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Abstract

Microreactors are composed of channels with a dimension of 1–1000�m in width and depth. Three types of membrane
microreactors for production of electric power by fuel cells with methane feed, i.e. (1) Pd membrane microreactor (Pd-MMR)
followed by polymer electrolyte fuel cell (PEFC), (2) oxide-ion conducting solid oxide fuel cell (SOFC) and (3) proton
conducting solid oxide fuel cell (H+-SOFC) were simulated and compared.

The Pd-MMR followed by PEFC was the most effective system for electric power generation compared with the other
two types of SOFC although the system was rather complex. However, the performances were dependent on the permeation
properties of membranes (Pd, YSZ, perovskite) as well as kinetics of catalysts.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Microreactors are composed of channels with a di-
mension of 1–1000�m in width and depth. Microtech-
nology is expected to have many advantages for
productions of valuable chemicals and energy[1,2].

Higher heat and mass transfer rates in microfluidic
system allow reactions to be performed under more se-
vere conditions compared with conventional reactors.
A portable setup is also possible. One of the most at-
tractive applications is micro-fuel cell. It is important
to estimate the efficiencies of micro-fuel cell systems
and to select the adequate one among the various fuel
cell systems under the given conditions.

∗ Corresponding author. Tel./fax:+81-52-789-3261.
E-mail address:goto@nuce.nagoya-u.ac.jp (S. Goto).

In this paper, three types of membrane microreac-
tors for production of electric powers by fuel cells
with methane feed, i.e. (1) Pd membrane microreactor
(Pd-MMR) followed by polymer electrolyte fuel cell
(PEFC), (2) oxide-ion conducting solid oxide fuel cell
(SOFC) and (3) proton conducting solid oxide fuel
cell (H+-SOFC) were simulated and compared.

2. Models

2.1. Three types of microreactor systems

2.1.1. PEFC system with Pd membrane reactor
Jensen[2] introduced a fabrication sequence of

Pd-MMR with a very thin Pd film (0.2�m). The
thin film was once supported on a flat surface of the
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Nomenclature

DH2 permeation coefficient of hydrogen
through perovskite solid electrolyte
(m2/s)

FCH4,0 feed molar flow rate of methane
(mol/s)

(−�H)j heat of reactionj (J/mol)
Ji permeation rate of componenti

(mol/(m2 s))
k rate constant (mol/(s kg Pan ))
Ki adsorption constant of componenti

(Pa−1)
Kj equilibrium constant of reaction

j (Pan )
L thickness of membrane (�m)
PAIR,CA pressure of air in the cathode

side (Pa)
PH2,SW pressure of hydrogen in the sweep

side (Pa)
Pi pressure of componenti

(Pa)
Pt,AN total pressure in the anode

side (Pa)
Pt,RE total pressure in the reaction

side (Pa)
PerH2 permeation coefficient of hydrogen

through Pd membrane
(mol/(Pa0.5 m s))

rj rate of reactionj (mol/(kg s))
Rg gas constant (8.314 J/(mol K))
S surface area of membrane (m2)
T reaction temperature (K)
W mass of catalyst (kg)
Watt electric power based on the heat

of reaction (W)
x dimensionless axial length divided

by the total length of reactor (–)
XCH4 conversion of methane (–)
zpre length of pre-reactor (m)
zt total length of reactor (m)

Greek letters
α constant for gas–membrane interface

resistance (mol/(m2 s Pa1/2))
β constant for bulk oxide of YSZ

resistance (mol/(m s Pa1/4))

γH2O,0 the feed molar flow rate ratio of steam
to methane (=FH2O,0/FCH4,0) (–)

γi molar flow rate ratio
(=Fi /FCH4,0) (–)

ζpre ratio of the length of pre-reactor
to the total length of reactor
(=zpre/zt) (–)

ηFC efficiency of fuel cell on the heat
of reaction (ηFC = 0.6) (–)

ηOV overall efficiency based
on the combustion heat of methane (–)

Subscripts
AIR air
AN anode side
CA cathode side
i componenti
j reactionj
RE reaction side
SW sweep side
0 feed

support and then the support was made porous (see
Fig. 3 in [2]).

In this study, Pd-MMR with a dimension of 200�m
in width and depth and 1 m in length was adopted.

Fig. 1 shows the cross-sectional view of Pd-MMR.
The upper part is the sweep side where a permeated

Fig. 1. Cross-sectional view of Pd-membrane microreactor.
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Fig. 2. Concept of Pd-MMR and PEFC.

product H2 is collected. The middle part is the reaction
side where solid catalysts are deposited on both left
and right walls and the bottom. The mass of catalyst
per surface area is assumed to be 2.85× 10−3 kg/m2.
Therefore, the total mass of catalyst isW = 2.85×
10−3×3×200×10−6 = 1.71×10−6 kg and the surface
area of Pd membrane isS = 200× 10−6 = 2.0 ×
10−4 m2. Then, the ratioS/Wbecomes 117 m2/kg. The
lower part is the combustor for supplying the heat of
combustion (exothermic reactions) to the reaction side
(endothermic reactions).

Fig. 2 shows the concept of the total microsys-
tem. Methane and steam are introduced to the reac-
tion side of Pd-MMR. The produced hydrogen is per-
meated to the sweep side through Pd membrane. The
initial part of this microreactor is a conventional mi-
croreactor without the membrane (Pre-MR) to avoid
back permeation of hydrogen at the front part and to
reduce the amount of Pd membrane. The produced

Fig. 3. Concept of micro-SOFC.

hydrogen in the sweep side is cooled down by us-
ing a micro-heat exchanger and then introduced to
the anode side of PEFC. Air is fed into the cathode
side of PEFC. The exhaust gas from the reaction side
is burnt with air in the combustor to supply the en-
ergy for the strong endothermic steam reforming of
methane.

2.1.2. SOFC system
We studied the direct oxidation of dry methane in

SOFC [3]. Tompsett et al.[4] described two types
of novel applications for micro-SOFCs, namely the
combined heat and power system and micro-hybrid
vehicles from propane/butane fuels.

Fig. 3 shows the concept of micro-SOFC. The di-
mensions of micro-SOFC were the same as Pd-MMR.
The catalyst, Pt/Al2O3 is deposited on the anode side.
The mass of catalyst in the anode side is assumed to
be the same as Pd membrane reactor.



226 S. Goto et al. / Catalysis Today 82 (2003) 223–232

Fig. 4. Concept of micro-H+-SOFC.

2.1.3. Proton conducting SOFC (H+-SOFC) system
Although oxide ions are the conducting ions in a

conventional SOFC, proton (H+) is promising for the
direct oxidation of produced hydrogen to steam in
a microreactor. Bonanos et al.[5] studied the struc-
ture and transport properties of perovskite solid elec-
trolytes for fuel cell applications.

Fig. 4 shows the concept of micro-H+-SOFC.
The dimensions of micro-SOFC were the same as
Pd-MMR. In the anode (reaction) side, the mass of
catalyst, Ni/MgAl2O4, is assumed to be the same as
Pd membrane reactor.

2.2. Kinetics

de Smet et al.[6] studied the partial oxidation of
methane to apply production of methanol and hydro-
gen for fuel cells. Kinetics of combustion of methane,
Eq. (1)on Pt/Al2O3 were cited from Trimm and Lam
[7]

CH4 + 2O2 → CO2 + 2H2O

(−�H)1 = 837 kJ/mol (1)

r1 = k1aPCH4PO2

(1 +KCH4PCH4 +KO2PO2)
2

+ k1bPCH4P
0.5
O2

1 +KCH4PCH4 +KO2PO2

,

k1a = 8.11× 105 exp

(
−86 000

RgT

)
,

k1b = 6.82× 105 exp

(
−86 000

RgT

)
,

KCH4 = 0.126 exp

(
27 300

RgT

)
,

KO2 = 7.87× 10−7 exp

(
92 800

RgT

)

Kinetics of steam reforming of methane,Eqs. (2) and
(3) on Ni/MgAl2O4 were cited from Numaguchi and
Kikuchi [8]

CH4 + H2O → CO+ 3H2

(−�H)2 = −227 kJ/mol (2)

r2 = k2
PCH4 − PCOP

3
H2
/(K2PH2O)

P0.596
H2O

,

k2 = 2.62× 105 exp

(
−106 900

RgT

)

CO+ H2O → CO2 + H2 (−�H)3 = 33.2 kJ/mol

(3)

r3 = k3

{
PCO − PCO2PH2

K3PH2O

}
,

k3 = 2.45× 102 exp

(
−54 500

RgT

)

The heat of reaction, (−�H)j (j = 1,2,3) was deter-
mined at 1160 K. The equilibrium constant,Kj (j =
2,3) was estimated from thermodynamic data.
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2.3. Permeation rates and mass balances
for three types

2.3.1. PEFC system with Pd membrane reactor
The permeation rate of H2 was estimated by the

equation of Hermann et al.[9]

JH2 =
(

PerH2

L

)
(P0.5

H2
− P0.5

H2,SW) (4)

PerH2 = 2.19× 10−4T−1.0358exp

(
−21 700

RgT

)
(5)

By assuming plug flow and isothermal conditions,
mass balance equations in the reaction side and the
sweep side are given as

dγi
dx

=
{
ri −

(
S

W

)
Ji

} (
W

FA,0

)

(i = CH4,H2O,H2,CO,CO2) (6)

dγH2,SW

dx
=

(
S

W

)
JH2

(
W

FA,0

)
(7)

where the permeation rate of componenti except hy-
drogen is zero (Ji = 0) because Pd membrane allows
only hydrogen to permeate.

At the entrance(x = 0), γCH4 = 1, γH2O = γH2O,0,

γi = 0 (products), γH2,SW = 0 (8)

The partial pressures in the reaction side and sweep
side can be determined as

Pi = Pt,REγi∑
γi

(9)

PH2,SW = given (10)

The reaction rate of componenti can be expressed by
stoichiometric relations as follows:

rCH4 = −r2, rH2O = −r2 − r3,
rH2 = 3r2 + r3, rCO = r2 − r3, rCO2 = r3

(11)

2.3.2. SOFC system
The permeation rate of oxygen through yttria stabi-

lized zirconia (YSZ) was estimated by the equations
of Han et al.[10].

At gas–membrane interface of cathode side:

JO2 = α(P1/2
O2,CA − P1/2

O2,a
) (12)

In bulk oxide of YSZ:

JO2 =
(
β

L

)
(P

1/4
O2,a

− P1/4
O2,b

) (13)

At membrane–gas interface of anode side:

JO2 = α(P1/2
O2,b

− P1/2
O2
) (14)

The constantsα andβ with wet air in the cathode side
were given as follows:

α = 4.18× 10−3 exp

(−53 000

RgT

)
(15)

β = 5.68× 10−8 exp

(
−72 000

RgT

)
(16)

By assuming plug flow and isothermal, the mass bal-
ance equation in the anode side is given as

dγi
dx

=
{
ri −

(
S

W

)
Ji

} (
W

FA,0

)

(i = O2,CH4,H2O,CO2) (17)

where the permeation rate of componenti except for
oxygen is zero (Ji = 0) because the YSZ membrane
allows only oxygen to permeate.

At the entrance(x = 0), γCH4 = 1, γi = 0 (products)

(18)

The partial pressures in the anode side and cathode
side can be determined as

Pi = Pt,ANγi∑
γi

(19)

PO2,CA = given (20)

Kinetics of Eq. (1) is used for the simulations. For
simplicity, the side reactions,Eqs. (2) and (3)are ne-
glected. Therefore, the reaction rate of componenti
can be expressed by stoichiometric relations as fol-
lows:

rCH4 = −r1, rO2 = −2r1,

rCO2 = r1, rH2O = 2r1 (21)
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Table 1
Standard conditions of micro reactors for three types

System L (�m) FCH4,0 (mol/s) T (K) Pressure (MPa) γH2O,0 (–)

Pd-MMR 0.2 2.51× 10−5 1160 Pt,RE = 2.55, PH2,SW = 0.1 1.0
SOFC 0.2 2.12× 10−7 1160 Pt,AN = 2.55, PAIR,CA = 2.55 –
H+-SOFC 0.2 1.95× 10−5 1160 Pt,AN = 2.55, PAIR,CA = 2.55 1.0

2.3.3. Proton conducting SOFC (H+-SOFC) system
The permeation rate of hydrogen through the proton

conducting perovskite solid electrolyte was estimated
by the equation derived from Kreuer et al.[11]

JH2 =
(
DH2

L

)
PH2 − PH2,CA

RgT
(22)

DH2 = 4.42× 10−7 exp

(
−59 500

RgT

)
(23)

The pressure in the cathode (sweep) side,PH2,CA is
assumed to be always zero because the oxidation of
hydrogen occurs instantaneously at the cathode sur-
face.

The mass balance equation in the anode side is given
as Eq. (6) where the permeation rate of component
i except hydrogen is zero (Ji = 0) because the per-
ovskite membrane allows only hydrogen to permeate.

At the entrance(x = 0), γCH4 = 1, γH2O = γH2O,0,

γi = 0 (products) (24)

The partial pressures in the anode (reaction) side is
given byEq. (9). Kinetics ofEqs. (2) and (3)are used
for the simulations. The stoichiometric relations is the
same asEq. (11).

2.4. Definition of overall efficiency,ηOV

The electric power, Watt based on the heat of reac-
tion, Eq. (25)is defined by using the produced hydro-
gen for the PEFC asEq. (26)

H2 + 1
2O2 → H2O (−�H)6 = 254.6 kJ/mol (25)

Watt= ηFC(−�H)6FH2,SW

= ηFC(−�H)6FCH4,0γH2O,SW (26)

where the efficiency is assumed asηFC = 0.6.
The overall efficiency based on the combustion heat

of methane,Eq. (1), ηOV is defined asEq. (27).

ηOV = Watt

(−�H)1FCH4,0
= ηFC(−�H)6γH2,SW

(−�H)1
(27)

Eqs. (26) and (27)can also be applied to H+-SOFC
system.

In the case of SOFC where the permeated oxygen
can be reacted with methane in the anode side, the
electric power, Watt and the overall efficiency,ηOV are
defined as

Watt = ηFC(−�H)1FCH4,0XCH4 (28)

ηOV = Watt

(−�H)1FCH4,0
= ηFCXCH4 (29)

2.5. Standard conditions for simulations

Profiles of molar flow rate ratioγi with the di-
mensionless lengthx were simulated by using an
all-purpose equation solver, EQUATRAN-G (Omega
Simulation, Japan).

The standard conditions are listed inTable 1 for
three types. The temperature and the pressures of the
reaction side were chosen from the upper limits in the
kinetic study of Numaguchi and Kikuchi[8].

In the case of SOFC, the pressure of air in the cath-
ode sidePAIR,CA is 2.55 MPa. Since the mole fraction
of oxygen in the air is 0.21, the pressure of oxygen in
the cathode sidePO2,CA = 2.55× 0.21 = 0.536 MPa.
The values of feed molar flow rate of methane,FCH4,0
was selected from the results of optimization in the
following sections.

3. Results and discussion

3.1. Effect of pre-microreactor on the profiles in
Pd-MMR and PEFC

Fig. 5 shows the simulation results at the standard
conditions. Near the entrance, the pressure of hydro-
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Fig. 5. The effect of pre-microreactor on the profiles at standard
condition for PEFC with Pd-MMR.

gen in the reaction side is lower than that in the sweep
side and then back permeation occurs. Therefore, a
pre-microreactor without Pd membrane may be useful
to avoid the back permeation and to reduce the amount
of the Pd membrane. The effect of pre-microreactor
on the profiles is also shown inFig. 5by changing the
fraction of pre-microreactorζpre (=zpre/zt).

In the case ofζpre = 0 (without pre-microreactor),
γH2,SW is negative untilx = 0.05 due to the back per-
meation. After that,γH2,SW increases monotonously
with the length and rapidly near the exit because the
reaction rate ofEq. (2), r2 is very high due to almost
zero partial pressure of steam. The steam consump-
tion is always higher than methane because consecu-
tive reactions, (2) and (3) occur while the reaction (1)
does not occur at the standard conditions (no feed of
air). Carbon monoxide also increases rapidly near the
exit because the reaction (3) does not occur due to the
shortage of steam.

In the case ofζpre = 1/4, there are no signifi-
cant differences fromζpre = 0. However, in the case
of ζpre = 1/2, the production of hydrogen in the
sweep side,γH2,SW at the exit decreases. Therefore,
we should use the pre-microreactor at 1/4 of the total
length.

3.2. Effect ofFCH4,0 on the performances

The effects ofFCH4,0 on the performances for
three types of micro-fuel cell systems, that is, PEFC
with Pd-MMR, SOFC and H+-SOFC are shown in
Figs. 6–8, respectively.

Fig. 6. The effect ofFCH4,0 on the values of Watt,ηOV, XCH4

and γH2,SW at the standard condition except forFCH4,0 in PEFC
with Pd-MMR.

Fig. 7. The effect ofFCH4,0 on the values of Watt,ηOV, XCH4

andFCH4,0 at the standard conditions except forFCH4,0 in SOFC.

Fig. 8. The effect ofFCH4,0 on the values of Watt,ηOV, XCH4 and
FCH4,0 at the standard conditions except forFCH4,0 in H+-SOFC.
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Fig. 6 shows the effect ofFCH4,0 on the values of
Watt,ηOV,XCH4 andγH2,SW for PEFC with Pd-MMR
system. The simulations were based on the standard
condition except thatFCH4,0 was varied.

The conversion of methane at the exit of membrane
microreactor is given as

XCH4 = FCH4,0 − FCH4

FCH4,0
= 1 − γCH4 (30)

The electric power, Watt has a peak atFCH4,0 = 2.51×
10−5 mol/s which is selected at the standard condition
as the optimum. ForFCH4,0 < 2.51 × 10−5 mol/s,
the values ofηOV, XCH4 andγH2,SW are constant and
then Watt is proportional toFCH4,0. For FCH4,0 >

2.51× 10−5 mol/s, all values decrease.
Fig. 7 shows the effect ofFCH4,0 on the values of

Watt, ηOV andXCH4 for SOFC system. The electric
power, Watt and the overall efficiency,ηOV are defined
as Eqs. (28) and (29). The conversion of methane,
XCH4 and the overall efficiency,ηOV are 1.00 and 0.60,
respectively, untilFCH4,0 = 2.12 × 10−7 mol/s and
then decrease with the increase inFCH4,0.

The electric power, Watt is proportional toFCH4,0
until FCH4,0 = 2.12× 10−7 mol/s and then becomes
constant. Therefore, the optimum value ofFCH4,0 is
2.12× 10−7 mol/s to avoid methane wastes from the
exit.

Fig. 8 shows the effect ofFCH4,0 on the values of
Watt,ηOV andXCH4 for H+-SOFC system. The elec-
tric power, Watt and the overall efficiency,ηOV are also
defined asEqs. (26) and (27). The electric power, Watt

Fig. 9. The effect ofγH2O,0 on the values of Watt,ηOV, XCH4 andFCH4,0 at the optimized condition for PEFC with Pd-MMR.

has a peak atFCH4,0 = 1.95 × 10−5 mol/s although
the conversion,XA is not complete. If the complete
conversion is preferable, the feed molar flow rate of
methane,FA,0 should be reduced to 1.10×10−5 mol/s
although the electric power, Watt is not at maximum.
We selectFCH4,0 = 1.95 × 10−5 mol/s as the op-
timum value where the electric power, Watt has a
peak.

3.3. Effect ofγH2O,0 on the performances

Fig. 9 shows the effect ofγH2O,0 on the values of
Watt,ηOV,XCH4 andFCH4,0 for PEFC with Pd-MMR
system. The feed molar flow rate of methane,FCH4,0
were determined by the same method asFig. 6 to
optimize Watt.

For γH2O,0 < 1, the steam is not enough for the
complete conversion of methane,XCH4 and then the
exhausted gas contains large amounts of methane.
However, forγH2O,0 > 1, the electric power, Watt
decreases with the increase inγH2O,0 because the
optimum value ofFCH4,0 also decreases. Therefore,
γH2O,0 = 1 was selected for the standard condition.

3.4. Effect of L on the performances

The effects ofL on the performances for PEFC with
Pd-MMR, SOFC and H+-SOFC micro-fuel cell sys-
tems are shown inFigs. 10–12, respectively.

For PEFC with Pd-MMR system,Fig. 10shows the
effect of Pd membrane thickness,L on the values of
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Fig. 10. The effect ofL on the values of Watt,ηOV, XCH4 andFCH4,0 at the optimized condition for PEFC with Pd-MMR.

Watt,ηOV,XCH4 andFCH4,0 at the optimized condition
which was determined by the same method asFig. 6.
All values are independent of Pd membrane thickness
for L < 5�m while they decrease rapidly forL >
5�m. Therefore, we can use Pd membrane with 5�m
thickness.

The effects of other parameters on the electric
power, Watt were also investigated. Higher reaction
temperature, higher pressure in the reaction side and
lower pressure in the sweep side were always favor-
able. Total heat balance was considered to recover
heat energy by combustion of exhaust gases from
Pd-MMR. In any cases, the heat supply was enough.

For SOFC system,Fig. 11shows the effect of YSZ
membrane thickness,L on the values of Watt and

Fig. 11. The effect ofL on the values of Watt andFCH4,0 at the
optimized condition for SOFC.

FCH4,0 at the optimized condition which was deter-
mined by the same method asFig. 7. The values of
XCH4 and ηOV are always 1.00 and 0.6 at the op-
timized conditions, respectively. Two cases of YSZ
membrane resistances; namely, three combined resis-
tances ofEqs. (14)–(16)and only one resistance of
Eq. (15)were simulated.

For two cases, the electric power, Watt is signifi-
cantly dependent on the thickness,L which means a
high resistance of permeation of oxygen through YSZ
and it is much lower than that obtained in the case of
Pd-MMR. If the resistances of gas–membrane inter-
faces,Eqs. (14) and (16)are neglected by using very
active catalysts in both sides, the electric power, Watt
is improved, especially, for thinner YSZ membranes.

Fig. 12. The effect ofL on the values of Watt,ηOV, XCH4 and
FCH4,0 at the optimized conditions in H+-SOFC.
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This suggests that a micro-SOFC is suitable because
a thin YSZ membrane can be used.

For H+-SOFC system,Fig. 12shows the effect of
perovskite solid electrolyte thickness,L on the values
of Watt, ηOV andXCH4 andFCH4,0 at the optimized
condition which was determined by the same method
asFig. 8.

The electric power, Watt is dependent on the thick-
ness. The thinner membrane is much more effective
and then the micro-scale system should be adopted.
This proton conducting micro-SOFC was much more
effective than the oxide-ion conducting micro-SOFC.

4. Conclusion

Three types of membrane microreactors for produc-
tion of electric powers by fuel cells with methane feed
were simulated and compared.

The Pd-MMR followed by PEFC was the most ef-
fective system for electric power generation compared
with the other two types of SOFC although the system
was rather complex. However, the performances were
dependent on the permeation properties of membranes
(Pd, YSZ, perovskite) as well as kinetics of catalysts.
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