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An industrial Cu-based low-temperature water-gas shift (LTWGS) reactor, subject to
deactivation by irreversible chlorine adsorption, has been modeled and optimized. Both
the chlorine adsorption kinetics and deactivation kinetics were assumed first order to
chlorine partial pressure, and the rate constants were considered independent of temper-
ature. The Efficient Production (EP) method has been used to compute the reactor
production until the outlet CO conversion decays below a permissible minimum level. Two
alternative strategies for the inlet temperature have been used to maximize the EP:
constant and time-variable. Compared to the EP obtained for the optimum constant inlet
temperatures, EP resulting from the use of the optimum time-variable inlet temperature
sequence were higher, affording important energy savings. Furthermore, a sensitivity
study with respect to most influential operational variables, such as inlet total flow rate,
steam-to-gas ratio, pressure, and concentrations of chlorine, hydrogen, carbon monoxide,
and inert content, was carried out. © 2005 American Institute of Chemical Engineers AIChE J,
51: 2016–2023, 2005
Keywords: LTWGS reaction, poisoning, reactor modeling, optimization, efficient produc-
tion

Introduction

The water–gas shift reaction (WGSR) is a reversible, exo-
thermic reaction (�H0 � �41.1 kJ/mol)

CO � H2O% CO2 � H2 (1)

whose main application focuses on cleaning of CO content and
obtaining H2-rich effluents to be used in ammonia synthesis or
PEM (proton-exchange membrane) fuel cells.1-3

In industrial operation conditions, when high purity of H2 is
not required, the reaction is carried out in a single bed,4-6

whereas high-purity hydrogen, as for ammonia production
plants, is produced by WGSR carried out in two consecutive
adiabatic stages. In the first stage, called high-temperature

WGS (HTWGS) reactor, conversion of the carbon monoxide
bulk is performed on iron-based catalysts, at elevated temper-
atures.7-10 When required, the outlet gases from the HTWGS
(containing about 3 vol % of CO) are cooled by adding steam
and fed into a second stage, a fixed-bed tubular reactor with
copper-based catalyst, called low-temperature WGS (LTWGS)
reactor, which operates at moderately low temperatures (453–
503 K).11-14 Because of the exothermicity and equilibrium
limitations, in this second stage, the outlet CO concentration is
diminished below 0.3 vol %.

However, the main operational problems of Cu-based LT-
WGS catalyst are its high susceptibility to poisoning, espe-
cially to the sulfur and chlorine,5,15 and its liability to sinter.
Sulfur in the feed stream is removed by the use of a guard bed
previous to the reactor.6,15 Chlorine, present in the feed stream
from compressor lubrificants or quench water used to control
the inlet temperature, irreversibly deactivates the catalyst
blocking its sites at typical LTWGSR inlet concentration as
low as 10�3 ppm.16-19 Because small crystallites of copper
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already sinter at temperatures about 503 K, the Cu-based
LTWGS catalysts must operate below this temperature.20

Because the deactivation of industrial LTWGS catalyst by
chlorine occurs within a long period of time (about 2–3 years),
the possibility of cyclic regeneration is not feasible and thus an
optimum inlet temperature strategy is used to counteract the
catalyst deactivation.

In the literature, studies treating the problem of optimization
of reactors subject to catalyst decay, either tubular21-24 or batch
reactors,25-27 as well as isothermal28,29 or adiabatic30,31 inclu-
sive of enzymatic reactors,32 may be found. In this paper, an
optimization of the industrial adiabatic plug-flow LTWGS re-
actor, subject to irreversible poisoning, is presented.

The reduction of CO content in the H2-rich gas also has
economic importance, such as in ammonia plants.15 Thus, a
maximum admissible CO content at the LTWGS reactor outlet
has been considered (assuming a minimum permissible CO
outlet conversion of 0.85).

In this work, the Cu-based LTWGS industrial reactor subject
to deactivation has been modeled and optimized, calculating
the reactor inlet temperature policies, constant and time-vary-
ing, to maximize the Efficient Production. Also, a sensitivity
study with respect to operational variables and reactor inlet
composition has been carried out.

Reactor Modeling

To model the reactor, typical industrial LTWGS conditions,
as listed in Table 1, were taken.33

LTWGSR kinetics

We previously described the kinetics of the LTWGSR else-
where34 by the following Langmuir–Hinshelwood initial reac-
tion rate

��rCO�0 �

k�PCOPH2O �
PCO2PH2

Ke
�

�1 � KCOPCO � KH2OPH2O � KH2PH2 � KCO2PCO2�
2

(2)

in which the kinetic and adsorption constants have been as-
sumed to follow the Arrhenius and van’t Hoff expressions,
respectively, with the parameters as listed in Table 2.

Chlorine adsorption and deactivation

The feed stream entering the LTWGS reactor is assumed to
be free of sulfur compounds. Moreover, the reaction tempera-
ture is kept at �503 K, ensuring that copper particles of the

catalyst are far from being sintered. Based on these assump-
tions, deactivation of the catalyst is attributed exclusively to
chlorine poisoning. It was assumed that the molar flow rate of
chlorine was proportional to the total molar feed flow rate
entering the reactor.

Taking into account the experimental data published in the
literature,15,33 a first order of chlorine partial pressure with
respect to the chlorine adsorption on the catalyst active sites
was assumed. Thus, the reaction rate of the chlorine adsorption
can be described by the following kinetic equation

��rCl� � kClPCla � kClPCl
0 �1 � XCl�a (3)

The assumption that catalyst deactivation is attributed ex-
clusively to the chlorine irreversible adsorption on the active
sites implies that the deactivation rate is also first order with
respect to the chlorine partial pressure in the reactant mixture

�
da

dt
� �kdPCla � �kdPCl

0 �1 � XCl�a (4)

This assumption is realistic for a wide range of reaction con-
ditions at which the catalyst deactivation takes place by chemi-
sorption of poison molecules over the catalyst active centers in
a one-to-one molar proportion.

Transformation of equations into discrete form

The catalyst bed has been divided into a series of N differ-
ential fixed-bed subreactors connected to each other. Consid-
ering N is large enough, each differential fixed-bed subreactor
can be assumed as a perfectly mixed reactor, following the
methodology proposed by González-Velasco et al.24 Thus, the
nth subreactor represents the n/N dimensionless position along
the integral reactor. The time coordinate could also be divided
into � intervals.

After the spatiotemporal discretization, Eqs. 3 and 4 can be
solved by the finite-differences approximation method, as fol-
lows

��rCl��n, t� �
XCl�n, t� � XCl�n � 1, t�

��W/FCl
0 �

� kClPCl
0 �1 � XCl�n, t��a�n, t� (5)

�
da

dt
�

a�n, t� � a�n, t � 1�

�t
� �kdPCl

0 �1 � XCl�n, t��a�n, t�

(6)

Table 2. Values of the Frequency Factors and the Activation
and Adsorption Energies for the Low-Temperature

WGSR Rate Equation

Parameter Frequency Factor
Ea or �Ha

(kJ/mol)

k (mol g�1 h�1 Pa�2) 9.351 	 10�3 57.47
KCO (Pa�1) 1.737 	 10�6 �11.35
KH2O (Pa�1) 4.668 	 10�7 �14.90
KH2

(Pa�1) 4.441 	 10�7 �14.44
KCO2

(Pa�1) 3.563 	 10�7 �16.38

Table 1. Low-Temperature WGS Industrial Reactor
Operating Conditions

Variable Value

P (MPa) 1723
Gas flow rate (mol/h) 1220
Steam/gas 0.61
PCl (Pa) 6.383 	 10�4

W (g) 384
CO/H2/CO2/N2 (vol %) 3.2/76.8/18.16/1.84

AIChE Journal 2017July 2005 Vol. 51, No. 7



where a(n, 0) � 1 and XCl(0, t) � 0 for @n, t.
Therefore, at any operation time t, the main reaction rate is

��rCO� � ��rCO�0a (7)

which the finite-differences form gives

��rCO��n, t� �
XCO�n, t� � XCO�n � 1, t�

��W/FCO
0 �

� ��rCO�0�n, t�a�n, t�

(8)

For the application of the Euler–Cauchy finite-differences
method, �W and �t were taken as the step sizes, resulting in the
local errors (�W)2 and (�t)2.35 For the discrete reactor model,
N � 100 and � � 1000 were used, values that ensure good
stability of the solved equation system with moderate compu-
tation time requisites. The differential Eqs. 5, 6, and 8 were
solved by the finite-difference approximation method.

Energy balance

Because the LTWGSR is exothermic, and adiabatic opera-
tion conditions were assumed, the reactor energy balance must
also be solved to determine the temperature variation along the
catalyst bed. The energy balance solution for each node of the
discrete grid is

T�n, t� � T0�n, t� � J*�XCO�n, t� � XCO�0, t�� (9)

where J* � yCO
0 [��Hr/CP] is the maximum adiabatic temper-

ature rise along the reactor. Typically, a maximum value of
23.76 K for this parameter was obtained, assuming the mean
values of 40.05 kJ/mol and 33.40 J mol�1 K�1 for (��Hr) and
CP, respectively.

Activity profile

At given operating conditions, because the maximum tem-
perature rise was less than 35 K, chlorine adsorption (kCl) and
deactivation (kd) reaction constants were assumed to be inde-
pendent of temperature at their respective average values in the
interval (2.112 	 10�6 mol g�1 h�1 Pa�1 and 1.974 	 10�7

h�1 Pa�1, respectively).33 This assumption simplifies the solu-

tion of chlorine mass balance and the deactivation equation.
Consequently, the solution of the CO mass balance for chang-
ing temperature values is not necessary.

The activity vs. dimensionless position and activity vs. time
of reaction profiles, obtained by the solution of Eqs. 5 and 6,
are shown in Figures 1a and 1b, respectively. The shape of both
calculated profiles confirmed the validity of the assumption that
(�rCl) and (�da/dt) are first order in chlorine partial pressure,
presenting the same shape as that reported for industrial da-
ta.15,33

The Optimization Problem

A total operation time of 26,000 h was chosen (about 3
years), representing the lifetime of the industrial LTWGS cat-
alyst. As a result of deactivation, during operation the reactor
outlet CO conversion gradually decays with time; the operation
time when CO outlet conversion falls to the lowest permissible
value is called the Catalyst Lifetime (CLT). The production to
be maximized is the molar amount of converted CO until the
catalyst lifetime is consumed, called Efficient Production (EP)

EP � �
0

CLT

FCO
0 XCOdt (10)

Total Production (TP) is also defined by Eq. 10, extended to
a total operation time, that is, changing the integral upper limit
to 26,000 h. As a result of deactivation, during the last period
of operation, the CO outlet conversion can fall below the
lowest permissible value, taken as 0.85, consequently increas-
ing CO concentration in the reactor outlet. Within this period,
the CO removal by the WGSR is inefficient and further puri-
fication of hydrogen-rich gas is needed to increase the CO
removal, thus increasing the operational costs.

Thus, CO conversion, chlorine conversion, and catalyst ac-
tivity describe the system state variables, whereas the control
variable of the system was the inlet temperature T0(t). The
admission control region for the control variable has been
defined as

U � 
Tmin
0 � 448 K � T0�t� � Tmax

0 � 503 K� (11)

Figure 1. Activity–time and activity–dimensionless position profiles calculated for the base case.
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A lower admissible limit for the feed inlet temperature of
448 K reflected the requirement to carry out the reaction in the
gas phase. The minimum inlet temperature for the LTWGS
reactor has been calculated at operating pressures as the dew
temperature of the feed mixture. A safety margin—that is, a
temperature 10 K higher than this minimum inlet tempera-
ture—has been used to avoid any accidental change of reaction
conditions causing steam condensation within the reactor, then
covering the catalyst pores. The upper value was established as
503 K to avoid sinterization of copper particles. The EP was
obtained by integrating Eq. 10 according to the Simpson rule.
The control variable was parameterized as a second-order
polynomial function of time as follows

T0�t� � � � �t � �t2 (12)

because this approach facilitates computation.36-38 The search
for the optimum parameters of inlet time-variable temperature
has been carried out by constrained nonlinear minimization
using the Levenberg–Marquardt algorithm using Matlab soft-
ware (The MathWorks, Natick, MA).

Two optimization strategies have been used: (1) constant
inlet temperature and (2) time-variable inlet temperature. Using
the first strategy, CLT, TP, and EP were evaluated for different
isothermal inlet temperatures. The isothermal inlet temperature
that allows the highest EP is chosen as the optimum. The
second strategy consisted in the calculation of the optimum
inlet temperature time-trajectory for which the maximum EP
was achieved.

The computation algorithm for optimization was as follows:
(1) the initial parameter values were chosen for the inlet tem-
perature in Eq. 12 (taking parameters � and � as zero for the
isothermal strategy); (2) catalyst activity was calculated for the
discrete grid by simultaneous solution of Eqs. 5 and 6; (3) the
carbon monoxide mass balance was solved for each node of the
grid; (4) production was calculated by integrating the outlet
conversion-time integral (Eq. 10); and (5) the procedure was
repeated until the maximum production was achieved.

Energy requirements

The energy requirement for heating the LTWGS feed stream
has been calculated. The HTWGS reactor effluent temperature

is about 703 K. After its cooling by water addition to 448 K, the
stream enters the LTWGS reactor. The energy requirement for
heating the LTWGS reactor inlet flow was calculated according
to

ER � F0 �
0

CLT

C� P�T0�t� � T̂�dt (13)

where C� P is the mean specific heat of the feed mixture and T̂
is the temperature from which the feed stream has to be heated
(taken as 448 K).

Elasticity

The responsiveness of the optimum inlet temperature to
process variables (Z) was used to compute sensitivity. Elastic-
ity (	) can be defined as

	 �
�T0/T0

�Z/Z0 (14)

Positive elasticity implies the process variable and optimum T0

change in the same direction, whereas negative elasticity im-
plies they change in the opposite direction. The higher the
absolute value of elasticity, the higher the sensitivity of opti-
mum T0 with respect to the variable.

The operational variables were changed as �5% in total inlet
flow rate (F̂ 0), �15% in steam-to-gas ratio (Ĝ0), �30% in
pressure (P̂0), �2% in inlet chlorine content (P̂Cl

0 ), �5% in
hydrogen content (P̂H2

0 ), �5% in CO content (P̂CO
0 ), and


100% and �50% in inert content (P̂In
0 ).

Results and Discussion
Optimization of the base case (row I of Table 3)

For the reaction conditions listed in Table 1 (the base case)
the optimum constant inlet temperature resulted in 465 K with
an EP of 956.20 kmol CO converted during the CLT of 26,000
h (an equivalent outlet conversion of 0.942 in the whole oper-
ation time), as shown in Figure 2. When the lower inlet
temperature was considered, a lower value of EP was observed

Table 3. Parameter Values, EP and ER for Constant and Time-Variable Optimum Inlet Temperatures

Case
Study Variation

Constant Time-Variable

T0

(K)
EP

(kmol CO)
ER
(GJ)

Elasticity
(	) � �

�
(	108)

EP
(kmol CO)

ER
(GJ)

I — 465 956.20 29.1 — 448 0 2.635 968.04 10.1
IIa 1.05 	 F̂0 481 980.30 59.3 0.69 448 0 4.493 1010.32 18.1
IIb 0.95 	 F̂0 455 917.50 11.4 0.43 448 0 1.290 922.41 4.7
IIIa 1.15 	 Ĝ0 465 963.60 30.8 0 448 0 2.587 975.81 11.0
IIIb 0.85 	 Ĝ0 466.5 943.25 29.9 �0.02 448 0 2.699 959.63 9.4
IVa 1.30 	 P̂ 461 961.70 22.2 �0.03 448 0 1.947 969.76 7.5
IVb 0.70 	 P̂ 472 948.22 41.1 �0.05 448 0 3.517 965.70 13.5
Va 1.02 	 P̂Cl

0 470 949.78 37.6 0.54 448 0 3.237 966.36 9.6
Vb 0.98 	 P̂Cl

0 456 966.40 13.7 0.97 448 0 2.095 969.44 6.2
VIa 1.05 	 P̂H2

0 470.5 930.40 38.7 0.24 448 0 3.103 953.12 11.9
VIb 0.95 	 P̂H2

0 461.5 962.10 23.1 0.15 448 0 2.172 970.96 8.4
VIIa 0.95 	 P̂CO

0 464.5 1012.50 27.4 �0.02 448 0 2.476 1022.52 9.6
VIIb 0.95 	 P̂CO

0 465.5 908.10 29.9 �0.02 448 0 2.795 917.18 10.7
VIIIa 2.0 	 P̂In

0 464.5 925.40 28.2 �0 448 0 2.677 934.13 10.3
VIIIb 0.5 	 P̂In

0 465.5 967.40 29.9 �0 448 0 2.600 976.95 10.0
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because of the shorter CLT, as shown in Figure 2. Note that a
larger amount of converted CO moles could be obtained if the
constant inlet temperature were 456.5 K, obtaining a TP of
961.0 kmol CO, although the CLT in these conditions would be
of 25,203 h, thus requiring a premature catalyst change.

The outlet CO conversion trajectories for a set of constant
inlet temperatures are depicted in Figure 3. In this graphical
representation, the area below the curves corresponds to the
EP. The crosslink of the outlet CO conversions for different
isothermal inlet temperatures allows the existence of an opti-
mal time-trajectory for an inlet temperature.

In the case of assuming second-order polynomial time-tra-
jectory for the inlet temperature (Eq. 12), the following equa-
tion was deduced (broad line in Figure 3)

T0�t� � 448 � 2.635 
 10�8 
 t2 (15)

An inlet temperature increase of 17.8 K and EP of 968.04 kmol
CO for the CLT of 26,000 h was obtained (an equivalent outlet
conversion of 0.954 in the whole operation time) with respect
to the previous policy.

Thus, the optimum time-trajectory inlet temperature opera-
tion allows an energy saving over 26,000 h of operation of 19.0

GJ with respect to operating with optimal constant inlet tem-
perature (that is, 65.3%). Row I of Table 3 summarizes the
optimization results for the base case.

The curve representing the outlet CO conversion change
with time is concave, as shown in Figure 3. This shape is based
on two contradictory effects: as a result of the adiabatic oper-
ation conditions, the exothermicity causes an increase of tem-
perature along the reactor, which enhances the kinetic rate
constant that counterbalances the decrease in activity. Because
the chemisorption of chlorine occurs gradually with the subse-
quent deactivation front, the fraction of the catalyst that was
not affected by the poison remains highly active.

Sensitivity analysis with respect to process variables

The EP sensitivity as well as the optimum inlet temperature
sensitivity were investigated with respect to the process vari-
ables such as inlet total flow rate, steam-to-gas ratio, pressure,
chlorine concentration, hydrogen concentration, CO concentra-
tion, and inert concentration.

Total inlet flow rate, F̂ 0

Total inlet flow rate modification alters the contact time of
the reactant mixture with the catalyst, and thus the space time
for the main reaction as well as for the catalyst deactivation
caused by chlorine adsorption. The value of the total inlet
molar flow was varied by increasing or decreasing the nominal
value by 5%.

Figure 4a shows the influence of the total inlet molar flow
rate on the EP when the inlet temperature was maintained
constant. The higher the F0, the higher isothermal inlet tem-
perature is necessary to achieve the maximum EP. The opti-
mum inlet temperature seems to be very sensitive to the change
of the inlet flow rate having 	 � 
0.56. By increasing the
nominal flow rate by 5% the optimum inlet temperature in-

Figure 2. Total Production (TP), Efficient Production
(EP), and Catalyst Lifetime (CLT) obtained for
different constant inlet temperatures.

Figure 3. Reactor outlet CO conversion time-trajectory
obtained for various constant inlet tempera-
tures operating 26,000 h and the optimum
time-trajectory inlet temperature (broad line).

Figure 4. EP evolution for constant inlet temperature
and optimum time-trajectory inlet tempera-
tures for different case studies.
Variation of (a) inlet total flow rate, (b) steam-to-gas ratio, (c)
pressure, and (d) inlet chlorine content. Letters a and b after
roman number are for increase and decrease, respectively, of
base case value of parameter.
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creased by 16 K, whereas when the flow rate was decreased by
5%, an inlet temperature drop of 10 K was calculated. The EP
obtained resulted in 917.50 and 980.30 kmol CO for the lower
and higher values of the parameter, respectively.

When the inlet temperature was varied with time, even
higher EP could be achieved. Optimum inlet temperature time-
trajectories for different total inlet flow rates are shown in
Figure 5a. The total inlet flow increase is reflected by a steeper
increase of the reactor inlet temperature compared to the nom-
inal trajectory. If the value of F̂0 is increased by 5%, the inlet
temperature just at the end of the CLT reaches 478.4 K, 12.6 K
higher than the value obtained for the nominal F0. On the other
hand, an inlet flow rate decrease of 5% causes the temperature
to be increased to 456.8 K, which is 9.1 K below the value
obtained for nominal F0. ER increases with F0, but on the other
hand, operating with time-varying inlet temperature supposes a
mean energy saving of 64% with respect to the isothermal case.
Rows IIa and IIb of Table 3 summarize the results of this
optimization.

Steam-to-gas ratio, Ĝ0

The steam-to-gas ratio (G) is a very important operation
parameter in WGSR. For the base case, Ĝ0 � 0.61 was given
(Table 1). Steam, present in the reaction mixture, influences the
reaction equilibrium toward higher CO conversion. On the
other hand, an excess of steam dilutes the reaction mixture,
thus diminishing the adiabatic temperature increase inside the
reactor, as the J* value is diminishing.

The sensitivity study was done varying Ĝ0 by �15%. EP
evolution maintaining the constant inlet temperature is shown
in Figure 4b. Ĝ0 does not modify the constant inlet temperature
to achieve the maximum EP, given that for the three cases
studied the optimum inlet temperatures lay within an interval of
1.5 K (	 � �0.02). However, the EP obtained for the highest
and lowest G0 values differs substantially: 963.60 and 943.25

kmol CO, respectively. The similitude of temperatures can be
explained as a consequence of two mutually antagonistic phe-
nomena: the main reaction rate is favored by higher water
content and, for this, higher temperatures are preferred because
the deactivation rate is constant with temperature. On the other
hand, the higher water contents avoid temperature increases in
the reactor.

The optimum inlet temperature time-trajectory allows the
reactor to operate with higher EP than that obtained for the
constant inlet temperature, with a mean energy saving of 66%.
Figure 5b shows the optimum inlet temperature time-trajecto-
ries for both case studies, compared with the base case. As in
the case of constant inlet optimum temperatures the inlet tem-
perature heating during the operation time is practically the
same (a variation of about 0.8 K was evaluated). Rows IIIa and
IIIb of Table 3 summarize these results.

Pressure, P̂0

A change of operation pressure modifies the partial pressures
of reactants, and subsequently the WGSR rate, chlorine adsorp-
tion rate, and deactivation rate. The system pressure was mod-
ified within the range of �30%. Because 1723 MPa is the
nominal value, a lower limit of 1216 MPa and an upper limit of
2230 MPa were established. The influence of pressure on EP is
shown in Figures 4c and 5c for constant and time-variable inlet
temperatures, respectively. Unlike the total inlet flow rate, the
pressure increase has a negative effect on the optimum inlet
temperature, having a 	 � �0.04. The influence of the oper-
ation pressure variation on EP is summarized in rows IVa and
IVb of Table 3, for constant and time-varying inlet temperature
strategies, respectively.

Inlet chlorine concentration, P̂Cl
0

The nominal value of poison concentration in the feed stream
was considered to be 10�3 ppm, taken from Sen et al.,39 and thus
PCl

0 � 6.383 	 10�4 Pa was calculated. This value was varied
within the range of �2%. Modification of this parameter is re-
flected in both the chlorine partial pressure and in its molar flow
rate. Thus, the poison adsorption mass balance is not modified;
however, the deactivation rate undergoes changes.

The optimization results are shown in Figures 4d and 5d and
summarized in rows Va and Vb of Table 3. EP reaches its
maximum values at 456 and 470 K for the lower and higher
chlorine contents, respectively, when a constant inlet temperature
is performed. The reduction of 2% in chlorine content supposes a
1.1% increase of EP with respect to the base case; on the other
hand, an increase of 2% poison supposes a reduction of 0.7% in
EP (	 � 
0.75). When the optimal inlet temperature time-
trajectory is applied, the system with higher chlorine content must
be heated faster than the system with lower chlorine content,
which is 4.1 K higher and 3.6 K lower, respectively, than the base
case at the end of the 26,000 h of operation.

Inlet hydrogen (P̂H2

0 ), carbon monoxide (P̂CO
0 ), and inert

concentration (P̂In
0 )

The feed gas composition influences the optimum inlet tem-
perature strategies. The feed stream composition entering the
primary reformer unit could be as varied as natural gas, gas oil,
naphtha, and even carbon. Therefore, the outlet gas stream

Figure 5. Optimum inlet time-trajectory evolution for
variation of (a) inlet total flow rate, (b) steam-
to-gas ratio, (c) pressure, and (d) inlet chlorine
concentration.
Letters a and b after roman number are for increase and
decrease, respectively, of base case value of parameter.
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composition may also vary. To model this parameter, the
stream hydrogen, carbon monoxide, and inert content was
varied by �5% (hydrogen), �5% (CO), and 
100 and �50%
(inert content) from the nominal value.

EP change with constant inlet temperature is shown in Figure 6,
whereas Figure 7 shows the optimum time-varying inlet temper-
ature trajectory. The higher the inlet hydrogen content, the higher
the constant optimum temperature, but the lower the maximum of
EP (	 � 
0.20). The elasticity respect to CO and inert content is
almost zero (�0.02 and 
0.001, respectively), indicating that
their modification does not substantially alter the optimum inlet
temperatures. Optimization results are displayed in Table 3: rows
VIa and VIb for hydrogen, rows VIIa and VIIb for CO, and rows
VIIIa and VIIIb for inert content.

Conclusions

An industrial, adiabatic reactor for LTWGSR subject to
catalyst deactivation by irreversible chlorine adsorption was
modeled assuming a temperature-independent deactivation.
The inlet temperature optimal policies were calculated to max-
imize the Efficient Production (EP) of the reactor. The finite-
differences approximation method was used to compute the
differential equations. The maximum value of EP was obtained
for time-trajectory inlet temperature, about 1.24% higher than
the reactor production for optimum constant inlet temperature
conditions. Moreover, the use of time-trajectory policy for the
inlet temperature resulted in a substantial decrease of energy
consumed to heat the inlet stream for LTWGS reactor com-
pared to that of the constant inlet temperature strategy (65.3%).

Furthermore, a sensitivity study was carried out modifying
the operation variables. Elasticity of optimum inlet temperature

is positive with respect to total inlet flow rate, the inlet chlorine
content, and also the inlet hydrogen content; that is, the in-
crease of the overall flow rate, chlorine content, or hydrogen
content in the feed caused the shift of optimum isothermal inlet
temperature as well as temperature increase during operation at
time-dependent inlet temperature conditions to a higher value.
On the other hand, the opposite situation was found for varia-
tion of steam-to-gas ratio, pressure, and CO content, whereas
practically zero elasticity was found for inlet inert content.
Elasticity with respect to steam-to-gas ratio is close to zero,
resulting from its ambiguous effect of shifting the reaction
equilibrium toward the reaction products, while simultaneously
diluting the reaction mixture and buffering the adiabatic reac-
tion temperature increase.

In all studied cases, the optimum time-trajectory control of
the inlet temperature supposed important energy savings com-
pared to that of the optimum isothermal inlet temperature
operation of the LTWGS reaction.

Notation

a � activity
CP � specific heat, J mol�1 K�1

CLT � catalyst lifetime, h
EP � efficient production, mol
ER � energetic requirement, J
Fj � molar flow rate of compound j, mol h�1

G � steam-to-gas molar ratio
J* � maximum adiabatic temperature rise, K
k � LTWGSR kinetic constant, mol g�1 h�1 Pa�2

kCl � chlorine adsorption reaction kinetic constant, mol g�1 h�1 Pa�1

kd � deactivation rate kinetic constant, h�1 Pa�1

Kj � adsorption constant for compound j in LTWGS reaction, Pa�1

Ke � WGSR equilibrium constant

Figure 6. EP evolution for constant inlet temperature
and optimum time-trajectory inlet tempera-
tures for different case studies.
Variation of (a) inlet hydrogen content, (b) inlet CO content,
and (c) inlet inert content. Letters a and b after roman number
are for increase and decrease, respectively, of base case value
of parameter.

Figure 7. Optimum inlet time-trajectory evolution for
variation of (a) inlet hydrogen concentration,
(b) inlet CO concentration, and (c) inlet inert
concentration.
Letters a and b after roman number are for increase and
decrease, respectively, of base case value of parameter.
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N � total number of subreactors
n � subreactor
P � pressure, Pa
Pj � partial pressure of compound j, Pa

(�rCO) � WGSR rate, mol h�1 g�1

(�rCl) � chlorine adsorption reaction rate, mol h�1 g�1

t � time, h
T � temperature, K

TP � total production, mol
U � admissible region for the control variable
W � catalyst weight, g
Xj � conversion of compound j
yj � mole fraction of compound j
Z � generic process variable

Greek letters

�, �, � � parameters for time-variable inlet temperature
�Hr � WGSR heat, J mol�1

� � time intervals
	 � elasticity

Subscripts

min � minimum
max � maximum

Superscripts

� mean value
0 � inlet, initial value
^ � nominal value
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