V c o n c  ( l ) 

Vac t=aln  To v ° + v a ( l - e - c t i )  (2) 

Vohra = i Rohm (3) 

Vc . /  i \c3 z C2 i xax ) 

The coefficients in the equations (2) and (4) are 

functions of temperature, pressure, and partial 

pressure of oxygen. In the stack model, the cur- 

rent, voltage, and power of the fuel cell stack were 

calculated using specified stack temperature, the 

pressure and humidity of supplied gas as input 

conditions. 

The active area of the unit cell used for the 

construction of the stack was 400cm 2 (20×20 

cm2). The unit cells were stacked to achieve the 

required net system peak power of 80 kW. 

Air was provided to the cathode side with a 

stoichiometry of 2.0. Hydrogen gas was supplied 

to the anode side with a stoichiometry of 1.2. 

2,2,2 Modeling of air blower 
For low-pressure operating system, air blower 

is used to supply air to the fuel cell stack with 

nearly ambient state. Since the centrifugal-type 

air blower is commonly used for PEM fuel cell 

system, the centrifugal-type air blower was cho- 

sen to supply air to the cathode side in order to 

simulate the low-pressure operating fuel cell sys- 

tem. The pressure of the supplied air and the effi- 

ciency of the blower were obtained from the look- 
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up table of performance map using MATLAB/  

Simulink environment. 

2.2.3 Humidif ier  modeling 
Since the conductivity of the polymer depends 

on the relative humidity of the gas, the perform- 

ance of the PEM fuel cell is strongly related to 

the relative humidity of the supplied gas that the 

stack is in contact with (Ronald, 2003). There- 

fore, proton exchange membrane must be fully 

hydrated to main a good ionic conductivity and 

performance with proper water management. Var- 

ious types of humidifiers are being applied for 

humidifying inlet gas stream. Among those, the 

self humidifying system and injection type hu- 

midifying system are adopted because of their 

common use for PEM fuel cell system. 

As shown in Fig. 2, the supplied gas was 

humidified using the air stream on the cathode 

side. The air was provided with high humidity 

and temperature using a membrane type humidi- 

fying system. The relative humidity of the gas was 

controlled through the injection type humidifying 

system represented in Fig. 3. The system controls 

the humidity of the supplied gas by evaporating 

the water by the injector into the air stream using 

a heater and a humidifier combined into one 

component (Nelson et al., 2000). 

From gas TO Injection 
supply system Inlet gas getting wltrm~r and more humid ~ type humidifier 

Membrane 

:~ m - ,lira II 
TO Outgoing ak Cooling and los/rag water From fue l  

atmosphere cell 

Fig. 2 Membrane type humidifying system for PEM 
fuel cell 

Hereafter, the relative humidity of the supplied 

gas after the self humidifying system shown in 

Figure 2, and at the entrance of stack will be 

denoted as qSsezr, and q~i respectively. 

The power required for the humidifier was ob- 

tained based upon the phase-change energy re- 

quired for evaporating the necessary water vapor 

to control the relative humidity of supplied gas. 

2.2.4 Modeling of coolant module 
The stack was cooled with some cooling water. 

A cooling plate was installed for every three cells 

in a repetitive sequence, and served to cool them 

down. The flow rate of the cooling water and the 

pressure loss across the cooling plate were calcu- 

lated to determine the stack temperature and the 

power of the water pump. 

For considering the energy balance of stack 

coolant module, the equation 5 was used. 

ws( E )=fncwC,A Tcw=hA ( Ts.m- Tcw.m) (5) 

Using above equation, the coolant temperature at 

the outlet of stack can be calculated. 

2.3 High-pressure  operating fuel cell  sys-  
tem model 

The BOP system components for the high-pres- 

sure operating system were modeled as shown 

in Fig. 4. The models for the stack+ cooling and 

I Hydrol lydrogen 
Stora tecyding 

Pump 

Water 
Water  
nozzle Solenoid Pump 

' I  ,':=-- - i F . . . .  . .;- 

+ + + .  
. . 

F r o m  m e m b r a a '  , ~  . . . . . .  " 

numidifying system Humidification l 

chamber H e a ~ - r  

Fig. 3 

TO f u e l  
c e l l  stack 

Injection type humidifying system tbr PEM 
fuel cell 
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Fuel Cell 
Stack Fan 

Motor ' ~ '~ .",, 

Fig. 4 Schematic diagram of the high-pressure op- 
erating fuel cell system 
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humidifier modules were ihe same as those used 

for the low-pressure operating system. However, 

instead of an air blower, a compressor was 

adopted to provide air to the cathode side. 

Table 2 System input conditions 

Stack Temperature 65°C 

4 ~  50% 

~bi 70% 

2.3.1 Compressor model 

Since the screw type compressor is commonly 

used for PEM fuel cell systems because of merits 

in performance and noise characteristics, the com- 

pressor component was modeled according to a 

screw type compressor. Its efficiency was obtained 

through a performance map which can use linear 

interpolations and extrapolations to get the de- 

sired values (Larminie and Dicks, 2000). 

3. Simulation Results  

3.1 Simulation conditions 

In this study, comparison and discussion be- 

tween a low-pressure operating system and a 

high-pressure operating system based on two 

aspects of their working conditions were made. 

Initially, two types of operating systems with the 

same number of stacked unit cells were investi- 

gated. Then, the characteristics of two operating 

systems working at the same net system power 

level were presented. The conditions of the stacks 

for the two types of operating Systems are sum- 

marized in Table 1. 

The net system power is simply defined as the 

stack gross electric power (Pstack) minus the par- 

asitic load of BOP (P~op). This relationship is 

represented in equation 6 (Friedman et al., 2001). 

Pnet = P~t~,  - Psop (6) 

Table 1 Simulated stack conditions 

Same Stack Size Condition 

Compressor Blower 

Max. Net Power l l5 kW 80 kW 

# of Cells 650 650 

Area of the Cell 400 cm z 400 cm z 

Same Max. Net Power Condition 

Max. Net Power 80 kW 80 kW 

# of Cells 450 650 

Area of the Cell 4 0 0  c m  2 400 cm 2 

The performance of the stack highly depends 

on its temperature and pressure as well as the 

relative humidity of the supplied gas. Therefore, 

the stack conditions were evaluated based on the 

inlet parameters in Table 2. 

The input conditions illustrated in Table 2 

were selected for two reasons. The first one is 

that for vehicle applications, the stable fuel cell 

operating temperature is around 65"C. The other 

is that when the relative humidity of the supplied 

air stream approaches 70%, then the relative hu- 

midity of air stream exiting the stack can reach 

100% by liquid water produced in the cathode 

side. If the cathode inlet air is suppl'ied with fully 

humidified, the liquid water flooding can occur at 

the outlet of cathode channel. 

3.2 Unit cell performance with cell temper- 

ature and inlet air pressure 

As mentioned in a previous section, generally 

the performance of a fuel cell is strongly depen- 

dent on its temperature and the pressure of the 

supplied gas. As shown in Figes. 5 and 6, the 

performance of fuel cell increases as its tempera- 

ture and the supplied air pressure increase. In 

order to take advantage of the high cathode air 

1.0 

- -so °c 
• \ ' , ,  i . - - 6 o O c i  

~ > -  . . .  I . . . .  j 
" ~ ' ~ "  " "  - i / u  L,! ' " - ~ -  ". . . .  i_..SO°C] 

0.5 ~ . , ~ . . , ,  L ~ _ ~  

Pcathode = 1 bar " ~ . , "  \ , % -  

\ "X \ , ,  
0.0 . . . . . . . .  , , , , ,%~ , 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

C u r r e n t  d e n s i t y  ( A / c m  2) 

Fig. 5 Polarization curves for different fuel cell 
temperatures 
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@ 

1.0 

0.5 

• l . i . , • , . m t i 

°'°.o o., 0.6 0.8 11o 1.e 
Current density (Mcm ~) 

Fig. 6 Polarization curves with different cathode 

inlet air pressures 

pressure, the compressor type of fuel cell system, 

which operates at high-pressure is usually a good 

alternative for fuel cell powered vehicles. 

3.3 Simulation results under the same stack 
size condition 

When the stack with the same number (650) of 

unit cells was used for low-pressure and high- 

pressure operating systems respectively, it was 

found that the net system peak power for the 

high-pressure operating system increases from 

80kW to l l 5 k W  by 35kW as shown in Table 

3. 

Figure 7 shows the net system peak power and 

net system efficiency with varying cathode air 

pressure for the high-pressure operating system. 

In that figure, with the increase of cathode air 

pressure, the net system peak power gradually 

increases to reach the maximum of 115 kW at 3 

bar. When the cathode air pressure exceeds the 

3 bar, the net system peak power decreases dras- 

tically. This was due to the fact that the efficiency 

of the compressor drops suddenly when the cath- 

ode air pressure was over 3 bar and hence the 

ratio of the compressor power to system net po- 

wer increases abruptly. The fluctuation of the net 

system efficiency with the cathode air pressure 

was due to changes in the efficiency of the com- 

pressor as well as the system operating condi- 

tions. The net system efficiency of the fuel cell 

system is defined in equation 7 (Cunningham et 

al., 200 I). 

Table 3 Comparison of system net efficiency and 
power distribution at maximum net power 
(# of cells : 650) 

Blower Compressor 

Max. Net Power (kW)  80(78.9%) 115(75.6%) 

Stack Power (kW) 101.4 152.1 

Cooling Pump Power (kW) 0.8(0.8%) 2.0(1.34%) 

Compressor (Blower) 
Power(kW) 4.5(4.4%) 34.7(22.8%) 

Humidifier Power (kW) 16.1 (15.9%) 5.5(3.6%) 

Efficiency (%) 32.5 30.8 

130 

120 

110 

~=o 100 

2: 90 

eo 

7 0  

1.0 

Fig. 7 

. . . . . . . . . . . .  0 .40 

Max. N e t  P o w e r  

I - - e - - S y s t e m  E f f i c i e n c y  

O.35 . .  

0.30 ~ 

. . . . . . . . .  ' ' ' , 0.25 
1.5 2.0 2.5 3.0 3.5 4.0 4.5 

Cathode Air Pressure (bar) 

Effect of the cathode pressure on the maxi- 
mum net system power and the net system 
efficiency 

Pne t (7) 
~.e t - -  Ynx," L HVH~ 

The required parasitic load of the BOP under the 

net system peak power condition is listed in Table 

3. The value in parenthesis represents the per- 

centage over the stack power for each BOP com- 

ponent. For the low-pressure operating system, 

the power of the humidifier was 16.1 kW, which 

was the largest portion (15.9%) among all BOP 

components. Therefore, it is thought that the con- 

trol of humidity is a key element in improving the 

net system efficiency of the low-pressure operat- 

ing system. 

As for the high-pressure operating system, the 

required power for the compressor was 34.7 kW, 

which was the largest portion (22.8%) of all BOP 

components. Hence, improving the performance 

of the compressor is a main factor for improving 
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the efficiency of the high-'pressure operating sys- 

tem. For  that operating system, the required po- 

wer for the humidifier was 5.5 kW, a relatively 
small portion (3.6 %) compared with that of the 

low-pressure operating system. It can be explain- 

ed by the fact that the heat resulting from the 

increased temperature with the compressed air 

effectively evaporates the injected liquid water. 

3.4 Simulation results under the same maxi-  

mum net power condition 

As shown in Table I, for the high-pressure 
operating system, the maximum net system power 

(80 kW) applied to the low-pressure operating 

system can be achieved with smaller number of 

cells. This was because the stack power could be 

improved by increasing the cathode air pressure. 

The efficiencies and performances of the two 

operating systems were compared through simu- 

lation by varying the pressure and the humidity 

of  supplied gas. The details of  the stack tempera- 

ture, ~bsetr, and ~bi are summarized in Table 4. 

Figure 8 represents the variation of  the net 

system efficiency as a function of cathode inlet 

Table 4 Stack temperature and relative humidities 

Stack Temperature ~bl ffsetr 

65°C 70% 

40% 

50% 

60% 

air pressure for four different net system power 

values. An optimum cathode inlet air pressure 

for the maximum net system efficiency was ob- 

tained for each net system power. 

For  three values of the relative humidity, the 

optimum cathode air pressures with the maximum 

net system power were calculated using the same 

simulation procedure and were presented in Fig- 

ure 9. This confirms that the optimum cathode air 

pressure tends to increase as (gset.r decreases. As 

qbsety decreases, the amount of water needed to be 

evaporated increases. Hence, the required power 

for humidifier increases. The gain resulting from 

increasing cathode air pressure also increases. An 

explanation for this may be that as the cathode air 

pressure increases, the increased temperature at 

the outlet of the compressor facilitates the evapo- 

ration of the injected water without the need of 

additional heating power. 

Using the cathode air pressure obtained in 

Fig. 9, the efficiencies of the two operating 

systems for the case of  q~sety=40% were compared 

and illustrated in Fig. 10. As presented in that 

figure, the net system efficiency for the high- 

pressure operating system was higher than that 

of the low-pressure operating system by 2--10%. 

This can be explained by the fact that the amount 

of water vapor supplied by injection type hu- 

midifier increases much and the required power 

for humidifier gets much larger for low-pressure 

operating system. 

E 

Fig. 8 

Optimum Pressure - -  10 kW 
o . ,  ' o 

| ~ kW! - - - - -  SO ~ T ,  : 65  C 
o . ,  

o, j 
0 .3  ~ . . , : 5 o %  . , , 

110 " 115" 210"  2 ' . 5 '  3 . 0 '  3 . 5 '  4.0 ~m ~.) 1 . . . . . . . . .  A , , - , - 
C a t h o d e  A i r  P r e s s u r e  ( b a r )  0 10 20 30 40 50 60 70 80 

Net system efficiency as a function of the Net  S y s t e m  P o w e r  ( k W )  

cathode air pressure at different net system Fig. 9 Optimum cathode air pressure at different 
power conditions ~bsetr 
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0.6 T : 65 °C  0.6 & T = 65 °C 

• 0 . 5  . -  
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Net System Power (kW) Net System Power (kW) 
Fig. 10 Comparison of the low-pressure and the Fig. 12 Comparison of the low-pressure and the 

high-pressure operating fuel cell system effi- high-pressure operating fuel cell system effi- 
ciencies at ~sety=40% ciencies at ffsetr=60% 

0.6 - T = 65 °C 

~ 0.5 

0.4 
- - b l o w e r  "~k~q~l'~ 

r.~ i " compressor "N) 

0 . 3  . . . . . . . . . . . . . . .  
0 10 20 30 40 50 SO 70 80 

Net System Power ( k W )  

Fig. 11 Comparison of the low-pressure and the 
high-pressure operating fuel cell system effi- 

ciencies at ffseo,=50% 

In Fig. 11, for ffseli=50%, the net system 

efficiency of the high-pressure operating system 

was higher in the net system power range of 5 

to 20 kW. The net system efficiency of the low- 

pressure was higher when the net system power 

was between 50 and 75 kW. 

The data presented in Fig. 12 illustrates that 

for the case of  (gsetl---60%, when the net system 

power exceeds 15 kW, the net system efficiency 

of the low-pressure operating system is higher 

than that of the high-pressure operating system 

by 2~6%.  Consequently, through this, it can be 

concluded that the low-pressure operating sys- 

tem will be more advantageous if ffsez1 can be 

Copyright (C) 2005 NuriMedia Co., Ltd. 

kept high. This is due to the fact that in case of 

the low-pressure operating system the humidifier 

takes up the largest part of the necessary power 

for the BOP. 

It is also seen that the net system efficiency 

of the high-pressure operating system is lower 

than that of  the low-pressure operation system 

for elevated net system power condition. This 

can be explained by the fact that for the high- 

pressure operating system, the required compres- 

sor power gets much larger as the net system 

power increases. 

4. Conclusions 

In this study, the PEM fuel cell system con- 

sisting of a stack and a BOP was modeled and 

when operating at low-pressure and high-pres- 

sure its characteristics (net system peak power 

and net system efficiency) were compared. First, 

the two types of operating fuel cell systems with 

the same number of stacked unit cells were com- 

pared. Then, their characteristics for the same 

net system power level were presented. The ma- 

jor  findings of  this study can be summarized as 

follows ; 

(1) For  the two operating fuel cell systems 

piled up with 650 unit cells, the net system peak 

power for the high-pressure operating system 

was l l 4 k W ,  which is 41~  higher than that of  
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the low-pressure operating system. 

(2) The individual component which takes up 

the largest portion of the parasitic load of the 

BOP was the humidifier module for the low-pres- 

sure operating system, and the compressor com- 

ponent for the high-pressure operating system. 

(3) The optimum cathode air pressures for the 
maximum net system efficiency power were pre- 

sented according to different net system power 
conditions. The optimum cathode air pressure 
tends to increase as ffs, t: decreases. 

(4) As ~seL/increases, the required power for 

the humidifier module becomes smaller. There- 

fore, the low-pressure operating system with air 
blower is considered more advantageous in terms 

of net system efficiency than the high-pressure 

operating system. 
(5) Through this study, basic insight into the 

fuel cell stack and the BOP component sizing 

was presented. Along with optimization packa- 

ges, the approach adopted in this study can be 
effectively used for establishing an operating stra- 

tegy for the practical use of fuel cell systems for 

vehicles. 
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