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Abstract−A kinetics model that takes the synergetic effect of carbon dioxide fraction on the methanol production
rate into account is applied to the development of a mathematical model for the bench-scale reactor. A comparison
between the simulation results and the experimental data corroborates the validity of the model. Several optimization
strategies are suggested to maximize the methanol yield, among which the utilization of piecewise trajectories for wall
temperature along the reactor axis as well as the optimal CO2 fraction at the inlet of the reactor is found to be the best
strategy in the sense of methanol production per unit amount of the feed, in such a way that the optimization strategy
considers the variation of the reaction temperature in the reactor and maximizes the synergetic effect on the production
rate by the addition of carbon dioxide.
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INTRODUCTION

Methanol is known to be an excellent fuel in its own right that can
be conveniently converted into ethylene or propylene in the metha-
nol-to-olefins (MTO) process. In turn, these olefins can be used to
produce hydrocarbon fuels and their products [1,2]. Methanol is
also used as intermediate material for the production of many useful
chemicals such as formaldehyde, acetic acid and so on, and it has
been recently reported that methanol can be used in the direct metha-
nol fuel cell (DMFC) [3]. Methanol is synthesized via CO and CO2

hydrogenation, and since the advent of the first commercial process
developed by BASF in 1923 using ZnO-Cr2O3 catalyst [4], many
research works have focused on the commercialization of methanol
synthesis. In addition, it is known that production rate and energy
cost of large-scale processes can be effectively optimized through
the manipulation of several operation variables.

Methanol synthesis is classified into two categories: low pres-
sure and high pressure processes. In high pressure processes, the
typical catalyst is ZnO-Cr2O3 and the pressure and the temperature
ranges are from 24 to 30 MPa and 350-400 oC, respectively. Mean-
while, low pressure processes operate within a pressure of 5-10 MPa
and temperature of 240-270 oC, respectively, since a temperature
higher than 270 oC results in the deactivation of the catalyst due to
the sintering problem. Although Cu/ZnO/Al2O3 catalyst is easily poi-
soned by sulfur, it is used in low pressure processes since persistent
studies have shown that alumina-based catalysts had better catalytic
activity and longer-term stability compared to the utilization of chro-
mia as a promoter. The mechanism for these alumina-based cata-
lysts is similar to that of low temperature water-gas shift catalysts

but differs in detailed formulation. Another benefit of low pressure
processes is less formation of by-products. All in all, the operation
under low pressure and low temperature corresponds to the reduc-
tion of operating cost, and thus, Cu/ZnO catalyst is widely used in
most methanol synthesis processes [5].

Although many kinetic mechanisms have been suggested for the
synthesis of methanol and water, the exact mechanism is not clearly
discussed. Herman and coworkers [6] proposed a dual site mecha-
nism for the dissociative adsorption of hydrogen molecule on the
ZnO while carbon monoxide is adsorbed on the site of monovalent
copper. Similarly, the kinetics for the synthesis of methanol from
carbon dioxide by a Cu-based catalyst was reported more than two
decades ago [7,8]. According to the reports, the kinetic mechanism
for the methanol synthesis may involve both CO and CO2. Klier
and coworkers [9] assumed the adsorption of reactants and they
evaluated the effect of carbon dioxide on the catalytic synthesis of
methanol over the copper-zinc oxide catalysts. They also proposed
several mechanisms: (1) H2, CO, and CO2 were assumed to adsorb
on the catalyst competitively (single site mechanism), (2) CO and
CO2 were assumed to adsorb on the catalyst competitively while
hydrogen adsorbs on the different site from CO and CO2 (dual site
mechanism), (3) the adsorption sites for CO and H2 are different
and CO2 competes for both the CO sites and the hydrogen sites.
For more detailed elementary steps, it was shown that carbon mon-
oxide is adsorbed in the form of a carbonyl species, and a formate
species is a usual intermediate for methanol synthesis and water
gas shift reaction [10]. There are many reports introducing the ad-
sorption of CO and CO2 on two different sites [9,11,12]. However,
since their work ignores the water-gas-shift (WGS) reaction, the
relationship between CO and CO2 (e.g., synergetic effect of CO2)
on the methanol synthesis reaction rate is not clearly understood.
Recently, Lim and coworkers [13] developed a kinetics model on
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the basis of different sites on Cu for the adsorption of carbon monox-
ide and carbon dioxide, and they showed that a small fraction of
carbon dioxide accelerates the production of methanol indirectly via
WGS reaction.

Because of severe temperature effects, an optimal temperature
policy is a key to the optimal operation of a methanol synthesis reac-
tor. Løvik and coworkers [14] studied dynamic modeling and opti-
mization of a methanol synthesis reactor, including the estimation
of a catalyst deactivation model, while other researchers showed
that the optimal reactor with two-stage cooling shell presented higher
performance [15,16]. Recently, Rahimpour and Elekaei Behjatia
[17] proposed two-step optimization approaches to maximize the
methanol production rate. In their first approach, the optimal tem-
perature profile along the reactor was studied and then, a stepwise
approach was followed to determine the optimal profiles for satu-
rated water and gas temperatures in three steps during the operation.

However, in spite of many reports involved with the optimiza-
tion of methanol synthesis reactor, little effort has focused on the
effect of CO2 fraction as a function of temperature on the maximum
methanol production rate. Therefore, in the present study, the kinet-
ics model developed in our previous work [13] is used to evaluate the
role of CO2 fraction to the methanol yield, and then, an optimization
strategy is suggested to utilize the fraction as well as temperature
profile for the development of the most efficient methanol synthe-
sis reactor.

EXPERIMENTAL

1. Catalyst Preparation and Activation
The catalyst was prepared by co-precipitation method using an

aqueous solution containing copper acetate, zinc acetate, aluminum
nitrate and zirconium oxide nitrate of required quantities (weight
ratio of CuO/ZnO/Al2O3/ZrO2=61.5/31.5/3.3/3.7). The precipitant,
Na2CO3, was dissolved in deionized water and two separate solu-
tions of precipitant and metal precursors were simultaneously pre-
cipitated with a controlled feeding rate of 200 mL/min at 343 K at
a severe stirring condition. The final pH of the solution was main-
tained at around 7. The precipitate was further aged for 3 h at 343 K
and then washed several times with deionized water. The dried power
was calcined at 573 K for 5 h. The calcined powder was pelletized
to form a cylindrical pellet in a size of 5×3 mm (diameter x length).
Catalytic activity tests were carried out in a tubular fixed bed reactor
(38 mm of inner diameter with a length of 500 mm) with a pellet-
type catalyst weight of 350 g and a catalyst-bed height of 324 mm.
Prior to reaction, the methanol synthesis catalyst was reduced for
12 h at 523 K under flow of 5% H2 balanced with nitrogen gas.
2. Bench-scale Reactor and Activity Test

The synthesis gas was produced by using a mixed steam and car-
bon dioxide reforming of methane (SCR) reaction to adjust an ap-
propriate H2/CO ratio for methanol synthesis reaction. The feed molar
composition of CH4/H2O/CO2 was adjusted to 1/1.5/0.39 at steady-
state by controlling CH4 and CO2 conversion at around 93 and 57%
at the reaction conditions of T=1,123 K (average temperature in
catalyst-bed), P=0.65 MPa and space velocity (SV)=1,700 ml-CH4/
gcat/h. The molar ratio of produced synthesis gas from SCR reac-
tion was found to be around 0.87 and 0.93 of CO/(CO+CO2) and
H2/(2CO+3CO2), respectively. For methanol synthesis, a double-
jacketed reactor equipped with an oil circulator to remove the heat
of reaction was adopted in the present investigation. See Fig. 1 and
Table 1 for a schematic diagram and specifications of reactors for

Fig. 1. Schematic diagram of the bench-scale reactor.
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SCR and methanol synthesis reaction with a recycling system of
unreacted synthesis gas and multi-position sampling points of efflu-
ent gas.

As shown in Fig. 1, the unreacted synthesis gas was recycled to
a methanol synthesis reactor and the reaction was carried out at the
reaction conditions of T (oil circulator)=523 K, P=5.0 MPa and
SV=4,700 ml/gcat/h. The feed molar composition at the inlet of
methanol synthesis reactor at steady-state with a recycle of unre-
acted synthesis gas was found to be around 0.72 for CO/(CO+CO2)
with a molar ratio of H2/CO/CO2=2.84/1/0.39. The CO conversion
at steady-state after 10 h on stream without showing a significant
catalyst deactivation was selected to carry out further reactor mod-
eling. The products were analyzed by using an on-line gas chro-
matograph (YoungLin 6100) equipped with thermal conductivity
detector to analyze Ar, CO and CO2 connected with a carbosphere
packed column and flame ionized detector for MeOH and hydro-
carbons with a GS-Q capillary column.

MATHEMATICAL MODELING

1. Kinetic Mechanism and Reaction Rates
The methanol synthesis reaction is composed of three main reac-

tions: (1) the hydrogenation of carbon monoxide, (2) reversible water
gas shift reaction, and (3) the hydrogenation of carbon dioxide. In
addition, a side reaction for the synthesis of dimethyl ether (DME)
from methanol is considered: 

CO+2H2 CH3OH (1)

CO2+H2 CO+H2O (2)

CO2+3H2 CH3OH+H2O (3)

2CH3OH CH3OCH3+H2O (4)

Equilibrium constants, KPA, KPB, and KPC for CO hydrogenation
(A), reverse WGS reaction (B), and CO2 hydrogenation (C), respec-
tively, are determined by fitting the experimental given in Graaf et
al.’s work [18], and the expression for DME production is avail-
able in the literature [19] as follows:

(5)

(6)

KPC=KPA×KPB (7)

(8)

where R represents the gas constant in J/mol/K.

Reaction rate expressions for methanol production have been
developed on the basis of a detailed kinetic mechanism and the rate
determining step determined by the optimization procedure [13],
while the rate of DME production has been determined by other
researchers [20]:

(9)

(10)

(11)

(12)

The reaction rate constants and adsorption equilibrium constants
which occur in the formulation of kinetic expressions are in Table 2.
2. Reactor Model

Since the L-to-D ratio of the reactor (about 12) used in the ex-
periment is relatively high, radial dispersion is assumed to be negli-
gible, and thus, a one-dimensional model is used. The following
equations, considering the gradient between solid and fluid phases,
are applied for the mass and energy balances of the fluid phase and
catalyst particle [15,21]:

i) For fluid phase

KPAln  = 
9.8438 104×

RT
---------------------------- − 29.07

KPBln  = 
− 4.3939 104×

RT
-------------------------------- + 5.639

KP DME,  = 0.106 2.1858 104×
RT

----------------------------⎝ ⎠
⎛ ⎞exp

rA = 
kAKCOKH2

2 KCH CO, PCOPH2

2
 − PCH3OH/KPA( )

1+ KCOPCO( ) 1+ KH2

0.5PH2

0.5
 + KH2OPH2O( )

--------------------------------------------------------------------------------------

rB = 
kBKCO2

KH2

0.5 PCO2
PH2

 − PCOPH2O/KPB( )/PH2

0.5

1+ KH2

0.5PH2

0.5
 + KH2OPH2O( ) 1+ KCO2

PCO2
( )

---------------------------------------------------------------------------------------

rC = 
kCKCO2

KH2
KCH CO2, PCO2

PH2

3
 − PCH3OHPH2O/KPC( )/PH2

2

1+ KH2

0.5PH2

0.5
 + KH2OPH2O( ) 1+ KCO2

PCO2
( )

------------------------------------------------------------------------------------------------------------

rDME = 
kDMEKCH3OH

2 CCH3OH
2

 − CH2OCDME( )/KP DME,( )( )
1+ 2 KCH3OHCCH3OH + KH2O DME, CH2O( )4

------------------------------------------------------------------------------------------------

Table 1. Physical properties and reactor specification

Parameter Value Unit
Bulk gas density (ρg) 14.38 kg/m3

Bulk pellet density (ρB) 952 kg/m3

Catalyst weight 0.35 kg
Tube diameter (D) 3.8 cm

Table 2. Kinetic parameters used in the rate expressions

Kinetic parameters References

Lim et al. 
[13]

Coteron and 
Hayhurst [11]

KCO2=70.015

Ng et al. [20]

kA =1.16 10−9 − 
7.01 103×

R
---------------------- 1

T
--- − 

1
523
---------⎝ ⎠

⎛ ⎞exp×

kB =  2.82 10−5 − 
2.70 102×

R
---------------------- 1

T
--- − 

1
523
---------⎝ ⎠

⎛ ⎞exp×

kC =1.15 10−6 − 
1.19 102×

R
---------------------- 1

T
--- − 

1
523
---------⎝ ⎠

⎛ ⎞exp×

kDME = 2.51 1011 − 
6.45 105×

R
---------------------- 1

T
--- − 

1
523
---------⎝ ⎠

⎛ ⎞exp×

KCO =  4.96 10−8 9.93 103×
R

---------------------- 1
T
--- − 

1
523
---------⎝ ⎠

⎛ ⎞exp×

KCH3OH =1.41 10−3 6.05 103×
R

---------------------- 1
T
--- − 

1
523
---------⎝ ⎠

⎛ ⎞exp×

KCH CO2,  =1.43 10−4 − 
2.49 103×

R
---------------------- 1

T
--- − 

1
523
---------⎝ ⎠

⎛ ⎞exp×

KH2
 = 6.37 − 

6.29 103×
R

---------------------- 1
T
--- − 

1
523
---------⎝ ⎠

⎛ ⎞exp

KCH CO,  = 7.12 − 
3.17 103×

R
---------------------- 1

T
--- − 

1
523
---------⎝ ⎠

⎛ ⎞exp

KH2O = 2.85 − 
1.08 105×

R
---------------------- 1

T
--- − 

1
523
---------⎝ ⎠

⎛ ⎞exp

KH2O DME,  = 0.84 10−1 4.11 104×
RT

----------------------exp×
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Mass balance: (13)

Energy balance: (14)

Boundary condition: ci=ci, 0 and T=Tin at z=0 (15)

ii) For catalyst particle

Mass balance: ρBηjRj+kgav(Ci−Cs
s, j)=0 (16)

Energy balance: (17)

where c and T represent the concentration and temperature of the
fluid phase, respectively, while the symbols with subscript s corre-
spond to the properties in the solid (catalyst) state. Superscript s de-
notes the values at the surface of the catalyst. More details about
the symbols are referred to the ‘Nomenclature’ section. The values
of CP, ∆Hj, gas density of component i (ρg, i) and thermal conduc-
tivity of gas are available in a process simulator (UniSim Design
Suite, Honeywell Inc.). The symbol av is specified as 0.6257 and
the porosity (ε), used in the calculation of catalyst density, is 0.39
[17].

Mass and heat transfer coefficients in m/s and kJ/ m2·s·K, respec-
tively, are calculated from the following equations [22-24]:

kg, i=0.91NRe
0.49NSc

1/3ψDm, idp
−1 (18)

hf=0.91NRe
0.49NPr

1/3ψkmixdP
−1 (19)

Effectiveness factors are calculated using the dusty gas model
[25,26], in which the mixed diffusion (De

m, i) is determined as fol-
lows:

(20)

(21)

(22)

where DK, i and Di, j represent the Knudsen diffusion coefficient for
component i in m2/s and binary diffusion coefficient in m2/s, respec-
tively, and diffusion volume (vi) is summarized in Table 3.

After other parameters such as pseudo-equilibrium constants (Keq, i)
for component i and pseudo first-order reaction rate constants (ki'')
for component i are calculated (cf. refer to Lommerts et al. [25]),
the Thiele modulus is determined as follows:

(23)

Finally, the effectiveness factor is calculated by using the following
equation [28]:

(24)

3. Model Validation
Kinetic parameters are specified by using the values estimated

in our previous work [13], where the synergetic effect of CO2 on
the methanol production rate has been proven in a systematic man-
ner. It is worth noting that although the kinetic parameters have been
estimated using the data in the lab-scale reactor, the values are not
completely intrinsic due to the model mismatch resulting from un-
known reactor dynamics and so on. In other words, since the values
include some information on reactor dynamics, they may cause a
little deviation when applied to a bench-scale reactor. Therefore, the
overall heat transfer coefficient (U) and some of the kinetic param-
eters are modified to fit the experimental data measured in the bench-
scale system; thus, the values of kC and U are re-estimated (cf. Table
2) using the lsqcurvefit toolbox in MATLAB (The MathWorks Inc.).
The value of U for a bench-scale reactor is decreased from 800 J/
m2·s·K for a lab-scale reactor to 100 kJ/m2·s·K, indicating that the
heat is poorly transferred in a bench-scale reactor. The value of the
pre-exponential factor for kinetic rate constants kC is determined to
be 45 times higher than that in the lab-scale reactor.

Fig. 2 shows a comparison between the simulation results and
experimental data. Temperature is measured at five points with the
thermocouple installed in the reactor (cf. Fig. 1), and space veloc-
ity (GHSV) is specified to be 4,020 L/kgcat·h. The gas composition
of CO : CO2 : H2 is 1 : 0.35 : 2.81, and wall temperature is 458 K,
while the pre-heater is set to 483 K in order to initiate the methanol
synthesis reaction. It is shown that the temperature profile calculated
by the simulation deviates from the measured data, but the CO and
CO2 conversions at the exit of the reactor are predicted satisfactorily.
Experimental data for the temperature profile shows the behavior

us
dCi

dz
-------- = kgav Cs i,

s
 − Ci( )

usρgCP
dT
dz
------ = hfav Ts

s
 − T( ) − 4U

Dt
------- T − TW( )

ρB − ∆H( )jηjRj + hfav T − Ts
s( ) = 0

j=1

NR

∑

1
Dm i,

e
-------- = 

1
DK i,
-------- + 

Cj

Di j, Ct
------------

j=1
j i≠

N

∑

DK i,  = 
4
3
---rpore

8RT
πMi
----------

Di j,  = 
10−4T1.75 Mi

−1( )1/2

Patm vi
1/3∑  + vj

1/3∑( )2
---------------------------------------------

φM i,  = 
rpellet

3
--------- ki''' Keq i,  +1( )

Dm i,
e Keq i,

----------------------------

ηi
e

 = 
1
φM i,
-------- 3φM i,( )coth 3φM i,( ) −1

3φM i,
-------------------------------------------------

Table 3. Diffusion volume for component i [27]

Components Diffusion volume (vi)
[cm3/ mol]

Molecular weight
[g/mol]

CH3OH 29.90 32.04
H2O 12.70 18
H2 07.07 2.016
CO 18.90 28.01
CO2 26.90 44.01
CH3OCH3 50.36 46.07

Fig. 2. Comparison of (a) CO conversion and (b) CO2 conversion
between experimental data and simulation results for the
bench-scale reactor. Diagrams (c) to (f) show the profiles of
CO concentration, CO2 concentration, MeOH concentra-
tion and temperature, respectively, in the fluid and solid
phase.



1764 H.-W. Lim et al.

November, 2010

that the temperature is abruptly increased in the middle of the pack-
ing area, which is not consistent with the usual characteristics of
fixed-bed reactors, while the simulated results clearly show that the
temperature increases from the inlet of the reactor. This feature may
be attributed to the measurement error. However, the maximum error
at the packing depth of about 16 cm (the third point from the inlet)
is less than 9%, and the average error and standard deviation of errors
are about 2.7% and 7%, respectively. Therefore, the validity of the
model is corroborated. It is worth noting that since the usual opera-
tion temperature ranges from 513 to 533 K in low pressure pro-
cesses [5], a wall temperature of 458 K results in an increase of tem-
perature in the reactor to this range due to the exothermic charac-
teristic of the reaction. Another observation is that the profiles of
concentrations as well as reactor temperatures between fluid and
solid phase almost coincide, indicating that the mass and heat trans-
fer resistance in the film layer of solid catalyst particle is almost
negligible.

OPTIMIZATION AND RESULTS

1. Optimization Strategies
In the optimization step, several cases are suggested to evaluate

their performance for the maximization of methanol production rate.
Case 1 considers the feed temperature and the wall temperature as
manipulated variables, while Case 2 manipulates the feed tempera-
ture and assumes that the reactor is composed of three sub-sections
to which a different wall temperature is applied. In Case 3, the effect
of CO2 fraction on the methanol yield is investigated, compared to
the other manipulated variables, that is, the feed and the wall tem-
peratures. It should be noted that, to our knowledge, no research
work has applied the optimal CO2 fraction in order to consider the
synergetic effect by the addition of carbon dioxide, although sev-
eral attempts have been made to maximize the methanol synthesis
reaction rate using optimization strategies for the temperature profile.

As shown in Fig. 3, the optimal CO2 fraction for maximum metha-
nol yield is dependent on the reaction temperature in the isothermal
reactor. This feature suggests that, considering the variation of reac-

tion temperature within the reactor, it might be beneficial if one can
take the profile of CO2 fraction into account as manipulate vari-
able. For this purpose, the application of a piece-wise profile of the
CO2 fraction, utilizing the additional feed at the inlet of the second
and the third sections, is included in Case 4.

For all cases, the upper constraints on the feed and wall tempera-
tures are specified as 523 K since a temperature in the reactor higher
than 543 K causes the deactivation of catalyst pellets [15], while
the lower constraint of 423 K guarantees the activation of catalyst
for MeOH synthesis as reported in the literature [5].
2. Genetic Algorithms

The objective function, composed of methanol production rate,
is maximized by using the Genetic Algorithm toolbox in Matlab
(The MathWorks Inc.). Genetic algorithm (GA) is a class of proba-
bilistic optimization algorithms inspired by the biological evolution
process. GA maintains a population of candidate solutions (called
chromosomes) for the problem at hand and makes it evolve by iter-
atively applying a set of stochastic operators summarized as fol-
lows [17,29]:

• Selection rules select the individuals, called parents, that con-
tribute to the population at the next generation.

• Crossover rules combine two parents to form children for the
next generation.

• Mutation rules apply random changes to individual parents to
form children.
3. Results and Discussion

It should be noted that, in the optimization step, a one-dimen-
sional pseudo-homogeneous plug flow reactor model is used to simu-
late the reactor in order to reduce the computational load. The utiliza-
tion of the pseudo-homogeneous model is also justified by little dif-
ference in the profiles of temperature as well as concentrations be-
tween fluid phase and solid state as shown in Fig. 2. The specifica-
tion of optional variables in the GA toolbox is provided in Table 4.

Fig. 3. Effect of CO2 fraction on the MeOH yield under a variety
of reaction temperatures. Isothermal operation is assumed
for the calculation.

Table 4. Options specified in Genetic Algorithm toolbox

Number of decision variables 3-9
Population size 20
Population type Double vector
Tolerance 1e-10
Stall time limit 4800
Stall gen limit 80
Generation number 100-300
Mutation function mutation rate Uniform 0.01

Table 5. Comparison of optimization strategies and the correspond-
ing result

Case Manipulated
variables

MeOH yield
[gmol/s·m2]

Scaled
yielda Remarks

Case 1 Tin, Tw, 1 0.1126 Fig. 4
Case 2 Tin, Tw, i 0.1247 Fig. 5
Case 3 Tin, Tw, i, yCO2, 1 0.1952 0.4268 Fig. 6
Case 4 Tin, Tw, i, yCO2, i 0.2564 0.4218 Fig. 7

aMeOH yield divided by the total amount of CO and CO2 fed to the
reactor
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Details about the optimization strategy for each case and their
corresponding results are summarized and compared in Table 5.
The results of Case 1 show the effect of wall temperature on the
MeOH yield, when the CO2 fraction is fixed at 0.5 (cf. Fig. 4). Since
the reaction is reversible and exothermic, a low temperature makes
the MeOH yield at the exit of the reactor increase, compared to the
operation under high reaction temperature. This feature is also re-
ported in the literature [15], and thus, Case 1 infers that the reaction
temperature should be kept to be as low as possible if the deactiva-
tion of catalyst is insignificant.

Although a low temperature results in high equilibrium conver-
sion, it is less effective in the sense of reaction rate. Considering
that the operation in the bench-scale reactor in the present study

does not completely reach equilibrium (cf. Fig. 2), it might be useful
to apply the temperature trajectory in order to maximize both the
reaction rate in the reactor and the conversion at the exit. For this
purpose, a piece-wise trajectory is assumed for the temperature, and
thus, the reactor is assumed to be divided into three sections. Fig. 5
shows the optimization results when the inlet temperature and wall
temperatures in each section are specified as manipulated variables.
The inlet temperature and wall temperatures in the first two sections
are optimized to be lower bound, but the third section is operated
at the temperature of upper bound. As a result, the MeOH yield is
increased (0.1247 gmol/m2·s for Case 2) further than the case of
low temperature for whole sections (0.1126 gmol/m2·s for Case 1).
This feature may be attributed to the higher consumption rate of
CO2 than that of carbon monoxide in this operating region, as ob-
served in the increased CO2 conversion in the third section while
CO conversion in the section is decreased.

In Case 3, the CO2 fraction is included in the set of manipulated
variables, and the results are provided in Fig. 6. The optimal value
for CO2 fraction is determined by GA to be 7.08%, which is close
to the optimal value for the operation under isothermal condition
of 483 K (cf. Fig. 3). This is because most of the reaction takes place
in the earlier part of the reactor, that is, the first two sections where
the wall temperatures are maintained at the lower bound and the
corresponding reaction temperature is lower than 490 K. The pro-
file of wall temperatures is a little bit different from Case 2. The inlet
temperature and the wall temperature in the first section are increased
a little bit, while the wall temperature in the third section is lower
than Case 2. However, the optimizer still utilizes the phenomenon
that the CO2 consumption rate in this region is higher than the CO
hydrogenation rate. It is observed in Fig. 6(c) that CO conversion
is decreased, compared to the previous cases, since the amount of
CO is increased. However, the production rate of methanol (MeOH
yield in Fig. 6(b)) is high because the CO hydrogenation rate is higher
than CO2 hydrogenation [13] and an optimal amount of CO2 leads
to the synergetic effect on methanol synthesis.

Fig. 4. Optimization results for the Case 1. (a) Reactor and wall
temperatures, (b) methanol yield, (c) CO and CO2 conver-
sions.

Fig. 6. Optimization results for the Case 3. (a) Reactor and wall
temperatures, (b) methanol yield, (c) CO and CO2 conver-
sions.

Fig. 5. Optimization results for the Case 2. (a) Reactor and wall
temperatures, (b) methanol yield, (c) CO and CO2 conver-
sions.
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Since it is observed that the reaction temperatures in each sec-
tion are different, Case 4 applies the trajectory for CO2 fraction in
the reactor, which is approximated by a piece-wise trajectory. The
CO2 fraction in each section is manipulated by two additional feeds
between each section while the total amount of additional feed at
each section is fixed at 30% of the feed at the inlet of the reactor.
CO2 fractions at the inlets of each section are determined to be 2.44%,
0.71%, and 10.44%, respectively. The resulting trajectory, which is
provided in Fig. 7, indicates that CO is mostly consumed for the
synthesis of methanol in the first two sections, while more CO2 is
used in the third section because the reaction temperature is higher
than that in the other sections and the optimal CO2 fraction for high
temperature is higher than that for low temperature. As the feeds
are additionally fed to the reactor, the MeOH yield (0.2564 gmol/
m2·s) is much more increased than Cases 1-3. To clearly compare
the efficiencies of Cases 3 and 4, the MeOH yield is divided by the
whole amount of CO and CO2 fed to the reactor (named as ‘scaled
yield’), and the values for Cases 3 and 4 are 0.4268 and 0.4218,
respectively. However, if the amount of hydrogen feed is consid-
ered in the calculation of the scaled yield, Case 4 is no longer found
to be efficient. In addition, the application of the additional feed re-
sults in an increase in the capital investment, and thus, the effec-
tiveness of Case 4 is further decreased. This feature is attributed to
the fact that the third section plays a less important role in the pro-
duction rate than the other sections because of the characteristics of
the packed-bed reactor, and the residence time of additional feeds
is lower than the inlet feed, resulting in the decrease in the produc-
tion rate. Although the reaction rate is a little bit increased since the
cold additional feed decreases the reaction temperature at the inlets
of the second and the third sections, this does not compensate for
the inefficiency of Case 4 discussed above.

If the amount of additional feed is also considered as an argu-
ment in the optimization strategy, the optimal values are determined
to be zero, indicating that the additional feed lessens the efficiency
of the process. Therefore, it is shown that the application of an op-

timal temperature profile and optimal CO2 fraction at the inlet is
the best strategy, given the methanol production efficiency and the
capital investment.

CONCLUSIONS

A mathematical model of the bench-scale reactor for the synthe-
sis of methanol over Cu/ZnO/Al2O3/ZrO2 catalyst is developed, and
its validity is corroborated by comparing the simulation results with
experimental data. Since the kinetics model clearly considers the effect
of carbon dioxide on the methanol production rate as a function of
temperature, the optimization strategy is suggested by applying the
optimal CO2 fraction. The comparison of the optimization results
with other cases shows that the methanol yield per unit amount of
feed is significantly increased due to the optimized CO2 fraction as
well as the optimal temperature profile in the reactor. In conclu-
sion, the strategy suggested in this study can be effectively applied
to the determination of optimal operating conditions in industrial
methanol synthesis processes.
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NOMENCLATURE

CA : concentration [mol/cm3]
Cp : heat capacity [kJ/kg/K]
CWP : weisz-prater parameter
D : tube diameter [m]
De : effective diffusivity [m2/s]
De

i, j : binary diffusion coefficient for component i and j [cm2/s]
De

Ki : knudsen diffusion coefficient [cm2/s]
Dm, i : mixed effective diffusion coefficient [m2/s]
Dt : tube diameter [m]
dp : paticle diameter [m]
E : activation energy [kJ/kmol]
Fobj : objective function
Hj : reaction enthalpy [kJ/mol]
hf : gas-solid heat transfer coefficient [J/m2/s/K]
Ki : species adsorption equilibrium constants
KP, l : reaction equilibrium constants
kg : mass transfer coefficient for component i
kl : forward reaction rate constant (l=A, B, C, DME), [gmol/

gcat/s]
kmix : gas phase thermal conductivity [kJ/s/m/K]
Mi : molecular weight [g/gmol]
N : total number of data point

Fig. 7. Optimization results for the Case 4. (a) Reactor and wall
temperatures, (b) methanol yield, (c) CO and CO2 conver-
sions.
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NPr : prandtl number
NRe : reynolds number
NSc : schmidt number
n : reaction order
Patm : atmosphere pressure
Pi : pressure [Pa]
R : gas constant (R=8.314) [J/gmol/k]
Rj : reaction rate [mol/kgcat/s]
rA, obs : observed rate [mol/kgcat/s]
rl : reaction rate [mol/kgcat/s]
rpellet : pellet diameter [m]
T : temperature [K]
Ts

s : temperature of solid phase [K]
Tw : wall temperature [K]
U : overall heat transfer coefficient [J/m2/s/K]
us : linear velocity [m/s]
Vs : space volume
Vt : total volume
Vv : vacancy colume
vi : diffusion volume [cm3/mol]
X : conversion
yi : fraction for component i
z : packing depth [m]

Greek Letters
αv : specific surface area of catalyst pellet [m2/m3]
εB : void fraction of catalyst bed
φM : thiele modulus
η : effectiveness factor
ρc : solid catalyst density [kg/m3]
ρB : bulk pellet densities [kg/m3]
ρg : gas densities [kg/m3]
ψ : shape factor in the mass-transfer coefficient equation [Par-

ticle=1]
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