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bstract

The understanding of the dynamic behavior of distillation columns has received considerable attention due to the fact that distillation is one of the
ost widely used unit operations in chemical process industries. Thermally coupled distillation sequences (TCDS) can provide significant energy

avings with respect to the operation of sequences based on conventional distillation columns. TCDS exhibit a complex structure, with recycle
treams, that appear to affect their controllability properties. One potential solution to this problem has been suggested through the operation of
CDS under conditions that do not provide minimum energy consumption. The basic idea is that if one changes the operation point, the control
roperties might change as well. In this work, we analyze the dynamic behavior of two TCDS structures under different operating points, including

he one with minimum energy consumption. The control analysis properties are analyzed with the application of the singular value decomposition
echnique at zero frequency and closed-loop dynamic responses using standard PI controllers. The results show that the controllability properties
f distillation sequences may change significantly depending on the selected operation point.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Certainly, the distillation is the most widely applied separa-
ion technology and will continue as an important process for
he foreseeable future because there seems not to be another
ndustrially viable alternative around. Although distillation is
enerally recognized as one of the best developed chemical pro-
essing technologies there are still many barriers that could,
hen overcome, secure the position of the distillation and even
ake it more attractive for use in the future. The main disad-

antage of the distillation is its high-energy requirements. To
mprove the energy efficiency of separation processes based

n distillation, several strategies have been proposed; one of
hem calls for the use of complex sequences. For example, ther-

al coupling has been used in the design of multicomponent
istillation systems in order to reduce both energy consump-
ion and capital costs when compared with conventional simple
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olumn configurations. TCDS for ternary mixtures have partic-
larly been analyzed with special interest due to the remixing
n the intermediate component (presented naturally in the con-
entional distillations sequences and associated with higher
emands of energy) is reduced and the use of the energy
mproved (Hernández, Pereira-Pech, Jiménez, & Rico-Ramı́rez,
003; Triantafyllou & Smith, 1992). There is a considerable
mount of literature on the analysis of the relative advantages
f TCDS for ternary separations with equilibrium (Annakou

Mizsey, 1996; Dünnebier & Pantelides, 1999; Hernández &
iménez, 1996, 1999a; Hernández, Segovia-Hernández, & Rico-
amı́rez, 2006; Tedder & Rudd, 1978; Yeomans & Grossmann,
000 among others) and nonequilibrium (Abad-Zarate, Segovia-
ernández, Hernández, & Uribe-Ramı́rez, 2006) models. These

tudies have shown that those thermally coupled distillation
chemes with side columns are capable of achieving typically
0% of energy savings compared with the conventional schemes.

wo of the schemes that have received special attention are

he systems with side columns: the thermally coupled system
ith a side rectifier (TCDS-SR, Fig. 1) and the thermally cou-
led system with a side stripper (TCDS-SS, Fig. 2). Also, the
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Nomenclature

FL interconnecting liquid flow (kmol/h)
FV interconnecting vapor flow (kmol/h)
F1 feed of composition 40/20/40 (%mol)
F2 feed of composition 15/70/15 (%mol)
G transfer function matrix
IAE integral of the absolute error criterion
Kc proportional gain
M1 mixture of n-pentane/n-hexane/n-heptane
PI proportional integral controller
Q reboiler heat duty (kW)
TCDS thermally coupled distillation sequences
TCDS-SR thermally coupled distillation sequence with

side rectifier
TCDS-SS thermally coupled distillation sequence with

side stripper

Greek symbols
γ* condition number
σ* maximum singular value
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σ* minimum singular value
τI integral time

hermally coupled distillation sequences for the separation of
ernary mixtures, over a wide range of relative volatilities and
eed compositions, have been reported to provide a better ther-
odynamic efficiency than the conventional distillation config-

rations (Flores, Cárdenas, Hernández, & Rico-Ramı́rez, 2003;
ernández-Gaona, Cárdenas, Segovia-Hernández, Hernández,
Rico-Ramı́rez, 2005).

The understanding of the control properties of columns

ith thermal couplings for the separation of ternary mixtures
s an extremely important issue because many times designs
ith economic incentives conflict with their operational char-

ig. 1. Thermally coupled distillation sequences with a side rectifier (TCDS-
R).
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ig. 2. Thermally coupled distillation sequences with a side stripper (TCDS-
S).

cteristics. Fidkowski and Krolikowski (1990), among oth-
rs, pointed out that despite their energy savings, TCDS
ptions may show controllability problems because of their
ntegrated nature. For that reason, TCDS options have not
een implemented extensively in the process industries until
ecent times (Kaibel & Schoenmakers, 2002). There have been
onducted numerous research works on TCDS aiming at the
ynamic performance analysis, especially for ternary mixtures
Abdul Mutalib & Smith, 1998; Hernández & Jiménez, 1999b;
iménez, Hernández, Montoy, & Zavala-Garcı́a, 2001; Segovia-
ernández, Hernández, & Jiménez, 2002a, 2002b, 2005a,
006; Segovia-Hernández, Hernández, Jiménez, & Femat, 2005;
egovia-Hernández, Hernández, Rico-Ramı́rez, & Jiménez,
004; Serra, Espuña, & Puigjaner, 1999, 2003; Serra, Perrier,
spuña, & Puigjaner, 2001; Wolff & Skogestad, 1995). Those
orks have found the rather unexpected result that the control
roperties of the integrated sequences were better than those
f the conventional schemes in many cases, so that the pre-
icted savings in both energy and capital would probably not be
btained at the expense of operational and control problems. In
his work, we analyze the dynamic performance of two TCDS
tructures under different operating points, including the one
ith minimum energy consumption. The control analysis prop-

rties are analyzed with the application of the singular value
ecomposition technique and closed-loop dynamic responses
sing standard PI controllers.

. Design of TCDS

The design and optimization strategies for conventional dis-
illation sequences involving the separation of ternary mixtures
Fig. 3) are well-known. The energy-efficient design methods for
CDS-SR and TCDS-SS schemes are described in Hernández

nd Jiménez (1996). Basically, preliminary designs of the TCDS
ptions are obtained from the conventional sequences (Fig. 3).
he design of TCDS-SR column is obtained by using a ther-
al link in the vapor phase in the conventional direct sequence,
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Table 1
Mixture analyzed and feed composition

Mixture Components (A, B, C)

M1 n-Pentane/n-hexane/n-heptane

Feed Composition (%mol)
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ig. 3. Conventional distillation sequences for the separation of ternary mix-
ures: (a) direct sequence and (b) indirect sequence.

hich eliminates the reboiler in the second column of the con-
entional scheme, and the tray section (named 4) is moved to the
ottom of the first column of conventional scheme (Figs. 1 and
a). The vapor flow (FV) is changed until the minimum energy
emand in the reboiler of the TCDS-SR sequence is obtained.
he energy-efficient design of TCDS-SS option is obtained
irectly from the conventional indirect distillation sequence by
emoving the condenser in the second column of conventional
cheme and introducing a thermal coupling in the liquid phase;
he tray section named 3 is moved to the top of the first column
f conventional scheme (Figs. 2 and 3b). The liquid stream (FL)
s varied until the minimum energy requirement for TCDS-SS
olumn is obtained.

. Singular value decomposition (SVD)

The understanding of the dynamic behavior of distillation
olumns has received considerable attention due to the fact that
istillation is one of the most widely used unit operations in
hemical process industries. As the disturbance in process vari-
bles under actual operation conditions are almost inevitable,
he prediction of the transient response of a distillation column
ears much importance in the sense of the effective control
f the separation process (Berber & Karadurmus, 1989). In
his work, open loop dynamic responses to set point changes
round the assumed operating point were obtained as first step.
ransfer function matrices (G) were then collected for each
ase, and they were subjected to singular value decomposi-
ion. For more details about SVD see Klema & Laub, 1980, for
xample.

That mathematical operation presents three parameters of
nterest: the minimum singular value (σ*) the maximum sin-
ular value (σ*) and the ratio maximum to minimum singular

*
alues, or condition number (γ ):

∗ = σ∗

σ∗
(1)

c
w
w
u

1 40/20/40
2 15/70/15

The condition number reflects the sensitivity of the system
nder uncertainties in process parameters and modeling errors.
he minimum singular value is a measure of the invertibility of

he system and represents a measure of the potential problems
f the system under feedback control. These parameters provide
qualitative assessment of the theoretical control properties of

he alternate designs. The systems with higher minimum singu-
ar values and lower condition numbers are expected to show
he best dynamic performance under feedback control (Klema

Laub, 1980). For this initial analysis of the coupled schemes
o the conventional configurations, we simply estimated the
VD properties for each separation system at zero frequency.
uch analysis should give some preliminary indication on the
ontrol properties of each system (similar analysis has been
one by Hernández & Jiménez, 1999b; Segovia-Hernández,
ernández, & Jiménez, 2005; Segovia-Hernández, Hernández-
argas, Márquez-Muñoz, Hernández, & Jiménez, 2005).

. Cases of study

The energy savings obtained in the TCDS structure, for
ernary separations, depend strongly on the amount of interme-
iate component. For that reason, two feed compositions were
ssumed for the mixture M1 (Table 1), with a low or high con-
ent of the intermediate component. The mixtures description
s given in Table 1; the feed flowrate was 45.36 kmol/h as sat-
rated liquid and the specified purities for the product streams
ere assumed as 98.7, 98 and 98.6% for A, B and C respec-

ively. The design pressure for each separation was chosen to
nsure the use of cooling water in the condensers. Since the
eed involves a hydrocarbon mixture, the Chao–Seader corre-
ation was used for the prediction of thermodynamic properties
Seader & Henley, 1998). It is important to establish that study-
ng a three-component mixture of hydrocarbons is a suitable
xample, given the applications of the hydrocarbon mixtures in
he petrochemical industry (Harmsen, 2004). The tray arrange-

ents and some parameters for the TCDS-SR and TCDS-SS
fter optimization task for the case of study M1F1 is given in
ables 2 and 3.

. Results

Two sets of analysis were carried out: (i) the theoretical

ontrol properties of thermally coupled distillation sequences
ere obtained using SVD technique and (ii) servo-control: step
as induced as set point changes for each product composition
nder SISO feedback control at each output flowrate. Both set of
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Table 2
Design variables for the TCDS-SS (M1F1)

Main column Side stripper

Pressure (atm) 1.44 1.44
Stages 29 8
Feed stage 20
Interconnection stage 10
FL (kmol/h) 25.3

Table 3
Design variables for the TCDS-SR (M1F1)

Main column Side rectifier

Pressure (atm) 1.43 1.43
Stages 36 10
Feed stage 9
I
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Table 5
Reboiler duty, minimum singular value and condition number for TCDS-SR
(M1F2)

FV (kmol/h) Q (kW) σ* γ*

61.2 2494.1 0.2 18645.3
66.2 1302.9 0.5 12285
68.0 1174.6 3.1 1984.1
72.6 1059.1 1.8 3057.4
76.6 (optimal value) 1042.7 0.7 4020.6
80.7 1052.0 0.1 19736.2

Table 6
Reboiler duty, minimum singular value and condition number for TCDS-SS
(M1F1)

FL (kmol/h) Q (kW) σ* γ*

18.1 1131.8 65.9 14.7
19.4 912.9 80.4 12.2
20.4 805.8 99.1 10.6
22.6 668.8 55.2 16.7
2
2

a
t

a
c
a
i
T
(
e
c
t
t
t
c
t
t
t
i

nterconnection stage 17
V (kmol/h) 37.2

imulations were analyzed in the optimal operation conditions
optimal reboiler duty) and nonoptimal operation conditions
btained by fixing FL or FV (depending of the arrangement)
n different values (remembering that reboiler duty is function
f the FL or FV values).

.1. SVD analysis

The SVD technique requires transfer function matrices,
hich are generated by implementing step changes in the
anipulated variables of the optimum design of the distilla-

ion sequences and registering the dynamic responses of the
hree products. In this work, the reflux flowrate, and the reboiler
eat duty were chosen as the manipulated variables. Serra et
l. (1999) have explained that working out of the optimal oper-
ting conditions, the controllability of the dividing wall col-
mn may improve. Thus, it will be interesting to compare the
ontrollability of the TCDS with side column at nonoptimal
onditions.

For the TCDS-SR and TCDS-SS several operational condi-
ions are analyzed: the optimal operation (FL or FV are used to
ptimize the reboiler duty) and five nonoptimal operation values.

ogically, nonoptimal values have a higher reboiler duty than

he optimal operation. The reboiler duty and FL or FV values
re indicated in Tables 4–7. To compare the controllability of
he different operation values, their controllability indexes are

able 4
eboiler duty, minimum singular value and condition number for TCDS-SR

M1F1)

V (kmol/h) Q (kW) σ* γ*

4.9 1506.6 25.8 67.3
8.1 1056.4 28.4 53.4
1.7 832.6 29.3 48.5
5.4 756.2 27.4 79.2
7.2 (optimal value) 746.9 26.6 80.9
0.8 762.7 25.6 81.3

i
w
s
T

T
R
(

F

4
5
5
6
6
7

5.3 (optimal value) 636.9 49.9 18.5
9.5 656.2 42.2 22.3

nalyzed (minimum singular value and condition number). In
he Tables 4–7, the σ* and γ* for all cases of study are showed.

There are important differences between the column operated
t optimal operation and the column operated at nonoptimal
ondition. In the case of TCDS-SR (M1F1), when it is oper-
ted at nonoptimal conditions (FV = 31.7 kmol/h; see Table 4)
ts controllability improves. In those nonoptimal conditions,
CDS-SR present highest value of the minimum singular value

Table 4); therefore, it can be expected that coupled system
xhibit better control properties than the sequence, in optimal
ondition, under feedback control. The results for the condi-
ion number show that sequence in the nonoptimal value offer
he best value (Table 4). As a result, it can be expected that
hermally coupled distillation system in a different operating
ondition is better conditioned to the effect of disturbances than
he optimal arrangement. As has been explained, the opera-
ion in nonoptimal conditions has a higher energy consumption
han optimal conditions. Consequently when the reboiler duty
s increased, the controllability has improved. The reboiler duty
s lower than the conventional sequence (Table 13) in the case

hen the controllability parameters are better than the optimal

cheme. Similar results are showed for TCDS-SR (M1F2) in the
able 5.

able 7
eboiler duty, minimum singular value and condition number for TCDS-SS

M1F2)

L (kmol/h) Q (kW) σ* γ*

9.9 2753.4 1.7 2483.0
3.7 1249.8 3.7 1983.2
6.7 988.7 4.4 558.8
2.6 894.3 4.0 788.2
4.2 (optimal value) 893.4 3.5 1040.7
2.5 925.9 2.1 2328.1
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Fig. 4. Closed loop dynamic response for component A (M

In the Table 6, the energy consumption and the σ* and γ*

or the TCDS-SS (M1F1) are showed. When the arrangement
perated at optimal conditions is compared, it can be seen that
he TCDS-SS has the lower energy consumption. However, the
ptimal arrangement has bad control properties. In the case
f nonoptimal conditions (FL = 20.4 kmol/h; see Table 6) the
cheme has better control properties. The nonoptimal complex
chemes show higher values of the minimum singular value and
ffer the best values in the condition number. Therefore, it can be
xpected that that these coupled systems exhibit better control
roperties than the optimal sequences under feedback control
nd it can be expected that system are better conditioned to the
ffect of disturbances than the optimal arrangements. Those are
ery important results that show how, taking advantage of the
omplexity offered by the TCDS, a convenient operation point
not necessarily the optimal condition) with low energy con-
umption and good controllability can be chosen. Similar results

re showed for TCDS-SS (M1F2) in the Table 7. One more
ime, the reboiler duty is lower than the conventional sequence
Table 13) in the case when the controllability parameters are
etter than the optimal scheme.

F
A
r
c

Fig. 5. Closed loop dynamic response for component B (M1F1)

Fig. 6. Closed loop dynamic response for component C (M1F1)
in the optimal reboiler duty: (a) TCDS-SR and TCDS-SS.

.2. Dynamic simulations

The closed loop analysis was based on proportional-integral
PI) controllers. Several alternatives exist for tuning up the con-
roller parameters. We attempted a common ground for com-
arison by optimizing the controller parameters, proportional
ains (Kc) and integral times (τI), for each conventional and
ntegrated scheme following the integral of the absolute error
IAE) criterion. For the integrated arrangements, the procedure
s particularly complicated because of the interactions of the

ultivariable control problem. For these cases, the tuning pro-
edure was conducted taking one control loop at a time. Thus, the
arameters obtained were taken from the following control loop
ntil the three loops were considered. Those tuning parameters
re presented in Table 8 (case M1F1). For the dynamic analy-
is, individual set point changes for product composition were
mplemented for each of the three product streams (as showed in

igs. 4–6). The liquid compositions for the main product streams
, B and C were taken as the controlled variables whereas,

espectively, the reflux flowrate and the reboiler heat duty were
hosen as the manipulated variables. For all cases (optimal and

in the optimal reboiler duty: (a) TCDS-SR and TCDS-SS.

in the optimal reboiler duty: (a) TCDS-SR and TCDS-SS.
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Table 8
Tuning parameters obtained for each control loop (case M1F1)

Control loop TCDS-SR TCDS-SS

A
Gain 450 kmol/kmol 480 kmol/kmol
Integral time 0.2 h 0.3 h

B
Gain 12 kmol/kmol 550 kW
Integral time 160 h 1.1 h

C
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Table 10
IAE results for TCDS-SR (M1F2)

FV (kmol/h) Component IAE

61.2 A 3.3813E−05
B 9.0250E−05
C 4.7100E−06

66.2 A 2.2994E−05
B 6.8100E−05
C 4.4700E−06

68.0 A 1.5296E−05
B 1.5033E−05
C 4.0700E−06

72.6 A 3.9300E−05
B 5.3380E−04
C 4.2887E−06

76.6 (optimal value) A 4.1049E−05
B 1.0800E−03
C 4.3057E−06

80.7 A 4.3600E−05
B 1.5870E−03

T
M
r
I
o
s
reboiler duty is lower than the conventional sequence (Table 11).
Gain 500 kW 390 kW
Integral time 0.1 h 0.1 h

onoptimal conditions), the three control loops were assumed
o operate under closed loop fashion. The performance of the
equences under analysis was compared through the evaluation
f IAE values for each test. This part of the study was conducted
ith the use of Aspen Dynamics 11.1.
Table 9 shows the IAE values obtained for each composi-

ion control loop of the six cases for mixture M1, when feed
1 was considered. The TCDS-SR offered the best dynamic
ehavior, based on the lowest values of IAE, for the control
f the three product streams in the value of FV = 31.7 kmol/h.
his result is similar at the case analyzed by SVD. The best
alues of minimum singular value and condition number was
or the same FV value. This situation corroborates that oper-
ting in nonoptimal conditions is a good option. In the case
f TCDS-SR (M1F2) the best values of IAE are obtained in
V = 68 kmol/h (see Table 10). The control of the lightest com-
onent (A), intermediate (B) and heaviest component (C) does

ot create any significant problems in that nonoptimal operation
oint. This best FV value get is equal to that obtained with SVD
echnique.

able 9
AE results for TCDS-SR (M1F1)

V (kmol/h) Component IAE

4.9 A 3.4780E−05
B 2.141E−04
C 6.3500E−06

8.1 A 2.1993E−05
B 1.8700E−04
C 5.0100E−06

1.7 A 1.3030E−05
B 1.1400E−04
C 4.2470E−06

5.4 A 4.6000E−05
B 7.5700E−04
C 5.3400E−06

7.2 (optimal value) A 4.8736E−05
B 1.8192E−03
C 5.4422E−06

0.8 A 5.1600E−05
B 3.6840E−03
C 5.5810E−06

T
v

T
I

F

1

1

2

2

2

2

C 4.4041E−06

The analysis was completed with the consideration of the
CDS-SS. In Table 11 are displayed the IAE results for the case
1F1. The best nonoptimal value of FL is 20.4 kmol/h. This

esult is equal to that obtained with SVD analysis for this case.
f the control policy calls for the change of set point composition
f the three components, the TCDS-SS, in nonoptimal value,
hows the best behavior, with the lowest value of IAE and the
he case of TCDS-SS (M1F2) is analyzed in the Table 12. The
alue of FL = 56.7 kmol/h is the best option. In this value the

able 11
AE results for TCDS-SS (M1F1)

L (lbmol/h) Component IAE

8.1 A 2.7472E−05
B 3.4400E−05
C 5.9866E−06

9.4 A 1.0075E−05
B 3.2518E−05
C 3.0560E−06

0.4 A 2.2230E−06
B 3.2165E−05
C 2.4552E−06

2.6 A 2.5182E−05
B 3.3300E−05
C 6.9370E−06

5.3 (optimal value) A 3.0143E−05
B 5.3643E−05
C 7.3955E−06

9.5 A 3.1012E−05
B 2.6570E−03
C 7.5617E−06
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Table 12
IAE results for TCDS-SS (M1F2)

FL (lbmol/h) Component IAE

49.9 A 1.9640E−05
B 1.4632E−05
C 4.3206E−06

53.7 A 1.8967E−05
B 1.2935E−05
C 2.3270E−06

56.7 A 1.0878E−05
B 1.1878E−05
C 1.9460E−06

62.6 A 2.2354E−05
B 1.6969E−05
C 5.4350E−06

64.2 (optimal value) A 2.2605E−05
B 2.8032E−05
C 5.4990E−06

72.5 A 2.3212E−05
B 6.4620E−04
C 5.8302E−06

Table 13
Energy requirements (kW) for the separation of the ternary mixtures using con-
ventional sequences

Feed Direct sequence Indirect sequence

F1 956.5 1039.5
F

c
t
s
s

6

c
i
T
c
T
t
T
m
s
I
c
i
I
T
i
c

A

P

R

A

A

A

B

D

F

F

H

H

H

H

H

H

H

J

K

K

S

2 1228.0 1276.7

oupled scheme offered the best dynamic behavior, based on
he lowest values of IAE, for the control of the three product
treams. This result is consistent with the values obtained using
ingular value decomposition (Table 13)

. Conclusions

Upon analysis of the SVD and dynamic simulations, the
ontrollability of TCDS-SR and TCDS-SS in different operat-
ng conditions are compared for a given separation problem.
hrough an optimization procedure, the reboiler duty of the
omplex arrangements is minimized. At optimal operation, the
CDS controllability is worse than the controllability in nonop-

imal conditions (not minimized reboiler duty). However, the
CDS operating at nonoptimal conditions, their controllability is
uch better. In the case of nonoptimal condition the energy con-

umption is higher that the arrangement in optimal conditions.
n the best nonoptimal case, the reboiler duty is lower that the
onventional sequence. The results obtained using SVD are sim-

lar to the results obtained using rigorous dynamic simulations.
n general, the result is very important because it indicates that
CDS with side column operated at some nonoptimal operat-

ng conditions have the best controllability and the lower energy
onsumption.
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