
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Chemical Engineering Journal 167 (2011) 603–609

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

Computational fluid dynamics simulation of ethanol steam reforming
in catalytic wall microchannels

I. Uriza, G. Arzamendia, E. Lópezb,c, J. Llorcab, L.M. Gandíaa,∗

a Departamento de Química Aplicada, Edificio de los Acebos, Universidad Pública de Navarra, Campus de Arrosadía s/n, E-31006 Pamplona, Spain
b Institut de Tècniques Energètiques, Universitat Politècnica de Catalunya, Diagonal 647, ed. ETSEIB, 08028 Barcelona, Spain
c Planta Piloto de Ingeniería Química (CONICET-UNS), Camino de la Carridanga km7, 8000 Bahía Blanca, Argentina

a r t i c l e i n f o

Article history:
Received 30 March 2010
Received in revised form 22 July 2010
Accepted 24 July 2010

Keywords:
Computational fluid dynamics (CFD)
Ethanol steam reforming
Hydrogen
Microchannel reactor
Microreactor

a b s t r a c t

A three-dimensional computational fluid dynamics (CFD) simulation study of the ethanol steam reform-
ing (ESR) in microreactors with square channels has been carried out. A phenomenological kinetic model
describing the ESR on a Co3O4–ZnO catalyst has been established and implemented in the CFD codes.
This model includes the ethanol dehydrogenation to acetaldehyde, ethanol decomposition to CO and
CH4, acetaldehyde steam reforming to H2 and CO2 and water–gas shift as the reactions describing the
catalyst behavior. The very different thermal effects and apparent activation energies of these reactions
allow interpreting the influence of the main operating parameters on the microreactors performance.
The high activation energy and relatively low energy demand of the ethanol decomposition limit the
production of hydrogen at high temperatures and space velocities (up to 70,000 h−1) at yields of the
order of 70%, that is, 4.2 mol of H2 per mol of ethanol fed into the reactor. Another issue is the presence
of significant CO contents in the reformate stream. This can be partially solved by increasing the catalyst
loading which leads to a lower temperature and then an improved selectivity to ethanol dehydrogena-
tion and acetaldehyde reforming. The microchannel characteristic size in the 0.10–0.70 mm range has a
strong influence on the microreactor performance that is mainly governed by the surface area-to-volume
ratio. For the smallest sizes considered in this study (0.10 and 0.35 mm) it has been found that the flow
of the gases is nearly isothermal.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen can be produced from a variety of feedstocks. Among
them, ethanol is very promising due to its high hydrogen con-
tent, availability, low toxicity and easy storage and distribution
[1–4]. Most importantly, ethanol can be produced from biomass-
derived materials such as starch and lignocelluloses coming from
agricultural wastes and forestry residues thus leading to the possi-
bility of obtaining renewable hydrogen [5,6]. Reforming bioethanol
with steam is particularly attractive because bioethanol, which is
a dilute aqueous solution containing about 12 wt.% ethanol, could
be directly used, thus eliminating the costly separation processes
required to obtain pure ethanol [2,4].

Ethanol steam reforming (ESR) can be ideally represented by the
following reaction:

C2H5OH(g)+ 3H2O(g)→ 2CO2 + 6H2 (�H◦298 K = 174 kJ/mol)

(1)

∗ Corresponding author. Tel.: +34 948 169605; fax: +34 948 169606.
E-mail address: lgandia@unavarra.es (L.M. Gandía).

However, undesired reactions can take place resulting in the
formation of other products such as acetaldehyde, ethylene, ace-
tone, CO, CH4 and coke. In order to obtain high hydrogen yields
and minimize the formation of side products, high temperatures
(400–700 ◦C), atmospheric pressure, high water-to-ethanol molar
ratios in the feed (6 or above) and suitable catalysts are required
[1,2]. It should be noted that at sufficiently high temperatures
the ESR is not thermodynamically limited being the equilibrium
ethanol conversion always 100%. On the other hand, obtaining high
hydrogen yields and very low CO contents during ESR is difficult
because at the high temperatures required the reverse water–gas
shift (r-WGS) reaction is thermodynamically favoured, although
its influence can be limited to some extent using high water-to-
ethanol ratios [7]:

H2 + CO2 ↔ CO+H2O (�H◦298 K = 41 kJ/mol) (2)

There is a growing interest in microstructured reactors for
fuel conversion applications, particularly for hydrogen production,
because these devices can cover the needs of portable, transporta-
tion and small-scale decentralized stationary systems, much of
them based on fuel cells [8–10]. These uses require compact, light,
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efficient, highly dynamic and integrated fuel processors. More-
over, reforming reactions are strongly endothermic (see Eq. (1)),
therefore thermal integration through the coupling of reforming
with the combustion of part of the fuel or the fuel cell anode off-
gas needs very high heat transfer rates [9–11]. The high surface
area-to-volume ratio and heat transfer coefficients characteristic of
microreactors make these devices suitable for fast highly exother-
mic or endothermic reactions because they allow nearly isothermal
operation avoiding hot-spots formation [12].

Compared with the case of methanol [13,14], the number of
ethanol processors reported in the literature is scarce. For exam-
ple, a combined ethanol steam reformer–anode off-gas afterburner
with a power output of 250 W has been constructed at IMM (Insti-
tut für Mikrotechnik Mainz, Germany). Design was based on plate
heat exchanger technology using Co/ZnO as reforming catalyst [14].
Benito et al. [15] built and operated a bioethanol processor based on
steam reforming designed for a power output of 1 kW. A multi-fuel
processor (including ethanol) was constructed in the framework
of a Renault/Nuvera Fuel Cells joint program. Operation at very
high powers of up to 180 kWth has been reported [16]. Autothermal
reforming of ethanol has been implemented in a portable proces-
sor with a 250 Wel fuel cell system [17]. Other studies conducted
in microchannel reactors at substantially lower levels of hydrogen
production have revealed a good performance of Rh and Ir catalysts
supported on CeO2 for ESR [18–20]. As concerns non-noble metals-
based catalysts, results by Llorca and coworkers have shown the
potential of the Co/ZnO and Co3O4–ZnO systems for conducting
the ethanol steam reforming at temperatures as low as 450 ◦C with
good selectivity and yield; methods for efficiently washcoat the
walls of microchannels and micromonoliths with these catalysts
were also developed [21–24]. Several simulation studies investigat-
ing energy integration strategies, performance and controllability
of ethanol processors have been also reported [25–28].

To the best of our knowledge, this work is the first computational
fluid dynamics (CFD) simulation study on ESR in microchannel
reactors. The kinetic equations of the relevant chemical reactions
over a Co3O4–ZnO catalyst have been established and implemented
in CFD codes with the aim of investigating the effects of the charac-
teristic dimension, catalyst loading, space velocity and heat supply
on the microreactor performance.

2. Kinetic model

In order to investigate the reaction kinetics, ethanol steam
reforming reactions were performed in a silicon micromonolithic
reactor described in detail in a previous work [29]. The silicon-
based microreformer consisted in three in-series silicon wafers
with ca. 8×106 circular channels of ca. 3 �m in diameter. The chan-
nels walls were functionalized with a Co3O4–ZnO catalyst layer
following the method described in [23,24,29]. The wafers were
mounted into a stainless steel casing with liquid evaporators and
electrical heating. Kinetic experiments were carried out at atmo-
spheric pressure, temperatures in the 400–500 ◦C range and feed
streams containing undiluted mixtures with H2O/ethanol molar
ratios of 3, 6 and 13. Total liquid feed flow rates were in the
0.18–5.4 mL/h range resulting in contact times between 30 and
900 ms and ethanol conversions between 20 and 100%. On-line
analysis of the product stream was performed on a micro-GC (Agi-
lent 3000A) equipped with MS 5 Å, Plot U and Stabilwax columns.
Catalytic activity was stable during the experiments and H2, CO,
CO2, CH4 and acetaldehyde were the main reaction products; only
negligible amount of ethane, ethylene and acetone were formed.

As already reported in the literature [22,30,31], the following
reaction scheme given by Eqs. (3)–(6) applies to describe the ESR

Table 1
Estimated kinetic parameters of the rate equations indicated.a

Equation (i) kref
i

Ei (kJ/mol)

(3) 2.1×104 [mol/(m3 min bar)] 70
(4) 2.0×103 [(mol/(m3 min bar)] 130
(5) 1.9×104 [mol/(m3 min bar 2)] 70
(6) 2.0×105 [mol/(m3 min bar 4)] 98

a Kinetic constants are given at the reference temperature of 500 ◦C.

over cobalt-based catalysts:

C2H5OH
k3−→CH3CHO+H2 (�H◦723 K = 71.0 kJ/mol) (3)

C2H5OH
k4−→CO+ CH4 +H2 (�H◦723 K = 52.9 kJ/mol) (4)

CO+H2O
k5,KWGS←→ CO2 +H2 (�H◦723 K = −34.5 kJ/mol) (5)

CH3CHO+ 3H2O
k6−→2CO2 + 5H2 (�H◦723 K = 127.4 kJ/mol) (6)

It has been demonstrated that the simultaneous presence of
metallic cobalt and cobalt oxide is required for the progress of
the reaction. In fact, ethanol dehydrogenates into hydrogen and
acetaldehyde over cobalt oxide (Eq. (3)), which is further reformed
with water to carbon dioxide over metallic cobalt (Eq. (6)). In
addition, cobalt catalysts are active for the water–gas shift (WGS)
reaction (Eq. (5)) under typical operating conditions. An undesired
source of carbon monoxide and methane is the ethanol decompo-
sition, as indicated by Eq. (4).

A phenomenological kinetic model with power-law rate expres-
sions has been developed including the following set of equations:

r3 = k3 · PC2H5OH (7)

r4 = k4 · PC2H5OH (8)

r5 = k5 ·
(

PCO · PH2O −
PCO2 · PH2

KWGS

)
(9)

r6 = k6 · PCH3CHO · P3
H2O (10)

ki = kref · exp
(−Ei

R

(
1
T
− 1

Tref

))
; Tref = 773 K (11)

KWGS = exp
(

4577.8
T

− 4.33
)

(12)

where Pi (bar) are the corresponding partial pressures, ki the kinetic
constants, kref

i
the kinetic constants at the reference temperature

of 500 ◦C, Ei the apparent activation energies, KWGS the equilibrium
constant of the WGS reaction and R the universal gas constant. A
steady-state, one-dimensional, isothermal pseudo-homogeneous
mathematical model of the silicon microreactor was adopted. Esti-
mation of the kinetic parameters was conducted using a nonlinear
multiparametric regression algorithm [32]. A satisfactory fit of the
model to the experimental data was achieved with the values of
the parameters included in Table 1.

3. Microreactor model and simulation conditions

Three-dimensional simulations have been carried out with the
software package ANSYS CFX that has provided satisfactory results
in previous studies [33–36]. Simulations were conducted on a
Dell Precision PWS690 workstation running MS Windows XP®×64
with available RAM of 16.0 GB.

A physical model (Fig. 1A) consisting of square parallel
microchannels of 20 mm of length and 0.10, 0.35 and 0.70 mm of
side (d) was developed to investigate the influence of the channels
size and the operating variables on the microreactor performance.
This model has been used previously to study the steam reforming
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Fig. 1. (A) Geometric models of the microreactors with square channels of 0.10, 0.35
and 0.70 mm of side. (B) Unstructured mesh applied to the solid and fluidic domains.

of methane and methanol and is described in more detail elsewhere
[34,35]. The model has two types of physical domains (Fig. 1B), one
of them is fluidic and the other is the solid block (silicon). The phys-
ical spaces of these domains were divided into a mesh with control
volumes where the governing equations are solved iteratively until
the established criteria of convergence are fulfilled. The total num-
ber of elements (prisms and hexahedrons) amounted up to 152,800.
In order to resolve the boundary layers accurately a mixed unstruc-
tured grid approach was applied in the fluidic domain near the solid
walls.

When working in micro fluidics it is very important to check
the validity of the continuum model and evaluate possible rarefied
gas flow effects [37]. To this end, the Knudsen number (Kn) has
been evaluated for the most unfavourable situation, that is, for the
smallest channel (d = 0.10 mm), resulting in values of Kn between
8×10−4 and 1×10−3, which are sufficiently low as to assure the
validity of the continuum model and the Navier–Stokes equations
for the systems considered in this work [38]. On the other hand, the
Reynolds numbers are between 0.5 and 51, so the flow regime of
the gases is clearly laminar.

Catalytic reactions were modeled considering the microchan-
nels walls as sources of products and sinks of reactants [34,35].
The kinetic model formed by Eqs. (7)–(12) and the parameters
included in Table 1 were implemented in the CFD code. It has been
assumed that a thin layer of a Co3O4–ZnO catalyst [22–24] was uni-
formly deposited onto the walls of the microreactors at loadings of
1, 2 and 4 mg/cm2. The feedstream was composed by steam and
ethanol at a molar ratio of 6:1 and the inlet temperature was set
at 450 ◦C. Gas hourly space velocities (GHSV) in the range between

5250 and 70,000 h−1 (STP) have been considered. To give an idea,
this is equivalent to feed the microchannel with 0.70 mm of side
with 0.84–11.12 mL/min (STP) of the reaction mixture. Simulations
have been conducted under stationary conditions. The external
walls of the block were considered adiabatic and homogeneous
heat generation inside the solid was adopted to emulate the pres-
ence of heating cartridges. Thermophysical properties of silicon
at 527 ◦C were used for the solid material (density = 2330 kg/m3;
specific heat = 913 J/(kg ◦C); thermal conductivity = 42.2 W/(m ◦C))
[39].

4. Results and discussion

4.1. Effect of the space velocity and heat supply

A series of CFD simulations was conducted with a reform-
ing catalyst loading of 1 mg/cm2 and heat supplies between 250
and 375 kJ/mol of ethanol fed into the reactor. The evolution of
the mean ethanol conversion and reforming temperature at the
microchannels (d = 0.70 mm) outlet with respect to the space veloc-
ity are shown in Fig. 2A. It can be seen that both the ethanol
conversion and outlet temperature are very sensitive to the heat
supply and increase with this parameter. As indicated in Eq. (1),
the ESR requires 174 kJ/mol, which is an amount significantly lower
than the heat supplies considered in these simulations. Obviously
this is because the reforming reaction is feasible only at suffi-
ciently high temperatures so more energy is necessary to heat
up the feed stream entering the microchannels at 450 ◦C. Up to
375 kJ/mol of ethanol fed into the microreactor are required in
this case to obtain ethanol conversions about 95%. However, the
ethanol conversion is only 60–70% if the heat supply is decreased
to 250 kJ/mol.

Hydrogen is produced by all the reactions involved in the ESR
(see Eqs. (3)–(6)), so the hydrogen yield (Fig. 2B) follows a trend
similar to that of the ethanol conversion. In the most favourable
case (375 kJ/mol), the hydrogen yield varies from about 75% at
GHSV of 5250 h−1 to 60% at 70,000 h−1, that is, from 4.5 to 3.6 mol
of H2 per mol of ethanol fed into the reactor.

As the space velocity increases the outlet temperature signif-
icantly increases for a given heating supply. This indicates that
a lesser fraction of the energy provided is being consumed as
reaction heat. However, the ethanol conversion decreases with
the GHSV only very slightly (Fig. 2A). The selectivities to carbon-
containing products for the simulations performed with a heating
supply of 375 kJ/mol are shown in Fig. 2C. It can be seen that
the selectivities to both CO2 and acetaldehyde decrease in a par-
allel way with the space velocity whereas that to methane and
CO increase. This means that the ethanol decomposition (Eq. (4))
is being favoured. This is the reaction with less energy demand
(52.9 kJ/mol) and thus more heat is available that increases the
temperature. Moreover, ethanol decomposition exhibits the high-
est apparent activation energy (see Table 1) and therefore is
further favoured by the temperature increase. In contrast, less
ethanol is dehydrogenated to acetaldehyde (Eq. (3)), which gives
up to 5 mol of hydrogen upon steam reforming (Eq. (6)). This
results in a clear decrease of the hydrogen yield with increas-
ing space velocity values, as it is apparent in Fig. 2B. This is
a negative feature of the ESR reaction system that limits the
operation at high space velocities because the hydrogen yield
decreases and the CO content of the reformate increases. CO is
a well-known poison of the electrocatalysts used in the low-
temperature polymer electrolyte membrane fuel cells (PEMFC).
However, the presence of acetaldehyde is not positive either
because it decomposes on the PEMFC electrocatalysts generating
more CO [40].
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Fig. 2. (A) Ethanol conversion and mean reforming temperatures (solid lines).
(B) Hydrogen yields. (C) Selectivities to CO2, CO, CH4 and acetaldehyde. Simula-
tions were performed for microchannels with 0.70 mm of side, catalyst loading of
1 mg/cm2 and heating supplies (A and B) of 250 (orange), 275 (black), 300 (red), 325
(green) and 375 kJ/mol (blue). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

4.2. Effect of the catalyst loading

Another series of CFD simulations was carried out over the
model of the microreactor with channels of 0.70 mm of side at
constant heating supply of 375 kJ/mol and catalyst loadings of 1, 2
and 4 mg/cm2. The evolution with the GHSV of the ethanol conver-
sion and reforming temperature, hydrogen yield and selectivities
to the carbon-containing products for these simulations are shown
in Fig. 3A, B and C, respectively. The most noticeable effects of
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Fig. 3. (A) Ethanol conversion and mean reforming temperatures (solid lines).
(B) Hydrogen yields. (C) Selectivities to CO2, CO, CH4 and acetaldehyde. Simula-
tions were performed for microchannels with 0.70 mm of side, heating supply of
375 kJ/mol and catalyst loadings catalyst loadings (A and B) of 1 (blue), 2 (black) and
4 mg/cm2 (red). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

the increase of the catalyst loading are the increase of the hydro-
gen yield and the decrease of the reforming temperature at the
microchannels outlet.

The increase of the reaction rate associated to a higher catalyst
loading results in an increased consumption of energy as reac-
tion heat, and then, a decrease of the temperature. At GHSV of
70,000 h−1, the outlet temperature decreases from 768 to 628 ◦C
when the catalyst loading is increased from 1 to 4 mg/cm2. The
increase of the hydrogen yield is due to a better selectivity rather
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and 0.70 mm and 2 mg/cm2 (solid lines). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

than to a higher conversion. Actually the ethanol conversion
remains almost unchanged as can be seen in Fig. 3A; in contrast,
the selectivity to CO2 increases significantly. For example, at GHSV
of 70,000 h−1 the selectivity to CO2 increases from 48% when using
1 mg/cm2 of catalyst (Fig. 2C) to 63% with a loading of 4 mg/cm2

(Fig. 3C). This means that the dehydrogenation of ethanol (Eq. (3))
and the steam reforming of acetaldehyde (Eq. (6)) compete more
efficiently with the decomposition of ethanol (Eq. (4)) as the tem-
perature becomes lower. This is due to the high apparent activation
energy of this last reaction (see Table 1). This has another benefi-
cial effect, namely, the decrease of the CO content in the reformate
stream. Comparing Figs. 2C and 3C it can be seen that the selectivity
to CO at GHSV of 70,000 h−1 decreases from 25 to 16% on increasing
the catalyst loading from 1 to 4 mg/cm2.

It can be concluded that increasing the catalyst loading is an
efficient way to increase the hydrogen yield of the ESR in microre-
actors at high space velocities. In this regard, at the very high GHSV
of 70,000 h−1 the hydrogen yield goes from about 57% when using
1 mg/cm2 of catalyst to 67% with a loading of 4 mg/cm2 (Fig. 3B),
that is, from 3.4 to 4.0 mol of H2 per mol of ethanol fed into the
reactor. However, the possibility of increasing the catalyst load-
ing is obviously limited by the microchannel size. Assuming a
typical catalyst layer depth of 10 �m/mg/cm2 of Co3O4–ZnO cat-
alyst loading, the maximum value of 4 mg/cm2 (40 �m of layer
depth) used in this study can be considered reasonably low for
a microchannel size of 0.70 mm (700 �m). In this work, inter-
nal diffusion effects in the catalyst layer have been neglected
due to the small thickness of the layer which is estimated to
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be in the 10–40 �m range for catalyst loadings between 1 and
4 mg/cm2.

4.3. Effect of the microchannel size

The influence of the characteristic size of the microchannels
has been studied by comparing the results of CFD simulations per-
formed with the models of the microreactors with channels of 0.70
and 0.35 mm of side with catalyst loading of 2 mg/cm2 and the
channel of 0.10 mm with only 0.25 mg/cm2 due to its very low size.
The evolution of the hydrogen yield and mean outlet reforming
temperature with the GHSV are shown in Fig. 4A. It can be seen
that, on a volumetric basis, the microreactor performance improves
as the characteristic size decreases. In fact, the reforming temper-
atures are lower and the hydrogen yields higher for the channels
with 0.35 mm of side compared with the results of the channels
of 0.70 mm at the same catalyst loading. The performance of the
channels of 0.10 mm is very similar to that of the ones of 0.70 mm
but the catalyst content is 8 times lower. Therefore, the reduction
of the characteristic dimension by a factor of 7 compensates this
decrease of the catalyst loading. As concerns the selectivity, it can
be seen in Fig. 4B that it is also more favourable for the channels
of lower size because the selectivity to CO2 increases and that to
CO decreases for the channels with 0.35 mm of side compared with
the ones of 0.70 mm. This improvement can be attributed to the
lower reforming temperature, in a similar way as discussed in the
preceding section for the effect of an increase of the catalyst loading.
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Fig. 6. (A) Hydrogen yields. (B) Selectivities to CO2, acetaldehyde and CO for
microchannels of 0.10 mm with 0.25 mg/cm2 (blue), 0.35 mm with 2 mg/cm2 (black)
and 0.70 mm with 2 mg/cm2 (red). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

To take into account the differences between the surface area-
to-volume ratios associated to the three channel sizes considered as
well as the catalyst loading effects, the performance of the microre-
actors has been compared also on a catalyst weight basis by means
of the weight-hourly space velocity (WHSV). The results are shown
in Fig. 5A and B. In this case, the differences between the hydrogen
yields, reforming temperatures and selectivities almost disappear
so it can be concluded that the performance of these microreactors
for the ESR process is mainly dominated by the surface area-to-
volume ratio which, in turn, depends on the microchannel size.

To illustrate the performance of the microreactors in this series
of CFD simulations, Fig. 6A and B shows the evolution of the hydro-
gen yield and the selectivities to CO2, acetaldehyde and CO along a
central plane and a central line in the microchannels, respectively.
It can be seen that the hydrogen yield increases progressively and
slightly faster in the second half of the microchannel with 0.35 mm
of side. As explained previously this results in an improved hydro-
gen yield at the channel outlet which is mainly due to the better
selectivity (see Fig. 6B) obtained at lower reforming temperatures.
The evolution of the selectivity to acetaldehyde clearly illustrates
the role of this compound as intermediate of the ESR. Initially,
acetaldehyde is the most abundant carbon-containing product as
a result of the dehydrogenation of ethanol. This product is steam
reformed along the microreactor (Eq. (6)) giving progressively
higher hydrogen and CO2 contents.

Regarding the reforming temperatures, their values along a cen-
tral line inside the microchannels are shown in Fig. 7A. As can be
seen, for the smallest channels (d of 0.10 and 0.35 mm), the tem-
perature readily increases from 450 ◦C at the entry to a value close
the outlet temperature so the flow is nearly isothermal. In the case
of the channel with 0.70 mm of side the temperature changes along
a broader portion of the channel although at half length its value is
already close to the outlet temperature. Finally, the temperatures
of the solid block are shown in Fig. 7B. In accordance with the fluid

Fig. 7. (A) Fluid temperatures. (B) Solid block temperatures. Microchannels of
0.10 mm with 0.25 mg/cm2 (blue), 0.35 mm with 2 mg/cm2 (black) and 0.70 mm
with 2 mg/cm2 (red). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

temperatures, it can be seen that in the solid with microchannels
side of 0.35 mm the temperatures are the lowest; in this case, the
maximum difference of temperature is about 30 ◦C. In the other
blocks, the solid temperatures are between 40 ◦C (at the entry) and
80 ◦C (at the exit) higher. The maximum difference of temperature
also increases up to about 50 ◦C.

5. Conclusions

A phenomenological kinetic model based on simple power-law
rate equations and considering the following reactions: ethanol
dehydrogenation to acetaldehyde, acetaldehyde steam reforming
to H2 and CO2, ethanol decomposition to CO, CH4 and H2 and the
water–gas shift, describes satisfactorily the ethanol steam reform-
ing (ESR) over a Co3O4–ZnO catalyst. CFD simulations reveal that
high reforming temperatures (above 625 ◦C) should be avoided
because under these conditions the decomposition of ethanol
competes effectively with the dehydrogenation of the alcohol to
acetaldehyde, which is the key intermediate of the ESR process,
and results in a reduced hydrogen yield and an increased content
of CO in the reformate stream. In this work, it has been shown that
microreactors can help to overcome these difficulties by increasing
the surface area-to-volume ratio and the catalyst loading, which
allow to reduce the operating temperature while increasing the
selectivity and maintaining the level of ethanol conversion. More-
over, the use of microchannels with sufficiently low characteristic
dimension (0.10–0.35 mm in this case) results in an almost isother-
mal flow and an effective control of the ESR temperature is attained,
which preserve high hydrogen yields.
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