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Abstract

This paper presents a study on optimization of methanol synthesis reactor to enhance overall production. A mathematical heterogeneous
model of the reactor was used for optimization of reactor performance, both at steady state and dynamic conditions. Here, genetic algorithms
were used as powerful methods for optimization of complex problems. Initially, optimal temperature profile along the reactor was studied.
Then, a stepwise approach was followed to get an optimal two-stage cooling shell to maximize production rate. These optimization problems
were performed through steady-state optimizations with regard to dynamic properties of the process. The optimal reactor with two-stage
cooling shell presented higher performances. This optimization approach enhanced a 2.9% additional yield throughout 4 years, as catalyst
lifetime. Therefore, we can deduce to redesign methanol synthesis reactor with a two-stage cooling shell reactor based on this study.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ends in a certain low activity (about 0.4) so that operation of
the reactor at that time is not economic. The operating period
Methanol is one of the mostimportant petrochemical prod- of the reactor is about 4 years as its catalyst lifetime. After this
ucts. It is used as a fuel, solvent and as a building block to catalyst cycle time, the deactivated catalyst must be replaced
produce chemical intermediates. The main step of methanolwith a fresh one.
process is methanol synthesis. Methanol synthesis reactors There are several researches on methanol process in the
are designed based on two technologies, high-pressure synliterature. Lange presented a review of methanol synthesis
thesis operating at 300 bar and low-pressure synthesis opertechnologie$l]. Moreover, several studies were reported on
ating between 50 and 100 baj. kinetic models of methanol synthe$&4] and deactivation
The methanol synthesis reactor studied here was a Lurgi-models regarding effects of temperature and gas composi-
type, which is operated in the low-pressure regjie The tion [5,6]. Because of severe temperature effects, both on
synthesis gas—C£) CO, Hp—is produced from natural gas methanol synthesis kinetics and catalyst deactivation, opti-
inreformer plantand entersto the reactor. Methanol synthesismal temperature policies is a key to optimal operation of
reactions occur in a set of vertical tubes packed with CuO- methanol synthesis reactor. Lavik studied dynamic model-
based catalyst. Heat of exothermic reactions is removed froming and optimization of methanol synthesis reactor and es-
tubes using boiling water, which is circulating as a coolantin timation of a catalyst deactivation modé|. She presented
the shell of reactor. The methanol synthesis reactor exhibitsan optimal temperature trajectory along the methanol reactor
a dynamic behavior, mainly due to catalyst deactivation. The and optimal recycling ratio in her work.
operating period of the reactor starts with fresh catalyst and There are several aspects in optimization of tubular reac-
tors. Velasco et al. presented optimal inlet temperature tra-
— jectories for adiabatic packed reactors in the face of cata-
* Corre_spondmg author. Tel.: +98 711 2303071, fax: +98 711 6287294. lyst deactivatiorjg]. Dixit and Grant studied optimal coolant
E-mail addresseshojatkd@yahoo.com (H. Kordabadi), Y i | p . .
jahanmir@shirazu.ac.ir (A. Jahanmiri). temperature in a non-isothermal read&jr Optimization of
1 Fax: +98 711 6287294. tubular reactors had focused on reversible and exothermic
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Nomenclature

Ac cross-sectional area of each tub&lm

ay specific surface area of catalyst3im?3)

a activity of catalyst

Cpg specific heat of the gas at constant pressure
(J/mol)

Cps specific heat of the solid at constant pressure
(J/mol)

Ct total concentration (mol/R)

Dj tube inside diameter (m)

Eqg activation energy used in the deactivation
model (J/mol)

Fmeon production rate (t/day)

Ft total molar flow rate per tube (mol/s)

h¢ gas-—solid heat transfer coefficient (W/K)

Ky deactivation constant (1/h)

k node number

Kgi mass transfer coefficient for componée(/s)

I objective function

P penalty function

ri reaction rate of componen{mol/kg s)

T bulk gas phase temperature (K)

R universal gas constant (J/mol K)

Ts catalyst temperature (K)

Tshell  temperature of boiling water in the shell sidg
(K)

Tr reference temperature used in deactivation rate
(K)

t time (s)

tgen generation number

Ushe  boiling water-gas overall heat transfer coeff|-
cient (W/n?K)

X state variable

Yi bulk gas phase mol fraction for componéit
gas phase

Yis mol fraction componeriton the solid phase

z axial reactor coordinate (m)

Greek letters

AHti  enthalpy of formation of componen{J/mol)

B void fraction of catalytic bed (fim?q)

Superscripts and subscripts

0 inlet conditions

Ss initial conditions

reactions so faf10]. Mansson et al. applied optimal control
theory to find an optimal temperature profile along an ammo-
nia synthesis reactor, which maximized the concentration of
ammonia in effluent stream of the reackbt].

The objective of the current study was to optimize
methanol synthesis reactor and consisted two different ap-
proaches. The first approach was to find the optimal temper-
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ature profile along the methanol synthesis reactor to max-
imize methanol production rate, while the second one was
an investigation to develop a two-stage reactor with differ-
ent coolant temperatures in cooling shells as a realistic ap-
proach. The idea of redesigning of methanol synthesis reactor
with a two-stage cooling shell was used to increase the over-
all methanol production throughout in 4 years of operation.
Both approaches were performed by steady-state optimiza-
tion for some certain catalyst activity levels. These different
catalyst activities were selected to stand for reactor dynamics
in the catalyst lifetime. Genetic algorithms (GAs) were used
for optimization of the reactor. GAs enable us to solve this
constrained non-linear problem with numerous variables. It
is believed that GAs could be used as powerful techniques to
solve complex and real-world problems.

Almost since last two decades, GAs have been used in a
large-scale application of engineering problems. Some ap-
plications of GAs have been reported in chemical engineer-
ing problems such as optimal design, operation and control
[12-14]

2. Genetic algorithms

Genetic algorithms (GAs) are a class of non-traditional
stochastic methods solving complex optimization problems
of the real world[15,16]. They are optimization techniques
that artificially simulate the gradual adaptation of natural
chromosomes in the quest of producing better and more suit-
able individuals. A typical structure of genetic algorithms is
shown inFig. 1, in which p(t) is a population of solutions in
generation of.

Genetic algorithms begin with a population of starting
points initialized randomlytE 0). Each point is evaluated
based on objective function value. Then, a new population
(iterationt + 1) is formed according to fitness value of indi-
viduals (selection). Some of these points randomly generate
offspring through a number of predefined rules or operators.
After some number of generations, the program converges. It

Genetic algorithms

Begin
t—0;
Tnitialize p(t)

Evaluate p(t);
While t,., do
Begin
t—1+1;
Select p(t) from p(l‘—l);
Alter p(l‘ );
Evaluate p(t);

End;
End;

Fig. 1. Structure of a typical genetic algorithm.
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is hoped that the best individuals represents a “near-optimum-,,q 1

or reasonable solution”. Design specifications of industrial methanol reactor
Specifications Value
L . . Number of tubes 2962
3. Kinetic, model and simulation Length of reactor (m) D22
Bulk density of bed (kg/#) 1132
3.1. Kinetic Void fraction of bed (m/m?3) 0.39
Internal radius of tubes (mm) 38
Catalyst diameter (mm) 5

In the methanol synthesis, three overall reactions are pos-
sible: hydrogenation of carbon monoxide, hydrogenation of
carbon dioxide that is strongly exothermic and reverse water-

as shift reaction:
g wherey; andT are the fluid-phase variables. The boundary

2CO + 4H, < 2CH30H + H,O conditions are:

2C0, +5H <» 2CH3OH + H»0 Yi = Yi0, T=Ty atz=0 (6)

The initial conditions are:
CO;+Ho <« CO + H2O

Kinetic model and the equilibrium rate constants are se- Yi = Vi¥% e =Yg T=T%Ts=T"a=1 atr=0
lected from Graaf’s studidg,17]. (7

The catalyst of low-pressure methanol synthesis is
CuO/ZnO/ALO3 and during the course of process, itis deac- where y?*andy?> are profiles of mole fractions and
tivated mainly due to thermal sintering. Among several stud- 75%and73® profiles of temperature along the reactor in fluid-
ies, the deactivation model suggested by Hanken was foundphase and solid-phase, respectively. The industrial reactor

appropriate to uss]: specifications are demonstratediable 1
m::_Kd@m<R(7“_7k>)“ (D) 3.3. simulation
3.2. Model The mathematical heterogeneous model involves of a sys-

tem of partial differential equations solved in steady state
Here, optimizations are investigated with heterogeneous@nd dynamic modes. These equations are discretized with
model. In the heterogeneous model development, the gradienf€SPect to axial coordinate to 30 nodes along the reactor.
between solid and fluid phases is considered. In the modeling,This provides a set of ordinary differential equations in
axial dispersion is neglected, and itis assumed that there is ndach node. _
viscous flow on the catalyst pellets and also isotherm catalyst ~ Selution of the steady-state model was implemented
pellet is considered. The equations of heterogeneous modePn Steady-state optimizations, as well as to determine

are as below. Solid-phase equations: the concentrations and temperature profile along the re-
actor at zero time (initial conditions). Steady-state model
dyis was obtained by elimination of all time-derivatives in the
esci—— = kgi(yi — yis) +rippa i=1,2,...,N—1 (2 1S a by € \ Hme-¢
S dr 8i0i = yis) +rips @ original ordinary differential equations in each node of
or N the reactor. These algebraic equations are solved with
s “Gauss—Newton” method. Results of simulation are shown
BCos—— = ayh r(T — Ts) + ppa ri(—AHyg; 3 o .
PECPS g v Ste ; A ) 3 in Fig. 2a and b for profiles of temperature and methanol

) ) concentration along the reactor. To solve the system of
whereyis andTs are the solid-phase mole fraction and tem- partial differential algebraic equations, different methods

perature, respectively. Fluid-phase equations: were tested and it was observed that Rosenbrock method
9 F v of order 2 was more efficient for such set of stiff equa-
Vi t 0)Yi .
SBCIE = —A*g — aycikgi(yi — is) tions.
e In Fig. 3, the predicted production rate of the reactor is
i=12..,N=-1 (4) compared with plant data of Shiraz Petrochemical Complex
over a period of about 1200 operating days. The error of
T _ﬂal _ simulation was found to be less than 5% in most cases. In
EBCtCpg = +avhf(TS T) o . . . . .
ot A¢ 0z addition, dynamic simulation showed a decline in catalyst

activity (of middle point of the reactor for sample) as it is

nD;
+ TlUshell(Tshell —-T) (5) shown inFig. 4.
c
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Fig. 2. Steady-state simulation result for methanol synthesis reactor: (a) temperature; (b) methanol concentration.
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Fig. 3. Comparison of dynamic simulation result and plant data for methanol

synthesis reactor.
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Fig. 4. Average catalyst activity in reactor for 1400 days of operation.

4. Optimization and results

Methanol synthesis reactor of Shiraz Petrochemical Com-
plex was chosen as a case study. The coolant temperature was

O 200 400 600 800 1000 1200 1400

4.1. Optimal temperature profile approach

From a theoretical point of view, there is an optimal tem-
perature profile along the methanol synthesis reactor, which
maximizes methanol production rate as reported in literature
for tubular and exothermic reactdf]. Because of catalyst
deactivation, this optimal profile changes during operation so
that there is not a unique optimal temperature profile in dif-
ferent times. Therefore, according to deactivation rate shown
in Fig. 4, three activity levels equal ta=0.9, 0.7 and 0.5
were chosen to study optimal temperature profile. These val-
ues stand for dynamic properties of reactor operation and give
some information about variation of optimal profile through
catalyst lifetime.

As mentioned in modeling and simulation, the reactor was
discretized with respect to axial coordinate in 30 nodes. The
most accurate optimal temperature profile was achieved with
optimization of 30 parameters standing for coolant tempera-
ture in 30 nodes. These temperatures were bounded between
510K and 535K. The objective function was to maximize
the methanol production rate. The equations of steady-state
model are the equality constraints. Here, there is just one
path constraint that states temperature of catalyst beds—as a
state variable—which must be less than 543K along the re-
actor[7]. It was attempted to avoid dramatically catalyst de-
activation. Because optimization problem was implemented
with heterogeneous model, temperature of the solid phase
was considered as constraint rather than temperature of the
fluid phase. This constraint was implemented with penalty
method. Penalty function was taken zero provided that the
solution satisfies constraint and equals to “TQ-{ 543)"
in order to discard the violator solution. Then, optimization
problem was formulated as below:

Max I = Fyeon — P thatP = 10(Ts — 543)

about 525 K. Therefore, all of the results were compared with subjected to

operation conditions in 525K as reference. In this study, the

optimization of reactor was investigated in two approaches, X(k + 1) = f(x(k), Tshen), ~ x(0) = xo;

optimal temperature profile approach and optimal two-stage 510(K) < Tspell < 535(K): Ts < 543(K);

cooling shellapproach. Steady-state model was used to evalu-

ate objective function, while dynamic simulation was used to whereP is the penalty function. Through optimization, opti-
evaluate overall methanol production throughout in 4 years. mal temperature profiles of coolant in the shell were obtained
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for three different activities. These profiles are presented in

Fig. 5. All of them have a peak near the entrance, and then, de-
cline toward the end of reactor. Furthermore, there are some

differences among them. The lower the activity the optimal

temperature profile is obtained in higher temperature and the

temperature declines more gradually.

Optimal temperature profile of coolant causes an optimal
temperature profile in the tubes of the reackég. 6 shows
optimal temperature profile along the cooling shell and in
the tube fora=0.5. As temperature of coolant declines, the
reactions shift to the equilibrium slowly and consequently,
that temperature of the catalyst bed declines gradually. This
effect of optimal coolant temperature could be observed on
mole fraction profiles along the reactéiig. 7 shows that
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Fig. 7. Methanol mole fraction along the reactor.

253
Table 2
Additional yield achieved with optimal temperature profiles
Activity ~ Reference (t/day) Optimum (t/day) Additional yield (%)
a=0.9 304 321 5.6
a=0.7 296 307 3.7
a=0.5 278 286 2.8

methanol mole fraction along the reactor for reference and
optimal temperature &= 0.5. Higher methanol mole frac-
tions were observed in the reactor. The differences between
methanol mole fractions in optimal and reference status in-
crease in the earlier lengths of reactor and start to decrease
toward the end of reactor. There are similar results for other
two activity levels ofa=0.9 and 0.7.

To show the effect of optimal temperature profile of
coolant on the reactor performance, methanol production
rates were evaluated. The results are giveiiahle 2 and
as itis seen, the lower the activity, the lower additional yield.

4.2. Optimal two-stage reactor approach

Optimal temperature profiles give us some useful informa-
tion about reactor operating condition. The results show that
it is possible to achieve more production rate with a suitable
temperature strategy in the reactor. An instantaneous sug-
gestion is to design a multi-stage cooling shell for methanol
synthesis reactor so that optimal temperature profile can be
achieved by using different temperature profiles along the
shell. These optimal temperatures do dynamically change.

To provide optimal multi-stage cooling shell, the best
number of cooling stages, the best length of stages, and the
best temperature in each stage must be available. This ap-
proach, as former, was implemented for three different activ-
ity values to get qualified solutions for dynamic operation of
the reactor. Here, the objective function, equality constraints,
temperatures bound and path constraint are the same as the
firstapproach. Length of cooling stages is searched within the
node number—as an optimization variable—and is bounded
between 1 and 29.

As first step, the best number of stages should be found.
Therefore, optimal temperatures and length of stages for a
three-stage cooling shell is needed. Several runs shows op-
timizations converge on a solution that length of the second
stage becomes almost zero for all three activity. Optimization
investigation for a four-stage reactor shows similar results.
Therefore, it means a reactor with a two-stage cooling shell
is the best choice and in the second approach optimal length
and temperatures of each stage should be searched.

Optimization result of two-stage reactor is shown in
Table 3 Optimal temperatures, length of first stage and ad-
ditional yield are given infable 3for a=0.9, 0.7 and 0.5.

As seen, for all activities, temperatures of the first stage are
higher than temperatures of second stage. Moreover, in each
stage, coolant temperatures of different activity levels are

close to each other and significant differences are observed
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Table 3 synthesis gas
Optimization results of two-stage cooling shell reactor

Activity T of first T of second Length of first ~ Additional
stage (K) stage (K) stage (m) yield (%)

MP Stea
a=09 532 515 2.1 4.8 5
a=0.7 532 516 3.26 3.1
a=0.5 534 518 4.7 2.6

among the optimal lengths of stages regarding different ac- Kroduct

tivity levels. In addition, the results show that the higher the
activity, the shorter the length of the first stage and more the  Fig. 8. Typical design of the two-stage methanol synthesis reactor.
additional yield. The temperature and the length of stages are
the fittest solution to optimal temperature profile.
In spite of significant additional yield, the result shown

in Table 3is not useable from engineering point of view be- 530 -l—'
cause of different lengths of cooling stages. Surely, dynamic

optimization is the best performance to find optimal length

535+

525

Temperature (K)

of stages and optimal temperature of stages; but dynamic op- 5204 iR ™ = RS
timization has high computing cost. s15] ..}

As Fig. 4 shows, in the most catalyst lifetime, activity | & p—:
level is less than 0.6; so, we base our decision mainly on the 5101 - - - .2nd stage
optimal solution ofa = 0.5. According to the length obtained 505 : : : : : .
from optimization at different activity level3éble 3, and the 0 200 400 600 8OO 1000 1200 1400
corresponding operating time duration of the process between Time (day)

distinct aCtiVity levels, the optimal Iength was modified usmg Fig. 9. Optimal coolant temperature trajectory in each stage of cooling shell
operating time-based weight factors (obtained friéign 4).
After this modification, the optimal lengths of first and second
steps changed to 4.45 and 2.56 m, respectively.

In this last step of second approach, optimization was in-
vestigated to find the optimal temperature of each stage for
three activity levels. Optimal temperatures of each stage and
additional yield achieved for optimal two-stage reactor are
given inTable 4 As seen, optimization converges on signifi-
cant lower temperature in both stages, especiallafo0.9.

The considerable low temperature in period that catalyst ac-

during operating time.

the results shown ifable 4 the temperature trajectory used

in dynamic simulation is shown ifig. 9. These trajecto-
ries are presented according to activity value during opera-
tion. Simulation results show this presented new design of
methanol synthesis reactor with two-stage cooling shell and
temperature trajectory accordingfa. 9provides 2.9% ad-
ditional production throughout 4 years. As seerFig. 9,
reactor is constructed of a high-temperature stage and a low-

t'V'tIY ISa= O.9h, a\émds dramatic catalyst dfeacﬂva:jﬂo; in thﬁ temperature stage that each stage tracks an independent step-
earlier imes that deactivation rate Is very fast and affects t Cwise temperature trajectory. Moreover, optimal temperature

c?n\_/ersuljn n later op(ta)rajtlngdpe_r 'r?d' Theﬁ%i;:ceptabl_e apc:dre-of methanol synthesis reactor in earlier operating time is more
fa|st|c solutions are obtained with a small difference in yie important than the later time.
improvementrather resultsiable 3 A typical configuration Fig. 10 shows optimal temperature surface in catalyst

ofthe tWO'Stage reactor IS reprgsente&ug. 8 Asseen,the s This surface describes effects of coolant temperature
output of the first reactor is the input of the second stage. In

this two-stage reactor, the coolant temperature of each stage
is controlled with different steam pressures.

540 -e-pmTTTTE S
:

In order to evaluate the effect of these optimal steady- ) B
state solutions on total methanol production during catalyst s B (.
lifetime, 1400 days, dynamic simulation was used. Based on f | P
% 5201 -~
Table 4 8 sigf-o-tomcitTL
Optimization results of two-stage reactor E il spotonst
[ H
Activity T of first T of Additional 505 - -
stage (K) second yield (%) 500.)-. -
stage (K) 14501200"“3081-)(;‘@0 = S 028 0.14 °
a=0.9 526 511 46 time (day) 20 oas o71 087 °%
a=07 531 515 2.9 g
a=0.5 533 519 2.5

Fig. 10. Optimal temperature surface in reactor.
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14 problem includes two approaches. In the first approach, op-
oot Ishstane timal temperature profile along the reactor is studied for dif-
oslt B L ferent activity level. In the second approach, a reactor with

£ 57 optimal two-stage cooling shell and optimal temperature tra-
E, -] jectory during this time is obtained. This new design yields

' 2.9% additional methanol production during operating pe-
0.51 riod. Mathematical heterogeneous model is used in optimiza-
0.4 4 tion investigation.

0.3 In this study, GAs are used as powerful optimization tech-

0 200 400 600 800 1000 1200 1400

_ nigues which give good solutions for this constrained non-
Time (day)

linear problem. Although dynamic optimization is the best
Fig. 11. Average activity in first and second stages of reactor during oper- |nvest|gat|qn for this problem, this study pOSSGS%;QS |mport.ant
ating period. results. This paper allows us to perform on a similar design
for methanol synthesis reactor and the solutions prepare a
good starting point to implement dynamic optimization with

Table 5 ;

: o reduced computing cost.
Typical GAs used in this optimization problem P 9

v Psize C Pc (%) Pm (%) tg

First approach 30 250 6 80 0.03 80 References
Second approach | 3 25 2 70 0.01 25
Secondapproachll 2 20 2 70 001 15 1] 3P. Lange, Catal. Today 64 (1-2) (2001) 3.
v, the number of optimization variableB;ize, the population sizeC, the [2] Lurgi, Integrated low pressure methanol process, Technical report,
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