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 1. 

 1.1 

     H2  2H+ + 2e-

 2 (  H2) =   moles.s-1

 2(H2usage)  = 
F

I    moles.s-1

  H2 usage  = 
F

I

2
   moles.s-1

 stack

  H2 usage  = 
F

In

2
   moles.s-1

 I = 

 F =  = 96485 c.mole-1

 n =  stack 

 1.2 

     2H2 +O2  2H2O

 H2  = 2x( )   moles.s-1

 (1/2)(H2usage)  = O2usage   moles.s-1

  O2 usage  = 
F

I

4
    moles.s-1

 stack

  O2 usage  = 
F

In

4
    moles.s-1
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 2. 

(cc/min)

NRTVP

    
P

NRT
V

V  = 

N  = , mol/s 

R  =  = 8.3143 x 10-3 kPa. m3/(mol.K)

T  = 

P  = 

 300C

P  = 1.01 x 102 kPa, T  = 303 K 

  = N
x

x
2

3

1001.1

)303)(103143.8(  m3.s-1

 cc/min 

V  = (60 x 106) N
x

x
2

3

1001.1

)303)(103143.8(  cc/min 

V  = 1.496 x 109N   cc/min 

 2H2 + O2  2 H2O

 1  H2  1 

 = 
F

In

2
 moles.s-1

 18.02 x 10-3 kg.mole-1

 Water Production  = (9.34 x 10-8) In  kg.s-1
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 1. 

 20 Psig  (Stoichiometry, )

02 = 2.5, H2 = 1.5 

 2.  1-5 A  electronic load 

   

 1.  H2usage

  H2 usage  = 
Fx

In

2103
(1.496 x 109)  cc/min 

    = 
F

In

2
(1.496 x 106)   cc/min 

  O2 usage = 
Fx

In

4103
(1.496 x 109)  cc/min 

    =
F

In

4
(1.496 x 106)   cc/min 

 2. 02 = 2.5r H2 = 1.5 

  H2in = (1.5) 
F

In

2
(1.496 x 106)   cc/min 

  O2in = (2.5) 
F

In

4
(1.496 x 106)   cc/min 

 3. 

 4.  Single Cell Voltage  voltage drop 

 Activation Voltage Drop (Va)  ohmic Voltage Drop (V0)

 (Vc) – 

 5.  Vr – I 

 Vr = ci + d 

 Vc = E – (i + in) r – A In 
o

n

i

ii

 (i + in)r  Vc
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 Vr = (i + in) r 

  Vr = ir + inr

 Vr – i 

 Vr = ci + d 

 r = c  in = 
c

d

 6.  Activation overvoltage 

 (Va)  In (i + in)

 Va = f In (i +in) + g ; f, g = 

 3 

 Va = A In 
o

n

i

ii

 Va = A In (i +in) – A In (i0)

 A = f  i0 = exp (-
f

g )

 7.  i0, in, A, r 

 Voltage 
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Oxygen

Hydrogen

Humidifier

PEMFC
Stack

cathode

anodeRegulator

Mass Flow
Controller

Pressure Gate
Hygrometer

Back Pressure

Regulator

1 2 3

4 5 6

 3. 

 3.1 

1

 1. 

 2. Tsat = T4; 4 = 100% 

 3. 

 4. 

  P3 = P6 = Patm

 mw,in – mw,out + mw, produced  =
dt

dm    --- (1) 

 (mw,1 – mw,4) – (mw,2+mw,5) + mw,produced = dt

dm    --- (2) 
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 6 

 m h,6 = Mh
6

6,6,

RT

QP hh       ---(3) 

 Hygrometer 

6  = 
6,

6,

sat

w

P

P

 Pw,6  = 6Psat, 6

 Patm  = Ph,6 + Pw,6

 Ph,6  = Patm – Pw,6 = Pam - 6 Psat,6  (3) 

 m h,6 = 
6

6,6,6 )(

RT

QPPM hsatatmh     ---(4) 

 m h,5 = m h,6 = m h,4 – m h, used

    m h, 4 = m h, 6 + m h, used

     = 
F

In
M

RT

QPPM
h

hsatatmh

2

)(

6

6,6,6  ---(5) 

 = 

 = 
6,

6,

h

w

m

m
 = 

6,

6,

hh

ww

PM

PM

   mw,6 = 6,
6,

6,

)2(

)18(
h

h

w m
P

P

   mw,6 = .
)(

9

6,6

6,6

satatm

sat

PP

P

6

6,6,6 )(

RT

MQPP hhsatatm

   mw,6 = .
9

6

6,6,6

RT

MQP hhsat =  mw,5

         mw,5 = .
9

6

6,6,6

RT

MQP hhsat     ---(6) 

 4

4 = 
4,

4,

sat

w

P

P
 = 1 

   Pw,4 = (1) Psat, 4 = Psat,4
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 4 

4 = 
4,

4,

h

w

m

m
 = 

4,

4,

hh

ww

PM

PM

   
4,

4,

h

w

m

m
 = 

4,

4,9

h

w

P

P
 = 

)(

9

4,

4,

satT

sat

PP

P

       mw,4 = 
)(

9

4,

4,

satT

sat

PP

P
. mh,4

 mh,4  (5) 

Mw,4 = 
)(

9

4,

4,

satT

sat

PP

P

F

In
M

RT

MQPP
h

hhsatam

2

)(

6

6,6,6   ---(7) 

 3 

 m0,3 = 
3

3,3,

RT

QPM ooo    ---(3) 

  Hygrometer 

3 = 
3,

3,

sat

w

P

P

 Pw,3 = 3Psat,3

 Patm = P0,3 + Pw,3

 P0,3 = Patm – Pw,3 = Patm - 3Psat,3  (7) 

 M0,3 = 
3

3,03,3 )(

RT

MQPP osatatm      ---(8) 

 m02 = mo,3 = mo,1 – m0,used

 m0,1 = m0,3 + mo,used

  = 
F

In
M

RT

QPPM
o

satatm

4

(

3

3,0)3,30     ---(9) 

3 = 
3,

3,

o

w

m

m
=

3,00

3,

PM

PM ww

   mw,3 = 
3,0

3,

)32(

)18(

P

Pw .m0,3

 (8)  mw,3 = .
)(

5625.0

3,3

3,3

satatm

sat

PP

P

3

03,3,6 )(

RT

MQPP hsatatm
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 mw,3 = .
5625.0

3

03,03,3

RT

MQPsat  = mw,2

    mw,2 = .
5625.0

3

03,03,3

RT

MQPsat   ---(10) 

 1 

1 = 0 ; Pw,1 = 0 

 mw,1 = 0 

 Mproduced = F

InM w

2
       --- (11) 

 (6),(7),(10),(11)  (2) 

 (mw,1 + mw,4) – (mw,2 + mw,5) + mw,produced = 
dt

dm   ----(2) 

F

InM

RT

MQP

RT

MQP

F

In
M

RT

MQPp

PP

P

whhsatsat

h
hhsatatm

saT

sat

2

95625.0

2

)(9

6

6,6,6

3

03,03,3

6

6,6,6

4,

4,

 = 
dt

dmw   ---(12) 

 (12)  T3, T4, T6, PT, Qh,6,Q0,3, I,n, 3, 6

 - 
dt

dm  > 0 

 - 
dt

dm < 0 

 - 
dt

dm  = 0 
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3.2

 3 

 m o,3 = Mo
3

3,3,

RT

QP oo        

 Hygrometer 

3  = 
3,

3,

sat

w

P

P

 Pw,3  = 3Psat, 3

 Patm  = Po,3 + Pw,3

 Po,3  = Patm – Pw,3 = Patm - 3 Psat,3

 m o,3 = 
3

33,3 )(

RT

QPPMo satatm

 m o,2 = m o,3 = m o,1 – m o, used

    m o, 1 = m o, 1 + m o, used

     = 
F

In
M

RT

QPPMo
o

hatm

4

)3(

3

6,3

 = 

 = 
3,

3

om

m
 = 

3,

3

oo

w

PM

PM

   mw,3 = 3,
3,

3,

)32(

)18(
o

o

w m
P

P

   mw,3 = .
)(

56.0

3,3

3,3

satatm

sat

PP

P

3

3,3,3 )(

RT

MQPP oosatatm

   mw,3 = .
56.0

3

3,3,3

RT

MQP oosat =  mw,2

         mw,2 = .
56.0

3

3,3,3

RT

MQP oosat    
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 1   

1 = 
1,

1,

sat

w

P

P
 = 1 

   Pw,1 = (1) Psat, 1 = Psat,1

 1 

1 = 
1,

1,

o

w

m

m
 = 

1,

1,

oo

ow

PM

PM

   
1,

1,

o

w

m

m
 = 

1,

1,56.0

o

w

P

P
 = 

)(

56.0

1,

1,

satT

sat

PP

P

       mw,1 = 
)(

56.0

1,

1,

satT

sat

PP

P
. mo,1

 mo,1

mw,1 = 
)(

56.0

1,

1,

satT

sat

PP

P

F

In
M

RT

MQPP
h

hhsatam

2

)(

6

6,6,6

(mw,1 + mw,4) – (mw,2 + mw,5) + mw,produced = 
dt

dm

F

InM

RT

MQP

RT

MQP

F

In
M

RT

MQPp

PP

P

F

In
M

RT

QPPM

PP

P

whhsat

sat
h

hhsatatm

saT

sat
o

osatatm

satT

sat

2

9

5625.0

2

)(

9

4

56.0

6

6,6,6

3

03,03,3

6

6,6,6

4,

4,

3

3,330

1

1

     =
dt

dm
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3.3  2 

(mw,1 + mw,4) – (mw,2 + mw,5) + mw,produced = 
dt

dm

;
041 mm

dt

dm
mmm wwproduced 5,2,

6

6,66

3

3,33 956.0

2 RT

MQP

RT

MQP

F

In
M hhsatoosat

w          =
dt

dm

 Stoichiometric Ratio ( )

 (  6) 

 Ph,6Qh,6 = ( hmh,used – mh,used)RT6

  Qh,6 = 
hh

usedhh

MP

RTm

6,

6,)1(

    = 
hsatatm

hh

MPP

RT
In

M

)(

)
F2

)(1(

6.6,

6

 (  3) 

 P0,3Q0,3 = ( 0m0,used – m0,used)RT3

  Q0,3 = 
3,00

3,00 )1(

PM

RTm used

    = 
)(

)
F4

)(1(

3.3,0

300

satatm PPM

RT
In

M

 Qh,6  Q0,3  (12) 
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F

InM

PP
F

In
MP

PP
F

In
M

F

In
M

F

In
M

PP

P

w

satatm

sat

satatm

hhh
saT

sat

2)(
4

)(1(9

)(

)
4

)(1(5625.0

2
)

2
)(1(

9

6,6

006,6

3,3

003

4,

4,

 = 
dt

dmw

F

InM

PP
F

In
MP

PP
F

In
MP

F

In
M

PP

P

w

satatm

hhsat

satatm

sat

hh
saT

sat

2)(
2

)(1(9

)(

)
4

)(1(5625.0

2

9

6,6

6,6

3,3

003,3

4,

4,

   = 
dt

dmw  ---(13) 

 (13) h 0
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1.

 (active area) 25 cm2  5 

 100 mA/cm2

 300C

 i = 
activearea

I310   mA/cm2

 I =
310

)( iactivearea   A 

 I = 
1000

)100)(50(  =  5 A  

 H2usage = 
F

In

2
(1.496 x 106)    cc/min 

    = )10496.1(
964852

55 6    cc/min 

 H2usage = 193.81 cc/min 

 2. 

 (Active area) 25 cm2  5 

 100 mA/cm2

 1.5 ( h = 1.5) 

 2.5 ( 0 = 2.5) 

 300 C 
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 (I)  1  I = 5A 

 = h H2usage

       = (1.5) 
F

In

2
(1.496x106)

       = (1.5) 
964852

55 (1.496x106)

       = (1.5) (193.81) cc/min 

       = 290.71  cc/min 

 = 0 O2usage

       = (2.5) 
F

In

4
(1.496x106)

       = (2.5) 
964852

55 (1.496x106)

       = (2.5) (135.67) cc/min 

       = 339.17        cc/min 

1.

 Vr = 0.0009i + 0.0026 

 r  in

 Vr = (i + in)r

  = ir + inr

 Vr = 0.0009i + 0.0026 

 R = 0.0009 

 inr = 0.0026 

 in = 
0009.0

0026.0  = 2.8 mA/cm2
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 2. 

 4.5 A 

  50 C 

 20 psig 

 (m3/s) Q0,3 = 8.33 x 10-6 Qh,6 = 8.33 x 10-7

0,3 = 0.941 h,6 = 0.962 

 (0C) T3 = 29.4 T6 = 29.4 

 Antoine’s (3.17) 

 Psat = exp 
cT

b
a  Pa 

 a = 23.1961 

 b = 3816.44 

 c = 46.13 

 T = 

 T3

 Psat,3  = exp 
13.46)15.2734.29(

44.3816
1961.23  Pa 

    = 4074.48 Pa = 4.07 kPa 

 T6 

 Psat, 6  = exp 
13.46)15.2734.29(

44.3816
1961.23  Pa 

    = 4074.48 Pa = 4.07 kPa 
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 Psat,4  = exp 
13.46)15.27350(

44.3816
1961.23  Pa 

    = 12323.95 Pa = 12.32 kPa 

 (12) 

F

InM

RT

MQP

RT

MQP

F

In
M

RT

MQPp

PP

P

whhsatsat

h
hhsatatm

satT

sat

2

95625.0

2

)(9

6

6,6,6

3

03,03,3

6

6,6,6

4

4,

 = 
dt

dmw   ---(12) 

 Mh = 2.02 x 10-3 kg.mole-1

 Mw = 18.01 x 10-3 kg.mole-1

 F = 96485 c  

 R = 8.314 kPa.m3/ (mole.K) 

 PT = Psig + Patm = 20 + 14.7 =  34.7 psi 

  = 236 kPa 

964852

)5)(5.4)(1001.18(

)15.2734.29)(314.8(
)1002.2)(1033.8)(07.4)(962.0(9

)15.2734.29)(314.8(

)1032)(1037.2)(07.4)(74.0(5625.0

964852

55.4
)1002.2(

)15.2734.29)(314.8(
1002.2)(1033.8)(07.4963.0100(

32.12236
32.129

3

36

36

3

36

dt

dmx w

dt

dmw  = 2.33x10-6 kg/s 

   = (2.33x10-6)x(60x103) = 0.139   g/min 
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3.

 4.5 A 

 = 20 psig 

 (m3/s) Q0,3 = 8.33 x 10-6 Qh,6 = 8.33 x 10-6

0,3 = 0.941 h,6 = 0.962 

 (0C) T3 = 32.7 T6 = 32.7 

 Antoine’s (3.17) 

 Psat = exp 
cT

b
a  Pa 

 a = 23.1961 

 b = 3816.44 

 c = 46.13 

 T = 

 T3

 Psat,3  = exp 
13.46)15.2737.32(

44.3816
1961.23  Pa 

    = 4914.77 Pa = 4.91 kPa 

 T6 

 Psat, 6  = exp 
13.46)15.2737.32(

44.3816
1961.23  Pa 

    = 4914.77 Pa = 4.91 kPa 

 (14) 
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Mw F

In

2
-

3

03,03,35625.0

RT

MQPsat  - 
6

6,39

RT

MP hsat  = 
dt

dm

 I = 4 A 

 Mh = 2.02 x 10-3 kg.mole-1

 Mw = 18.01 x 10-3 kg.mole-1

 M0 = 32x10-3 kg. mole-1

 F = 96485  c 

 R = 8.314 kPa.m3/ (mole.K) 

 PT = Psig + Patm = 20 + 14.7 = 34.7 psi 

  = 236 kPa 

)15.2737.32)(314.8(

)1032)(1033.8)(91.4)(941.0)(5625.0(

)96485(2

)5)(5.4(
1001.18

36
3  = 

dt

dm

-
)15.2737.32)(314.8(

)1002.2)(91.4)(702.0)(941.0(9 3

dt

dmw  = 2.12x10-6 kg/s 

   = (2.12x10-6)x(60x103) = 0.127  g/min 
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Time

(min) H2:O2  100:100 sccm H2:O2  100:100 sccm H2:O2  100:200 sccm

0 0.53 0.53 0.53

1 0.53 0.53 0.53

2 0.53 0.53 0.53

3 0.53 0.53 0.53

4 0.53 0.53 0.53

5 0.53 0.53 0.53

6 0.53 0.53 0.53

7 0.53 0.53 0.53

8 0.53 0.53 0.53

9 0.53 0.53 0.53

10 0.53 0.53 0.53

11 0.53 0.53 0.53

12 0.53 0.53 0.53

13 0.53 0.53 0.53

14 0.53 0.53 0.53

15 0.53 0.53 0.53

16 0.53 0.53 0.53

17 0.53 0.53 0.53

18 0.53 0.53 0.53

19 0.53 0.53 0.53

20 0.53 0.53 0.53

Voltage

Time

(min) H2:O2  100:100 sccm H2:O2  100:100 sccm H2:O2  100:200 sccm

84 0.49 0.49 0.48

85 0.49 0.49 0.48

86 0.53 0.51 0.48

87 0.53 0.51 0.48

88 0.53 0.51 0.48

89 0.53 0.51 0.48

90 0.53 0.51 0.48

91 0.53 0.51 0.48

92 0.53 0.51 0.48

93 0.53 0.51 0.48

94 0.53 0.51 0.48

95 0.53 0.51 0.48

96 0.53 0.51 0.48

97 0.53 0.51 0.48

98 0.53 0.51 0.48

99 0.53 0.51 0.48

100 0.53 0.51 0.48

101 0.53 0.53 0.53

102 0.53 0.53 0.53

103 0.53 0.53 0.53

104 0.53 0.53 0.53

Voltage

 1

 1 

 1

 1  ( )

H2:O2  100:100  sccm H2:O2  100:100  sccm H2:O2  100:100  sccm 

H2:O2  100:100  sccm H2:O2  100:100  sccm H2:O2  100:100  sccm 
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Time

(min) H2:O2  100:100 sccm H2:O2  100:100 sccm H2:O2  100:200 sccm

105 0.53 0.53 0.53

106 0.53 0.53 0.53

107 0.53 0.53 0.53

108 0.53 0.53 0.53

109 0.53 0.53 0.53

110 0.53 0.53 0.53

111 0.53 0.53 0.53

112 0.53 0.53 0.53

113 0.53 0.53 0.53

114 0.53 0.53 0.53

115 0.53 0.53 0.53

116 0.53 0.53 0.53

117 0.53 0.53 0.53

118 0.53 0.53 0.53

119 0.53 0.53 0.53

120 0.53 0.53 0.53

121 0.53 0.53 0.53

122 0.53 0.53 0.53

123 0.53 0.53 0.53

124 0.53 0.53 0.53

125 0.53 0.53 0.53

Voltage

Time

(min) H2:O2  100:100 sccm H2:O2  100:100 sccm H2:O2  100:200 sccm

126 0.53 0.53 0.53

127 0.53 0.53 0.53

128 0.53 0.53 0.53

129 0.53 0.53 0.53

130 0.53 0.53 0.53

131 0.53 0.53 0.53

132 0.53 0.53 0.53

133 0.53 0.53 0.53

134 0.53 0.53 0.53

135 0.53 0.53 0.53

136 0.53 0.53 0.53

137 0.53 0.53 0.53

138 0.53 0.53 0.53

139 0.53 0.53 0.53

140 0.53 0.53 0.53

141 0.53 0.53 0.53

142 0.53 0.53 0.53

143 0.53 0.53 0.53

144 0.53 0.53 0.53

145 0.53 0.53 0.53

146 0.53 0.53 0.53

Voltage

 1

 1  ( )

 1

 1  ( )

H2:O2  100:100  sccm H2:O2  100:100  sccm H2:O2  100:100  sccm 

H2:O2  100:100  sccm H2:O2  100:100  sccm H2:O2  100:100  sccm 
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Time

(min) H2:O2  100:100 sccm H2:O2  100:100 sccm H2:O2  100:200 sccm

147 0.53 0.53 0.53

148 0.53 0.53 0.53

149 0.53 0.53 0.53

150 0.53 0.53 0.53

151 0.53 0.53 0.53

152 0.53 0.53 0.53

153 0.53 0.53 0.53

154 0.53 0.53 0.53

155 0.53 0.53 0.53

156 0.53 0.53 0.53

157 0.53 0.53 0.53

158 0.53 0.53 0.53

159 0.53 0.53 0.53

160 0.53 0.53 0.53

161 0.53 0.53 0.53

162 0.53 0.53 0.53

163 0.53 0.53 0.53

164 0.53 0.53 0.53

165 0.53 0.53 0.53

166 0.53 0.53 0.53

167 0.53 0.53 0.53

Voltage

Time

(min) H2:O2  100:100 sccm H2:O2  100:100 sccm H2:O2  100:200 sccm

168 0.53 0.53 0.53

169 0.53 0.53 0.53

170 0.53 0.53 0.53

171 0.53 0.53 0.53

172 0.53 0.53 0.53

173 0.53 0.53 0.53

174 0.53 0.53 0.53

175 0.53 0.53 0.53

176 0.53 0.53 0.53

177 0.53 0.53 0.53

178 0.53 0.53 0.53

179 0.53 0.53 0.53

180 0.53 0.53 0.53

181 0.53 0.53 0.53

182 0.53 0.53 0.53

183 0.53 0.53 0.53

184 0.53 0.53 0.53

185 0.53 0.53 0.53

165 0.53 0.53 0.53

187 0.53 0.53 0.53

188 0.53 0.53 0.53

Voltage

 1

 1  ( )

 1

 1  ( )

H2:O2  100:100  sccm H2:O2  100:100  sccm H2:O2  100:100  sccm 

H2:O2  100:100  sccm H2:O2  100:100  sccm H2:O2  100:100  sccm 
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Time

(min) H2:O2  100:100 sccm H2:O2  100:100 sccm H2:O2  100:200 sccm

189 0.53 0.53 0.53

190 0.53 0.53 0.53

191 0.53 0.53 0.53

192 0.53 0.53 0.53

193 0.53 0.53 0.53

194 0.53 0.53 0.53

195 0.53 0.53 0.53

196 0.53 0.53 0.53

197 0.53 0.53 0.53

198 0.53 0.53 0.53

199 0.53 0.53 0.53

200 0.53 0.53 0.53

Voltage

 1

 1  ( )

H2:O2  100:100  sccm H2:O2  100:100  sccm H2:O2  100:100  sccm 
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Voltage Voltage

(min) H2:O2  100:200 sccm (min) H2:O2  100:200 sccm

0 2.37 30 2.37

1 2.37 31 2.37

2 2.37 32 2.37

3 2.37 33 2.37

4 2.37 34 2.37

5 2.37 35 2.37

6 2.37 36 2.37

7 2.37 37 2.37

8 2.37 38 2.37

9 2.37 39 2.37

10 2.37 40 2.37

11 2.37 41 2.37

12 2.37 42 2.37

13 2.37 43 2.37

14 2.37 44 2.37

15 2.37 45 2.37

16 2.37 46 2.37

17 2.37 47 2.37

18 2.37 48 2.37

19 2.37 49 2.37

20 2.37 50 2.37

21 2.37 51 2.34

22 2.37 52 2.34

23 2.37 53 2.34

24 2.37 54 2.34

25 2.37 55 2.34

26 2.37 56 2.34

27 2.37 57 2.34

28 2.37 58 2.34

29 2.37 59 2.34

TimeTime

 2    5 
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Voltage Voltage

(min) H2:O2  100:200 sccm (min) H2:O2  100:200 sccm

60 2.34 90 2.37

61 2.36 91 2.37

62 2.36 92 2.37

63 2.36 93 2.37

64 2.36 94 2.37

65 2.36 95 2.37

66 2.36 96 2.37

67 2.36 97 2.37

68 2.36 98 2.37

69 2.36 99 2.37

70 2.36 100 2.37

71 2.36 101 2.37

72 2.36 102 2.37

73 2.36 103 2.37

74 2.36 104 2.37

75 2.36 105 2.37

76 2.36 106 2.37

77 2.36 107 2.37

78 2.36 108 2.37

79 2.36 109 2.37

80 2.36 110 2.37

81 2.37 111 2.37

82 2.37 112 2.37

83 2.37 113 2.37

84 2.37 114 2.37

85 2.37 115 2.37

86 2.37 116 2.37

87 2.37 117 2.37

88 2.37 118 2.37

89 2.37 119 2.37

Time Time

 2  5  ( )
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 2    5  ( )

Voltage Voltage

(min) H2:O2  100:200 sccm (min) H2:O2  100:200 sccm

120 2.37 150 2.37

121 2.37 151 2.37

122 2.37 152 2.37

123 2.37 153 2.37

124 2.37 154 2.37

125 2.37 155 2.37

126 2.35 156 2.37

127 2.35 157 2.37

128 2.35 158 2.37

129 2.35 159 2.37

130 2.35 160 2.37

131 2.35 161 2.37

132 2.35 162 2.37

133 2.35 163 2.37

134 2.35 164 2.37

135 2.35 165 2.37

136 2.35 166 2.37

137 2.35 167 2.37

138 2.35 168 2.37

139 2.35 169 2.37

140 2.35 170 2.37

141 2.35 171 2.37

142 2.35 172 2.37

143 2.35 173 2.37

144 2.35 174 2.37

145 2.35 175 2.37

146 2.37 176 2.37

147 2.37 177 2.37

148 2.37 178 2.37

149 2.37 179 2.37

Time Time
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 2  5  ( )

Voltage Voltage

(min) H2:O2  100:200 sccm (min) H2:O2  100:200 sccm

180 2.37 210 2.35

181 2.37 211 2.35

182 2.37 212 2.35

183 2.37 213 2.35

184 2.37 214 2.35

185 2.37 215 2.35

186 2.37 216 2.35

187 2.37 217 2.35

188 2.37 218 2.35

189 2.37 219 2.35

190 2.37 220 2.35

191 2.37 221 2.37

192 2.37 222 2.37

193 2.37 223 2.37

194 2.37 224 2.37

195 2.37 225 2.37

196 2.37 226 2.37

197 2.37 227 2.37

198 2.37 228 2.37

199 2.37 229 2.37

200 2.37 230 2.37

201 2.37 231 2.37

202 2.37 232 2.37

203 2.37 233 2.37

204 2.37 234 2.37

205 2.37 235 2.37

206 2.35 236 2.37

207 2.35 237 2.37

208 2.35 238 2.37

209 2.35 239 2.37

Time Time
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 2  5  ( )

Voltage Voltage

(min) H2:O2  100:200 sccm (min) H2:O2  100:200 sccm

240 2.37 270 2.36

241 2.37 271 2.36

242 2.37 272 2.36

243 2.37 273 2.36

244 2.37 274 2.36

245 2.37 275 2.37

246 2.37 276 2.37

247 2.37 277 2.37

248 2.37 278 2.37

249 2.37 279 2.37

250 2.37 280 2.37

251 2.37 281 2.37

252 2.37 282 2.37

253 2.37 283 2.37

254 2.37 284 2.37

255 2.37 285 2.37

256 2.37 286 2.37

257 2.37 287 2.37

258 2.37 288 2.37

259 2.37 289 2.37

260 2.37 290 2.37

261 2.37 291 2.37

262 2.37 292 2.37

263 2.37 293 2.37

264 2.37 294 2.37

265 2.36 295 2.37

266 2.36 296 2.37

267 2.36 297 2.37

268 2.36 298 2.37

269 2.36 299 2.37

Time Time



197

 2  5  ( )

Voltage Voltage

(min) H2:O2  100:200 sccm (min) H2:O2  100:200 sccm

300 2.37 330 2.37

301 2.37 331 2.37

302 2.37 332 2.37

303 2.37 333 2.37

304 2.37 334 2.37

305 2.37 335 2.37

306 2.37 336 2.37

307 2.37 337 2.37

308 2.37 338 2.37

309 2.37 339 2.37

310 2.37 340 2.37

311 2.37 341 2.37

312 2.37 342 2.37

313 2.37 343 2.37

314 2.37 344 2.37

315 2.37 345 2.37

316 2.37 346 2.37

317 2.37 347 2.37

318 2.37 348 2.37

319 2.37 349 2.37

320 2.37 350 2.37

321 2.37 351 2.37

322 2.37 352 2.37

323 2.37 353 2.37

324 2.37 354 2.37

325 2.37 355 2.37

326 2.37 356 2.37

327 2.37 357 2.37

328 2.37 358 2.37

329 2.37 359 2.37

Time Time
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Time(min) Temp(
o
C) volt Time(min) Temp(

o
C) volt

5 25.74 0.674 155 32.66 0.5469

10 25.81 0.664 160 32.87 0.5469

15 25.95 0.664 165 32.87 0.545

20 25.95 0.664 170 33.01 0.545

25 26.09 0.654 175 33.19 0.545

30 26.20 0.654 180 33.26 0.545

35 27.77 0.654 185 33.29 0.545

40 27.77 0.654 190 33.33 0.545

45 28.02 0.654 195 33.36 0.545

50 28.16 0.644 200 33.36 0.545

55 28.44 0.643 205 33.50 0.545

60 28.51 0.636 210 33.57 0.545

65 28.58 0.630 215 33.61 0.545

70 28.79 0.624 220 33.68 0.545

75 29.07 0.621 225 33.78 0.545

80 29.35 0.613 230 35.29 0.545

85 29.73 0.597 235 35.29 0.545

90 29.91 0.576 240 35.43 0.5371

95 30.11 0.554 245 35.43 0.5371

100 30.25 0.554 250 35.53 0.523

105 30.35 0.554 255 35.53 0.523

110 30.53 0.554 260 35.53 0.519

115 31.33 0.554 265 35.57 0.511

120 31.44 0.5469 270 35.57 0.501

125 31.86 0.5469 270 35.57 0.497

130 32.24 0.5469 275 35.57 0.497

135 32.24 0.5469 280 35.60 0.485

140 32.42 0.5469 285 35.60 0.478

145 32.42 0.5469 290 35.60 0.475

150 32.66 0.5469 295 35.64 0.468

 3

 1  5 
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Time(min) Temp(
o
C) volt Time(min) Temp(

o
C) volt

5 25.74 0.674 150 32.66 0.648

10 25.81 0.664 155 32.66 0.649

15 25.95 0.664 160 32.87 0.649

20 25.95 0.664 165 32.87 0.636

25 26.09 0.654 170 33.01 0.645

30 26.20 0.654 175 33.19 0.645

35 27.77 0.654 180 33.26 0.646

40 27.77 0.654 185 33.29 0.648

45 28.02 0.654 190 33.33 0.649

50 28.16 0.654 195 33.36 0.649

55 28.44 0.654 200 33.36 0.649

60 28.51 0.648 205 33.50 0.645

65 28.58 0.648 210 33.57 0.645

70 28.79 0.608 215 33.61 0.646

75 29.07 0.603 220 33.68 0.646

80 29.35 0.601 225 33.78 0.646

85 29.73 0.601 230 35.29 0.649

90 29.91 0.631 235 35.29 0.636

95 30.11 0.629 240 35.43 0.59

100 30.25 0.627 245 35.43 0.546

105 30.35 0.620 250 35.53 0.546

110 30.53 0.6243 255 35.53 0.545

115 31.33 0.624 260 35.53 0.621

120 31.44 0.633 265 35.57 0.621

125 31.86 0.634 270 35.57 0.621

130 32.24 0.634 270 35.57 0.621

135 32.24 0.645 275 35.57 0.648

140 32.42 0.645 280 35.60 0.654

145 32.42 0.646 285 35.60 0.654

 4

 1  5 
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1.  INTRODUCTION 
 Fuel cell is one alternative of clean 
technology. Fuel cell development has been 
carried out intensively during the past decade. 
Among two major types of fuel cell, SOCFC 
and PEMFC, the Proton Exchange Membrane 
Fuel Cell has lighter weight and provides high 
energy density [1]. For perfluorination 
membrane, a hydrophilic type, water is 
absorbed inside electrolytes. Proton 
conductivity inside membrane is much 
influenced by moisture content [2-3]. 
Therefore, suitable water management system 
of PEMFC is essential. Low water quantity 
leads to increasing of the resistance of proton 
exchange, and also decreasing fuel cell 
capability. In contrary, high moisture content 
in membrane causes flooding inside the cell 
and hence blocking the gas flow channel which 
reduced the reactive area [4]. 
 Water management methods are, for 
example, internal humidifier, external 
humidifier and humidity preservation in 
membrane itself. Balancing the amount of 
water (inlet, inside and outlet) of PEMFC 
results in appropriate humidity level of 
membrane. Humidity preservation of polymer 
electrolyte could be done by using platinum 
catalyst. Two important factors on water 
spreading are water absorption capacity of 
polymer electrolyte in PEMFC and membrane 
thickness.  
 Water spreading is identified by cathode 
and anode dryness [5-7]. Principle of 
humidifier design was based on the control of 
flow rate and temperature of hydrogen and 
oxygen. The relative humidity of hydrogen 
was normally controlled at the magnitude  

10-15% lower than oxygen [8].This study 
focused on the experiments on humidification 
using external humidity control approach. 
 Moisture content inlet with fuel gases and 
inside fuel cell was varied to obtain 
appropriate power output.
 In this paper the effect of varied fuel gas 
flow rates and humidification temperatures on 
single cell, as well as humidification as 
appropriate electrodes is described. 

2.  THEORY AND PRINCIPLE 
The experimental results obtained from 

four operational conditions were compared 
with IV curves. The effect of temperature and 
gas flow rate was illustrated by the series plot 
of relations among current density, voltage and 
power density.  
 The PEMFC performance can be measured 
as the relation between voltage and current 
density produced from fuel cell as shown in 
figure.  

Fig1. The relation of electric potential and 
current density [9]. 
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 According to the theory of polarization 
(IV) curve, the best relation of ideal voltage 
and current density should be parallel with 
current density line. But in the real 
performance condition, the voltage would be 
decreased when the current density was higher 
which reduced reactive performance.  
 In the first period, called reaction rate 
losses, the voltage is sharply decreased 
because the catalyst capacity is not enough 
during the reaction. The second period, called 
resistance loss, the voltage is gradually 
decreased while the current density was 
increasing due to the resistance of electrolyte 
or membrane is limited in transferring 
hydrogen-ion. Such reaction causes the 
decreasing in proton conductivity.  In the third 
period, called Gas Transport Losses, voltage 
was sharply decreased again because the 
reactive area inside the gas channel was 
reduced by productive water which is called 
Diffusion Limiting. 

3. EXPERIMENTAL 

3.1 Experimental Station 
(a) Single cell set-up 

 The experimental PEMFC was constructed 
from a Nafion 117 membrane, 12.5-mm 
thickness graphite polar plates, with serpentine 
flow field having 1-mm width gas channel, and 
an electrode from E – tek having 0.5 mg 
Pt/cm2. The cell reactive area was 25 cm2. Fuel 
cell assembly was done manually at the 
department of mechanical engineering, CMU.  

(b) Humidifier system set-up 
 The humidification system was composed 
of hydrogen and oxygen feed system, a mass 
flow controller (MFC), a humidifier chamber, 
an electric heater controller with thermostat, 
few manual on/off valves, an electronic load 
from Acer, and a data acquisition system. The 
humidifier chamber was made of stainless 
steel, and had cylindrical shape with 500 cm3

capacity. When the fuel cell was operating, 
productive electricity was drawn to the 
electronic load. Measurement was done for 
current density (in milli Ampere per square 
centimeters) and voltage (in Voltz) under 
various operating conditions. The measured 
data was monitored on computer screen and 
recorded automatically. Temperature, current 
and voltage control were easily performed 
using our data acquisition written by Lab View 
program.   

3.2 Experimental Procedure 
(a) Humidification at electrodes 

 The major factor in consideration was to 
identify which electrodes should be under 
humidification: anode or cathode. The 
experiment was operated under four
conditions; humidification at anode only, 
humidification at cathode only, humidification 
at both anode and cathode, and without 
humidification at anode and cathode. Gas flow 
rate at cathode and anode was maintained at 
250 sccm, and humidification temperature was 
controlled at 50 oC. The humidified fuel gas 
flow by-pass to the fuel cell directly. When the 
desired voltage was about 0.9 to 1.0 V, the 
current was drawn to the electronic load. The 
current density (mA/cm2) and voltage (V) 
produced from fuel cell was measured and 
recorded. These results were plotted to obtain 
the polarization (IV) curve of the cell so that 
the best conditions could be identified.  

 (b) Gas flow rates and humidifier 
temperatures 
 Distilled and degasses water was filled into 
the chamber about 3/4 of full capacity. The 
500 W electric heater was located at the center 
of cylinder and wrapped by the inlet gas tube 
to prolong gas heating period.     The end of 
inlet gas tube was covered by an air 
distribution plug to increase contact area of the 
fuel gas with stream.  
 Humidifier temperature was controlled at 
40, 50 and 60 C. The humidifier was heated 
until the designed water vapor temperature was 
reached. Then, dry fuel gases (H2 or O2)
flowed through the humidifier and carried 
evaporated water vapor away. The humidified 
gas would then flow into the fuel cell. The 
hydrogen and oxygen flow rates was controlled 
at 50, 100, 150, 200 and 250 sccm. The current 
density (mA/cm2) and voltage (V) produced 
from fuel cell was measured and recorded. The 
results were plotted to obtain the polarization 
(IV) curve of the cell in order to identify the 
most appropriate gas flow rate and humidifier 
temperature.  

4. RESULTS AND DISCUSSION 

4.1 Results in Electrode Humidification 
 Figure 2 showed the relation of electric 
potential and current density at different 
controlled conditions. It implied that condition 
no. 3 (humidification at both anode and 
cathode) gave the most effective fuel cell 
performance, because humidity inside the 
membrane was maintained in the appropriate 
level for all reaction processes. In case of 
without humidification (condition no. 4) at 
both electrodes, the poorest performance was 
found because the lack of humidity or moisture 
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content led to lower reaction kinetics. 
Humidification only at anode (condition no. 1) 
gave better performance efficiency than at 
cathode only (condition no. 2). The proton 
conductivity depends mainly on humidity at 
H2-side or anode. During electric current 
consuming, heat was generated inside the cell 
causing reduction of cell humidity. At the end 
of fuel cell operation, membrane humidity was 
not sufficient to maintain proton conductivity. 
Therefore, fuel cell has lower performance. In 
case of humidification only at cathode or O2-
side, adding moisture for a period of time 
decreased cell performance. The water content 
in cell might block the gas passage and reduce 
reactive area. Consequently the reaction rate 
was terminated.

Fig 2. The relation of electric potential and 
current density at different controlled 
conditions. 

4.2 Results in gas flow rates and humidifier 
temperatures
 The flow rate of hydrogen and oxygen was 
controlled at 50, 100, 150, 200 and 250 sccm, 
and the temperatures of humidifier was 
controlled at 40, 50 and 60 C. The results in 
Figure 3(a), (b) and (c) showed the relation of 
voltage and power density with current density 
when the humidification temperature were at 
40 oC, 50 oC and    60 oC, respectively. 
Generally, the difference of voltage and power 
density from various temperatures and flow 
rates was small. The difference was obviously 
seen when the current density larger than 150 
mA/cm2. The highest power densities obtained 
in case 40 oC and  50 oC were 80.40 mW/cm2

and 91.72 mW/cm2. However, at higher 
humidity temperature (60 oC), gas flow rate of 
150 sccm was required to produce maximum 
power density about 89.90 mW/cm2. Moderate 
flow rate about 100 – 150 sccm, with 
humidification at both cathode and anode 
sides, could provide similar power density to 
that of larger flow rate case. Also, this single 

cell could provide highest power density 
although it was operated at moderate 
humidification temperature of 50 oC.

(a) Humidification Temperature 40 oC

(b) Humidification Temperature 50 oC

(c) Humidification Temperature 60 oC

Fig 4. The relation of voltage and power 
density with current density under various flow 
rates and humidification temperatures. 
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The best fuel cell performance efficiency 
was found under condition of 100-sccm gas 
flow rate and 50 C humidifier temperature. 
Maximum power density from this case is 
higher than 40 oC and 60 oC cases 
approximately 12.34 % and 1.98 %, 
respectively.

5. CONCLUSION 
 A single PEMFC was experimented by 
conducting external humidification either 
anode or cathode, or both, or without. 
Humidification at both electrodes could 
provide best performance efficiency indicated 
by IV curve comparison. The fuel cell with 
humidification at cathode and anode was 
operated at different temperature and H2/O2

gas flow rates. The highest power density, 
91.72 mW/cm2, was obtained at 50 oC and 100 
sccm operating condition. Therefore, the 
external water management using humidifier 
resulted in better performance. In the next 
stage, stack cells with humidification will be 
investigated under other operating conditions, 
such as installing hygrometer at the 
experimental station to measure relative 
humidity of fuel gas, or studying appropriate 
time in humidification at oxygen. 
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