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bstract

Thermodynamic equilibrium of methanol steam reforming (MeOH SR) was studied by Gibbs free minimization for hydrogen production as
function of steam-to-carbon ratio (S/C = 0–10), reforming temperature (25–1000 ◦C), pressure (0.5–3 atm), and product species. The chemical

pecies considered were methanol, water, hydrogen, carbon dioxide, carbon monoxide, carbon (graphite), methane, ethane, propane, i-butane, n-
utane, ethanol, propanol, i-butanol, n-butanol, and dimethyl ether (DME). Coke-formed and coke-free regions were also determined as a function
f S/C ratio.

Based upon a compound basis set MeOH, CO2, CO, H2 and H2O, complete conversion of MeOH was attained at S/C = 1 when the temperature
as higher than 200 ◦C at atmospheric pressure. The concentration and yield of hydrogen could be achieved at almost 75% on a dry basis and 100%,

espectively. From the reforming efficiency, the operating condition was optimized for the temperature range of 100–225 ◦C, S/C range of 1.5–3,
nd pressure at 1 atm. The calculation indicated that the reforming condition required from sufficient CO concentration (<10 ppm) for polymer
lectrolyte fuel cell application is too severe for the existing catalysts (Tr = 50 ◦C and S/C = 4–5). Only methane and coke thermodynamically

oexist with H2O, H2, CO, and CO2, while C2H6, C3H8, i-C4H10, n-C4H10, CH3OH, C2H5OH, C3H7OH, i-C4H9OH, n-C4H9OH, and C2H6O were
uppressed at essentially zero. The temperatures for coke-free region decreased with increase in S/C ratios. The impact of pressure was negligible
pon the complete conversion of MeOH.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen is regarded as a primary energy carrier in the future
y virtue of the fact that it can be produced from renewable
ources such as biomass, solar energy, and so on, and is effi-
iently converted to electricity by fuel cells. Polymer electrolyte
uel cells (PEFCs) have presently attracted much attention
orldwide since it provides high efficiency with clean exhaust
as by consuming hydrogen and oxygen [1–3]. Development of
ydrogen production has been widely studied to commercialize

he production process. Reforming of fuels, such as, methanol
4–7], ethanol [8–11], gasoline [12,13], biogas [14,15], natural
as [16–19], and dimethyl ether [20–23], has been developed
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E-mail address: rkikuchi@mbox.kudpc.kyoto-u.ac.jp (R. Kikuchi).

g
d
a
r
c
T

378-7753/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2006.04.091
el cell

or hydrogen production. Steam reforming (SR), partial oxida-
ion (PO), and autothermal steam reforming (ATR) are the major
rocesses for reforming of those fuels. PO and ATR processes
ave a merit on fast start-up time because of exothermic nature
f oxidation reaction. However, the PO and ATR processes pro-
ide lower efficiency and reformate quality, i.e., lower hydrogen
roduction yield, higher rate of side reactions, and by-products.
R process gives high concentration of hydrogen ca. 70–80%
n a dry basis, while those for PO and ATR are estimated to be
a. 40–50% on a dry basis.

MeOH appears to be a suitable liquid fuel for on-board hydro-
en production. Steam reforming of methanol has widely been
eveloped. Generally, MeOH SR can be operated at low temper-

ture of 250–300 ◦C. Natural gas and biogas can be reformed at
elatively high temperature of 600–800 ◦C. These fuels normally
ontain sulfur compounds that can poison reforming catalysts.
hus, a desulfurizer unit is needed for the reforming system.

mailto:rkikuchi@mbox.kudpc.kyoto-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2006.04.091
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Nomenclature

aik number of atoms of the kth element present in
each molecule of species i

Ak total mass of kth element in the feed
f̂i the fugacity of species i in system
f 0

i the standard-state fugacity of species i
FH2out molar flow rate of hydrogen at outlet
FMeOHin molar flow rate of MeOH at inlet
FMeOHout molar flow rate of MeOH at outlet
GC(S) molar Gibbs free energy of solid carbon
ḠC(g) partial molar Gibbs free energy of gas carbon
ḠC(S) partial molar Gibbs free energy of solid carbon
Ḡi partial molar Gibbs free energy of species i
Gt total Gibbs free energy
G

◦
i standard Gibbs free energy of species i

�G
◦
fi

standard Gibbs function of formation of species i

�G
◦
fC(S)

standard Gibbs function of formation of solid car-
bon

nc mole of carbon
N number of species in the reaction system
P pressure of system
P0 standard-state pressure of 101.3 kPa
R molar gas constant
T temperature of system
Tc temperature at which the first disappearance of

carbon was achieved
Tr reforming temperature
yi gas phase mole fraction

Greek symbols
λk Lagrange multiplier
µ chemical potential of species i
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φi fugacity coefficient of species i

ethane is definitely considered as a key component of SR
f natural gas and biogas. Dimethyl ether (DME) has recently
ecome a promising fuel for hydrogen production to be used
n fuel cells. DME provides high H/C ratio, high energy den-
ity, and non-toxicity. Like LPG, DME can be easily handled,
tored, and transported. Moreover, infrastructure of LPG can be
eadily adapted for DME because of their similar physical prop-
rty. Interestingly, DME SR is a two-step reaction namely DME
ydrolysis following by MeOH SR. Thermodynamic considera-
ion for many reactions for example DME SR [24,25] and MeOH
R [26] has been used to estimate the equilibrium product distri-
ution as a function of the processing conditions. Semelsberger
t al. [25] recently calculated the thermodynamic composition
sing Gibbs free energy minimization method. However, coke
ormation was not considered in the calculation.

This study presents the thermodynamic equilibrium of

ydrogen-rich feed for fuel cell, focusing on steam reform-
ng process of methanol. Influence of steam-to-carbon ratio
S/C = 0–10), reforming temperature (25–1000 ◦C), and pres-
ure (0.5–3 atm) on conversion of fuels, hydrogen production,

g
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nd CO formation has been figured out. Optimal operating con-
itions of SR processes for hydrogen production were also
etermined. The wide range of S/C and temperature of MeOH
R was studied in the present paper to find out the optimal operat-

ng condition for MeOH SR. Coke formation was also analyzed
o determine the coke-formed and coke-free regions. In addi-
ion, an effect of pressurized condition on the MeOH reforming
erformance was investigated for the application to fuel cells.

. Modeling and simulation methodology

.1. Minimization of Gibbs free energy

The most commonly used function to identify the equilibrium
tate is Gibbs free energy. A minimization of total Gibbs free
nergy is a suitable method to calculate the equilibrium compo-
itions of any reacting system [27]. The total Gibbs free energy
f a system is given by the sum of ith species:

t =
N∑

i=1

niḠi =
N∑

i=1

niµi =
∑

niG
◦
i + RT

∑
ni ln

f̂i

f 0
i

(1)

here Gt is the total Gibbs free energy, Ḡi the partial molar Gibbs
ree energy of species i, G

◦
i the standard Gibbs free energy, µi

he chemical potential, R the molar gas constant, T the tem-
erature of system, P the pressure of system, f̂i the fugacity in
ystem, f 0

i the standard-state fugacity, and ni the mole of species
. For reaction equilibria in gas-phase, f̂i = yi

�
φiP , f 0

i = P0,
nd G

◦
i = �G

◦
fi

are assumed. By using the Lagrange multiplier
ethod, the minimum Gibbs free energy of each gaseous species

nd that of the total system can be expressed as Eqs. (2) and (3),
espectively.

G
◦
fi

+ RT ln
yi

�
φiP

P0 +
∑

k

λkaik = 0 (2)

N

i=1

ni

(
�G

◦
fi

+ RT ln
yi

�
φiP

P0 +
∑

k

λkaik

)
= 0 (3)

ith the constraining equation:

i

niaik = Ak

here �G
◦
fi

is the standard Gibbs function of formation of

pecies i, P0 the standard-state pressure of 101.3 kPa, yi the gas
hase mole fraction,

�
φi the fugacity coefficient of species i, λk

he Lagrange multiplier, aik the number of atoms of the kth ele-
ent present in each molecule of species i, and Ak the total mass

f kth element in the feed.
When solid carbon (graphite) is involved in the system,

xploiting the vapor–solid phase equilibrium is applied to the
ibbs-energy of carbon as shown in Eq. (4). Substituting Eq. (1)
y Eq. (2) for gaseous species and by Eq. (4) for solid species

ives the minimization function of Gibbs-energy as following
q. (5):

¯ C(g) = ḠC(S) = GC(S) ∼= �G
◦
fC(S)

= 0 (4)
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at a given an S/C ratio, the hydrogen concentration decreased
monotonously as the reforming temperature increased. Mean-
time, CO concentration monotonously increased, correspond-
ing to the decrease in hydrogen concentration. Evidently, this
K. Faungnawakij et al. / Journal

−1∑
i=1

ni

(
�G

◦
fi

+ RT ln
yi

�
φiP

P0 +
∑

k

λkaik

)
+ (nc�G

◦
fC(S)

) = 0

(5)

here ḠC(g), ḠC(S), GC(S), �G
◦
fC(S)

and nc are the partial molar
ibbs free energy of gas carbon, that of solid carbon, the molar
ibbs free energy of solid carbon, the standard Gibbs function
f formation of solid carbon, and mole of carbon, respectively.

The equilibrium calculations employing the Gibbs-energy
inimization were done with the Aspen plus, Aspen TechTM.
he program is capable to simulate a single phase or multi-
hase of multicomponent in equilibria. The steam-to-carbon
atio was varied in the range of 0–10. The reforming temper-
ture Tr and pressure studied were 25–1000 ◦C, and 0.5–3 atm,
espectively. The equation of state used in the calculation was
he Soave–Redlich–Kwong method. To perform the calculation,
eactant and product species with their proportion along with
eaction conditions, i.e., temperature and pressure, have to be
larified. Then, the minimization could be performed to calcu-
ate the equilibrium composition. Consecutively, the calculated
esults were analyzed for an optimal condition of the reforming
rocess.

.2. MeOH SR

The gas species involved in the MeOH SR are CH3OH, H2O,
2, CO, and CO2, based on experimental observations [4–7].
he set of other chemical species was considered to determine

he plausible products during the steam reforming process. The
pecies considered were carbon (graphite), methane, ethane,
ropane, i-butane, n-butane, ethanol, propanol, i-butanol, n-
utanol, and DME. The key reactions concerned in the reforming
rocess are:

eOH SR : CH3OH + H2O ⇔ CO2 + 3H2 (6)

GSR : CO + H2O ⇔ CO2 + H2 (7)

eOH decomposition : CH3OH ⇔ CO + 2H2 (8)

he reforming of methanol was performed over Cu/ZnO,
u/ZnO/Al2O3 [4], and Cu/CeO2/ZrO3 [5] without the deac-

ivation of the catalysts. Metal catalysts were generally active
or water gas shift reaction as well [28–30]. Therefore, the basis
et of compounds is acceptable for practical condition.

To evaluate the performance of the steam reforming system,
he equilibrium conversions of MeOH, and H2 yield are defined
s follows:

quilibrium conversion of MeOH (%)

= FMeOHin − FMeOHout

FMeOHin
× 100 (9)

[ ]

2 yield (%) = FH2out

FMeOHin

MeOH

H2 T
× 100 (10)

here FMeOHin and FMeOHout are the molar flow rates of MeOH
t inlet and outlet, respectively, and FH2out is molar flow rate of

F
t
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ydrogen at outlet. [MeOH/H2]T (1/3) is the theoretical mole
atio of MeOH fed and hydrogen produced.

. Results and discussion

.1. Methanol steam reforming: MeOH conversion

Fig. 1 shows the conversion of MeOH as a function of S/C
nd temperature at 1 atm. As a result, the complete conversion of
eOH was achieved as the temperature and S/C are higher than

00 ◦C and 1, respectively. At S/C = 2, the conversion reached
lmost 100% even at 100 ◦C. For S/C lower than 1, MeOH
onversion was reduced steeply at the temperatures lower than
00 ◦C. At S/C = 0, the sole reaction is MeOH decomposition
roviding complete conversion of MeOH while hydrogen con-
entration reach a maximum at 66.7% on a wet basis (shown in
ig. 2a). Even at S/C < 1, complete conversion of MeOH pro-
eeded with concomitant contribution of steam reforming and
ecomposition of MeOH.

.2. Methanol steam reforming: hydrogen production

Fig. 2 illustrates the equilibrium concentration of hydrogen
n a wet and a dry basis as a function of S/C and temperature.
he hydrogen concentration on a wet basis (Fig. 2a) was max-

mized to 73.2% with a MeOH conversion of 98.8% at S/C = 1,
r = 150 ◦C. Since the concentration upper limit assuming reac-

ion (6) is 75%, MeOH SR solely took place at this condition.
he MeOH conversion was raised up to 99.9% when the tem-
erature was raised up to 200 ◦C. However, hydrogen concen-
ration went down to 72.4%. Upon complete MeOH conversion
ig. 1. Equilibrium conversion of MeOH from MeOH SR as a function of steam-
o-carbon (S/C) and temperature.
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source of coke formation over steam reforming catalysts. The
S/C ratios lower than 1.5 led to relatively high CO concentration,
especially at high temperatures due to DME decomposition and
r-WGSR. At a given an S/C, an increase in temperature resulted
ig. 2. Equilibrium hydrogen concentration on: (a) wet basis and (b) dry basis
rom MeOH SR as a function of steam-to-carbon (S/C) and temperature.

hould be ascribed by the reverse water gas shift reaction (r-
GSR). The r-WGSR expedites the consumption of hydrogen,

nd is thermodynamically favorable with increasing tempera-
ure. The increase in hydrogen concentration at low S/C was due
o the increase of MeOH conversion, approaching a maximum
t S/C = 1. The hydrogen concentration subsequently decreased
ith the increase in S/C on account of dilution with excessive
team. It should be noted that the equilibrium concentration of
ydrogen provided by a sole reaction of MeOH decomposition
S/C = 0) was maximum at 66.7% on a dry basis.

F
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The effect of steam dilution was excluded by considering
he hydrogen concentration on a dry basis as shown in Fig. 2b.
he equilibrium hydrogen concentration could reach maximum
f ca. 75% at S/C = 1.5, Tr = 100–250 ◦C, when the expected
oncentration from reaction (6) was 75% on a dry basis upon
omplete conversion of MeOH. The temperature range with
he maximized hydrogen concentration was widely spread by
ncreasing S/C; i.e., at 75–300 ◦C for S/C = 2 and at 50–350 ◦C
or S/C = 3. Similar to the concentration on a wet basis, hydrogen
oncentration markedly increased with an increase in S/C ratio
rom 0–1. Further increase in S/C still gently raised the hydrogen
oncentration, since the MeOH conversion was exhibited and r-

GSR was inhibited. Given a fixed S/C at complete MeOH
onversion, hydrogen concentration decreased as the tempera-
ure increased. The maximum concentration as theoretical value
as obtained on a dry basis analysis although it could not be

een on a wet basis due to the effect of steam dilution.
The hydrogen yield from MeOH SR in Fig. 3 approached

o 100% with increasing S/C and kept almost constant at 100%
ith a further increase in S/C when the temperature was in the

ange of ca. 100–400 ◦C. In higher temperature range, increasing
team-to-carbon monotonically increased the H2 yield due to
nhancement of MeOH conversion and to suppression of the
everse water gas shift reaction.

.3. Methanol steam reforming: CO formation

Equilibrium concentration of CO on a wet and a dry basis as
function of S/C and temperature is shown in Fig. 4. Carbon
onoxide has been known as the poisonous species for Pt elec-

rode of low-temperature fuel cell. In addition, CO could be a
ig. 3. Equilibrium hydrogen yield from MeOH SR as a function of steam-to-
arbon (S/C) and temperature.
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temperature higher than ca. 150 ◦C. Influence of pressure on CO
concentration on a dry basis was shown in Fig. 7. As a result,
pressure change from 0.5 to 3 atm did not affect CO concen-
tration, since the overall molar quantity of existing species was
ig. 4. Equilibrium concentration of carbon monoxide on: (a) wet basis and (b)
ry basis from MeOH SR as a function of steam-to-carbon (S/C) and tempera-
ure.

n an increase in CO. The concentration of CO on a wet basis is
ower than that on a dry basis because of dilution with steam.

.4. Methanol steam reforming: pressure effect
Because of difference in molar quantity between reactants
nd products, total pressure affected the equilibrium of MeOH
R. Influence of pressure on MeOH SR was investigated for
fixed S/C ratio at 2 and varied temperatures of 25–1000 ◦C.

F
t

ig. 5. Equilibrium conversion of MeOH from MeOH SR as a function of pres-
ure and temperature.

quilibrium MeOH conversion is plotted as a function of pres-
ure and temperature in Fig. 5. At the temperatures higher than
a. 150 ◦C, pressure from 0.5 to 3 atm had no effect on MeOH
onversion, which was already attained 100%. However, at tem-
eratures lower than 150 ◦C, the conversion was suppresses by
ncreasing pressure. The stronger effect of pressure was found at
ower temperatures. Increase in pressure shifts the equilibrium
o reactants. The same tendency was observed for hydrogen
ield as shown in Fig. 6. At a given pressure, an increase in
emperature brought about the drop of hydrogen yield, for the
ig. 6. Equilibrium hydrogen yield of MeOH SR as a function of pressure and
emperature.



9 l of Po

u
t
r
i
a

3
p

H
p
c
a

•
•

•

•

A
a
p
t
r
t
t
a
o

F
M

r
s
o
i
m
c
t
O

i
C
p
e
t
a
1

c
b
f
a
C
r
t
d
s

3
r

2 K. Faungnawakij et al. / Journa

nchanged with r-WGSR. At a given pressure, CO concentra-
ion increased monotonically with increasing temperature. The
eaction at about 150–250 ◦C simultaneously achieved the max-
mum hydrogen yield and low CO concentration below 1% on
dry basis.

.5. Methanol steam reforming: thermodynamically
lausible products

The equilibrium calculation so far was carried out by taking
2, H2O, CO, CO2, and MeOH as existing species. The plausible
roducts in MeOH SR were investigated by adding coke, hydro-
arbons or oxygenated compounds into the compound basis set
s the following cases:

Case 1. MeOH, H2O, H2, CO, CO2, and carbon (graphite).
Case 2. MeOH, H2O, H2, CO, CO2, CH4, C2H6, C3H8,
i-C4H10, n-C4H10, C2H5OH, C3H7OH, i-C4H9OH, n-
C4H9OH, and DME.
Case 3. MeOH, H2O, H2, CO, CO2, carbon (graphite), and
CH4.
Case 4. MeOH, H2O, H2, CO, and CO2 plus each of C2H6,
C3H8, i-C4H10, n-C4H10, C2H5OH, C3H7OH, i-C4H9OH, n-
C4H9OH, or DME.

n S/C ratio of 2 and a pressure of 1 atm were used as an oper-
ting condition. Fig. 8 illustrates the molar fraction of plausible
roducts per mole of MeOH in feed as a function of tempera-
ure from 25 to 1000 ◦C. For Case 1, carbon (graphite), hereafter
eferred as coke, was produced in the temperature range lower

◦
han 500 C. Coke formation kept essentially constant for the
emperatures increase up to 300 ◦C. Further increase in temper-
ture obviously inhibited the formation of coke. As for Case 2,
nly methane was thermodynamically stable in the temperature

ig. 7. Equilibrium concentration of carbon monoxide on a dry basis from
eOH SR as a function of pressure and temperature.

s
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ange up to 700 ◦C, while other alkane and oxygen-containing
pecies were suppressed at essentially zero. These alkane and
xygenated species do not coexist in reformate with methane
n the whole temperature range. As for Case 3 when coke and

ethane were simultaneously considered, the methane and coke
ould coexist at the temperature range below ca. 125 ◦C. Forma-
ion of coke was obviously inhibited by increasing temperature.
nly methane was produced at the temperature above 125 ◦C.
The alkane and oxygenated species are expected to be stable

f one does not include methane in the system. On the basis of
ase 4, the descending order of the formation of the plausible
roduct is as follows: ethane, propane, i-butane or n-butane,
thanol, propanol, i-butanol or n-butanol, and DME, respec-
ively, at the temperatures higher than 150 ◦C. These alkane,
lcohol, and DME species approached zero at ca. 400, 250, and
00 ◦C, respectively.

In practical cases, methane can be produced from higher
arbon-containing alkane, i.e., ethane, butane, i-butane, and n-
utane, which could be formed over the precious metal catalysts,
or example, Pt, Pd, Ru, and Rh. However, formation of these
lkane species including CH4 could be suppressed by using
u catalyst. It should be noted that methanol was completely

eformed for all cases studied here. It should be pointed out
hat the thermodynamically plausible products might not be pro-
uced experimentally. The products observed in the experiment
trongly depended on the catalysts used.

.6. Methanol steam reforming: coke-formed and coke-free
egions

As generally known, coke formation during the catalytic
team reforming could lead to deactivation of catalysts, resulting

n low durability and activity. Coke formation was considered
n the thermodynamic calculation of SR of methanol in this sec-
ion. We have determined the temperature region where coke
resences or absences in the reforming products. Coke or coke

ig. 8. Equilibrium plausible products thermodynamically produced from
eOH SR as a function of temperature at S/C of 2 and pressure of 1 atm.
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Table 1
Optimal operating conditions for MeOH SR: temperature, pressure and steam-to-MeOH ratio

Temperature (◦C) 100–200 150–225 100–150 50
Pressure (atm) 1 1 1 1
S/C 1 1.5–2 2–3 4–5
MeOH conversion (%) ≥98.8 ≥99.9 ≥99.6 ≥99.4
H
H
C

w
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2 yield (%) 96.4–97.0

2 concentration (% on a dry basis) 74.3–74.4
O concentration (% on a dry basis) 1.4–2.7

ith methane was added into the thermodynamic compound
asis sets. Methane was considered as the most abundant product
roduced during MeOH SR. Coke-formed and coke-free regions
ere thermodynamically determined as shown in Fig. 9. The

emperature, at which the first disappearance of carbon Tc was
chieved, was plotted as a function of S/C ratio. The regions
bove and below the lines are the coke-free and coke-formed
egions, respectively. In the case coke was added to the basis set
Case 1), Tc decreased from ca. 800 to 400 ◦C, when the S/C
atio increased from 0.1 to 10. When methane was taken into
ccount (Case 3), the Tc drastically decreased from ca. 800 to
75 ◦C with increasing S/C from 0.1 to 1.5. Further increase in
/C from 1.5 to 5 gradually decreased Tc from 175 to 25 ◦C. It
as found that the Tc is in good agreement with that reported by
win et al. [26]. It should be noted that MeOH conversion was
00% for all operating condition in the case coke was thermo-
ynamically favored in the reforming system.

.7. Methanol steam reforming: optimal operating
ondition

The optimal operating condition of hydrogen production for
uel cell is discussed to obtain maximum hydrogen production

nd minimum carbon monoxide formation with complete con-
ersion of fuel. Steam-to-carbon ratio, pressure, and temperature
ave to be optimized. With an optimal condition, high quality
f reformed fuel for fuel cell could be achieved with efficient

ig. 9. Coke-formed and coke-free regions as a function of steam-to-carbon
atios (S/C) at pressure of 1 atm.
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(

98.7–99.8 99.5–99.8 99.0–99.4
74.8–75.0 74.9–75.0 74.8–74.9
≤1 ≤0.1 ≤10 ppm

nergy consumption and size of reactor. The difference in hydro-
en and CO production calculated as a function of S/C and
emperature at 1 atm was evaluated. The optimal region of the
ydrogen–carbon monoxide difference was in the temperature
ange of 100–300 ◦C and S/C ≥ 1.5 for MeOH SR.

On the basis of the equilibrium calculation with coke and
ydrocarbon compounds excluded, several candidates for the
ptimal operating conditions which lead to large difference in
2–CO production are listed in Table 1. The temperatures, pres-

ure, and S/C ratios were chosen in the range of 100–225 ◦C,
atm, and 1–3, respectively. For stoichiometric ratio S/C = 1
nd temperature = 100–200 ◦C, MeOH conversion ≥98.8% and
ydrogen yield 96.4–97.0% were obtained with relatively high
O concentration 1.4–2.7%. An almost complete conversion

≥99.9%) and hydrogen yield (98.7–99.8%) with CO concen-
ration (≤1%) could be achieved when the temperature and S/C
ere intentionally raised up to 150–225 ◦C and 1.5–2, respec-

ively. Increasing S/C to 2–3 and decreasing temperature to
00–150 ◦C brought about the decrease in CO concentration to
erely lower than 0.1%, while keeping high MeOH conversion

nd hydrogen yield. However, the higher steam-to-carbon ratio
equests higher volume of the reactor because of higher steam
olumetric flow, and consumed higher input heat duty because
f higher vaporization energy. As for the limitation for PEFCs
peration, CO level in reformed gas feed to the fuel cell is limited
ypically below 10 ppm. When the priority attention was paid for
O concentration, temperature and S/C ratio were optimized to
r = 50 ◦C and S/C = 4–5. However, the equilibrium cannot be
ttained in this condition on existing catalysts.

The optimal operation condition was evaluated in the view-
oint of thermodynamics. The favorable condition for MeOH
R is to operate at temperature and steam over fuel ratio as low
s possible. Operating at low temperature and S/C are advanta-
eous for short start-up time and energy consumption. However,
t should be pointed out that durability, activity, and selectivity
f the catalyst along with side-reactions have to be considered
rom the practical point of view. Note that the thermodynamic
tudy showed that the by-products such as coke and methane
an be thermodynamically produced. Therefore, in case such
y-products are selective over the reforming catalysts, the com-
ound basis set for the calculation has to take the by-products
nto account.
. Conclusions

Thermodynamic consideration for methanol steam reforming
MeOH SR) via Gibbs free minimization to evaluate the effect of
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eforming temperature (25–1000 ◦C), pressure (0.5–3 atm), and
lausible product species has been studied. The principal set
f compounds involved in the calculation was methanol, water,
ydrogen, carbon dioxide, and carbon monoxide. Based on the
hermodynamic calculation, the conclusions were summarized
n the following:

MeOH SR provided hydrogen-rich feeds for fuel cell appli-
cation. A complete MeOH conversion and hydrogen concen-
tration exceeding 70% on a dry basis was obtained at S/C = 1
when the temperature was in the range of 200–500 ◦C at atmo-
spheric pressure. The maximum concentration and yield of
hydrogen could be achieved at almost 75% on a dry basis and
100%, respectively.
On the basis of the reforming efficiency, the operating condi-
tion was optimized in the temperature range of 100–225 ◦C,
S/C of 1.5–3, and pressure at 1 atm. The calculation showed
that the requirement from sufficiently low CO concentration
(<10 ppm) is too severe for the existing catalysts (Tr = 50 ◦C).
At equilibrium, only methane and coke thermodynamically
coexist with H2O, H2, CO, and CO2, while C2H6, C3H8, i-
C4H10, n-C4H10, CH3OH, C2H5OH, C3H7OH, i-C4H9OH,
n-C4H9OH, and DME were suppressed at essentially zero.
The temperature for coke-free region decreased by increasing
S/C ratio.
At a given the temperatures higher than ca. 150 ◦C, varying
pressures from 0.5 to 3 atm did not affect the MeOH conver-
sion and hydrogen yield since MeOH conversion attained the
maximum at 100%.

eferences

[1] P.G. Patil, J. Power Sources 37 (1992) 171–179.

[2] T. Isono, S. Suzuki, M. Kaneko, Y. Akiyama, Y. Miyake, I. Yonezu, J.

Power Sources 86 (2000) 269–273.
[3] S. Ahmed, M. Krumpelt, Int. J. Hydrogen Energy 26 (2001) 291–301.
[4] T. Shishido, Y. Yamamoto, H. Morioka, K. Takaki, K. Takehira, Appl.

Catal. A: Gen. 263 (2004) 249–253.

[

[

wer Sources 161 (2006) 87–94

[5] H. Oguchi, T. Nishiguchi, T. Matsumoto, H. Kanai, K. Utani, Y. Matsumura,
S. Imamura, Appl. Catal. A: Gen. 281 (2005) 69–73.

[6] J. Papavasiliou, G. Avgouropoulos, T. Ioannides, Catal. Commun. 6 (2005)
497–501.

[7] E.S. Ranganathan, S.K. Bej, L.T. Thompson, Appl. Catal. A: Gen. 289
(2005) 153–162.

[8] E.Y. Garcia, M.A. Laborde, Int. J. Hydrogen Energy 16 (1991) 307–
312.

[9] K. Vasudeva, N. Mitra, P. Umasankar, S.C. Dhingra, Int. J. Hydrogen
Energy 21 (1996) 13–18.

10] F. Haga, T. Nakajima, H. Miya, S. Mishima, Catal. Lett. 48 (1997) 223.
11] F.J. Marino, E.G. Cerrella, S. Duhalde, M. Jobbagy, M.A. Laborde, Int. J.

Hydrogen Energy 23 (1998) 1095–1101.
12] L. Wang, K. Murata, M. Inaba, Appl. Catal. B: Environ. 48 (2004) 243–248.
13] A. Qi, S. Wang, G. Fu, C. Ni, D. Wu, Appl. Catal. A: Gen. 281 (2005)

233–246.
14] A. Effendi, Z.G. Zhang, K. Hellgardt, K. Honda, T. Yoshida, Catal. Today

77 (2002) 181–189.
15] A. Effendi, K. Hellgardt, Z.G. Zhang, T. Yoshida, Fuel 84 (2005) 869–874.
16] A. Heinzel, B. Vogel, P. Hubner, J. Power Sources 105 (2002) 202–207.
17] J.R.H. Ross, Catal. Today 100 (2005) 151–158.
18] R.J. Farrauto, Appl. Catal. B: Environ. 56 (2005) 3–7.
19] S.H.D. Lee, D.V. Applegate, S. Ahmed, S.G. Calderone, T.L. Harvey, Int.

J. Hydrogen Energy 30 (2005) 829–842.
20] T. Matsumoto, T. Nishiguchi, H. Kanai, K. Utani, Y. Matsumura, S. Ima-

mura, Appl. Catal. A: Gen. 276 (2004) 267–273.
21] V.V. Galvita, G.L. Semin, V.D. Belyaev, T.M. Yurieva, V.A. Sobyanin,

Appl. Catal. A: Gen. 216 (2001) 85–90.
22] K. Takeishi, H. Suzuki, Appl. Catal. A: Gen. 260 (2004) 111–117.
23] K. Faungnawakij, Y. Tanaka, N. Shimoda, T. Fukunaga, S. Kawashima, R.

Kikuchi, K. Eguchi, Appl. Catal. A: Gen. 304 (2006) 40–48.
24] V.A. Sobyanin, S. Cavallaro, S. Freni, Energy Fuels 14 (2000) 1139–

1142.
25] T.A. Semelsberger, R.L. Borup, J. Power Sources 152 (2005) 87–96.
26] Y. Lwin, W.R.W. Daud, A.B. Mohamad, Z. Yaakob, Int. J. Hydrogen Energy

25 (2000) 47–53.
27] R.H. Perry, D.W. Green, J.O. Maloney, Perry’s Chemical Engineers’ Hand-

book, McGraw-Hill, New York, 1999.
28] Y. Tanaka, T. Utaka, R. Kikuchi, K. Sasaki, K. Eguchi, Appl. Catal. A:
Gen. 242 (2003) 287–295.
29] T. Utaka, T. Okanishi, T. Takeguchi, R. Kikuchi, K. Eguchi, Appl. Catal.

A: Gen. 245 (2003) 343–351.
30] Y. Tanaka, T. Takeguchi, R. Kikuchi, K. Eguchi, Appl. Catal. A: Gen. 279

(2005) 59–66.


	Thermodynamic evaluation of methanol steam reforming for hydrogen production
	Introduction
	Modeling and simulation methodology
	Minimization of Gibbs free energy
	MeOH SR

	Results and discussion
	Methanol steam reforming: MeOH conversion
	Methanol steam reforming: hydrogen production
	Methanol steam reforming: CO formation
	Methanol steam reforming: pressure effect
	Methanol steam reforming: thermodynamically plausible products
	Methanol steam reforming: coke-formed and coke-free regions
	Methanol steam reforming: optimal operating condition

	Conclusions
	References


