
Dynamic Performance of a Complex
Distillation System to Separate a
Five-Component Hydrocarbon Mixture

Distillation is one of the most used separation processes in chemical industry,
although it is a highly energy-intensive operation. For multicomponent distilla-
tion, complex structures have been proposed in previous works, which may allow
energy savings. Nevertheless, it is mandatory to understand the dynamic charac-
teristics of such complex structures. In this work, the dynamic performance of a
dividing-wall-based structure for the separation of a five-component mixture is
studied. A sensitivity analysis is performed on the structure in terms of the inter-
linking streams, performing a singular value decomposition analysis to selected
cases with different operational conditions. The designs with the lowest energy
duties also showed the best open-loop properties.
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1 Introduction

Distillation is one of the most important and popular technolo-
gies for separation of multicomponent mixtures in chemical
and petrochemical industries. Basically, in every production
process, some of the chemicals go through at least one distilla-
tion column on their way from raw species to final product.
Distillation is and will remain the separation method of choice
in the chemical industry; by the year 2002, there were more
than 40 000 columns in operation around the world [1]. How-
ever, high energy consumption and relatively low thermody-
namic efficiency severely limit the development of distillation.
Therefore, reducing the energy consumption is an urging moti-
vation for studying distillation columns [2].

A survey conducted in the mid-1990s estimates that the
energy input to distillation columns in the United States
accounts for ~ 3 % of the country’s entire energy consumption
[3]. It is clear that the efficiency of the separation can have a
substantial influence on the profitability of a process; therefore,
methods of improving the energy efficiency of distillation sys-
tems are constantly pursued. Thus, innovations toward energy-
efficient distillation configurations for a given separation task
traditionally have been of interest to the process industry. The
volatility in energy prices in recent years has renewed interest
in the synthesis, design, operation, and control of complex
column configurations that can be significantly more energy-
efficient than a conventional light-out-first (direct sequence) or
heavy-out-first (indirect sequence) train of simple distillation
columns [4].

One type of novel distillation systems for multicomponent
separations is the dividing-wall column (DWC), which takes

the advantage of process intensification that reduce both the
number of columns and the number of heat exchangers com-
pared to conventional configurations. The DWCs for ternary
separations have been widely studied, and many applications
demonstrated that energy consumption can be reduced by
30–50 % compared to conventional columns [5–7]. Remark-
ably, these DWC benefits are not limited to ternary separations
alone, but they can be present also in azeotropic separations
[8, 9], extractive distillation [8, 10], and reactive distillation
[11, 12].

On top of that, the last decades witnessed major progress in
design, modeling, simulation, control, optimization, and appli-
cations of DWCs, thus taking this technology to a certain high-
er level of maturity [13]. This idea is not limited only to three-
component mixtures. According to Christiansen et al. [14], in
general a DWC column is: ‘‘a column arrangement, separating
three or more components using a single reboiler and a single
condenser, in which any degree of separation (purity) can be
obtained by increasing the number of stages, provided the
reflux is above a certain minimum value and the separation is
thermodynamically feasible.’’ As industrial separation problems
very often involve four or more components, for such prob-
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Castro, Dr. Eduardo Sánchez-Ramı́rez
gsegovia@ugto.mx
Universidad de Guanajuato, Campus Guanajuato, División de Cien-
cias Naturales y Exactas, Departamento de Ingenierı́a Quı́mica, Noria
Alta S/N Col. Noria Alta, 36050 Guanajuato, México.
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lems, due to complexity it is necessary to study multicompo-
nent DWCs.

Potential benefits of a DWC could become even larger if
such a column could be used for obtaining four or more pure
products or fractions from a feed containing respectively the
same number or more components. For example, Blancarte-
Palacios et al. [15] demonstrated that a quaternary DWC
allows for reduction in energy consumption of 40 % in compar-
ison with a conventional configuration. Also, Ge et al. [16]
found that the DWC is energy-efficient compared to a conven-
tional column sequence for multicomponent separation, which
is used for olefin separation in fluidization methanol-to-pro-
pylene process.

On the other hand, a main reason for the slow acceptance of
DWCs by the process industry was the fear of expected con-
trol-related problems. The control of a DWC is more difficult
than that of a conventional scheme with two columns for the
separation of ternary mixtures because there is more inter-
action among control loops. Besides, the absence of proper
controllability could mean the absence of energy savings if the
optimal operation is not accomplished [17–19]. In general, the
economic potential of DWCs has already been recognized, but
their control properties have not been studied to the same
degree. Kaibel [20] reported that the control of DWCs corre-
sponds to that of a conventional distillation column with a side
product. This result has gained importance since thermally
coupled distillation columns have been implemented success-
fully and operated in industrial practice [21].

Ling and Luyben [22] explored the use of temperatures to
avoid expensive and high-maintenance composition analyzers
in a DWC. Van Diggelen et al. [24] explored the DWC control
issues and made a comparison of various control strategies
based on PID loops. In the case of quaternary separations,
some results have been described. For example, Cárdenas et al.
[24] found that the theoretical control properties of a fully
thermally coupled distillation sequence and a thermally
coupled distillation sequence with two side columns were bet-
ter than those of the uncoupled distillation sequence. This re-
sult was corroborated using dynamic simulations for different
pairings in the control loops [25]. In general, those works have
found the rather unexpected result that the control properties
of the DWC were better than those of the conventional
schemes in many cases, so that the predicted savings in both
energy and capital would probably not be obtained at the
expense of operational and control problems.

In this work, the dynamic performance of a complex five-
component DWC system, previously reported by Caballero
and Reyes-Labarta [26], is analyzed under different operating
points, including the one with minimum energy consumption.
The control analysis properties are evaluated with the applica-
tion of the singular value decomposition technique. To the
knowledge of the authors, there are only few works dealing
with the dynamic properties of dividing-wall systems for the
separation of mixtures with four or more components. Thus,
this work will give insights about the dynamic performance of
a complex dividing-wall system for the separation of a five-
component mixture, which has been reported as an energy-
saving approach in previous works [26].

2 Case Study

A five-component mixture was to be separated in a thermally
coupled configuration. The mixture was composed by
n-hexane, n-heptane, n-octane, n-nonane, and n-decane. Since
it was a hydrocarbon mixture, vapor-liquid equilibrium can be
modeled using the Chao-Seader equation. The feed mole com-
position (xF,i) is presented in Tab. 1, together with the relative
volatilities (ai,HK), referred to n-decane. The total feed flow rate
is 200 kmol h–1.

The mixture was separated in an intensified distillation sys-
tem, with two DWCs linked by interlinking streams FV2 and
FL2, and by side streams SS1, SS2, and SS3, as illustrated in
Fig. 1 a. This structure has been previously presented by Cabal-
lero and Reyes-Labarta [26], obtaining savings of 10 % in total
annual costs through this intensified system. To simulate and
analyze such system in a virtual environment, the thermo-
dynamically equivalent structure shown in Fig. 1 b was used.
The desired purity for each product was 98 mol %.

3 Methodology

The separation of multicomponent mixtures by complex distil-
lation columns may result as compared to simple columns in
an important reduction of energy consumption. The selection
of such complex configurations depends strongly on the sepa-
ration problem, i.e., composition, thermal condition of the
feed, specification of the products, and relative volatilities of
the components. Therefore, the development of simple and
efficient design algorithms for the determination of all relevant
design parameters under pinch conditions in a complex distil-
lation column, with takes into account all previously men-
tioned separation parameters, constitutes an important step
towards the development of a reliable approach for the evalua-
tion of different distillation sequence alternatives involving
complex configurations [27].

3.1 Synthesis of the Case of Study

The synthesis methodology has been previously reported by
Caballero and Reyes-Labarta [26]. In this sub-section, the
method will be briefly explained. The proposal starts with basic
sequences and excluding non-basic sequences. They named
basic sequences, those alternatives which may separate N com-
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Table 1. Five-component mixture.

Component Symbol xF,j aj,HK

n-Hexane nC6 0.1 17.5

n-Heptane nC7 0.2 8.37

n-Octane nC8 0.3 4.04

n-Nonane nC9 0.3 1.99

n-Decane nC10 0.1 1.00
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ponents in a process with N–1 columns, on the other hand, the
non-basic sequences are those which do not accomplish the
separation in N–1 columns. The target is indeed to detect those
basic alternatives that can be rearranged in intensified sequen-
ces, i.e., those which accomplish the separation task in less than
N–1 columns.

The generation of logical relationships considering Boolean
or binary variables can be included in a mathematical model-
ing, and that systematically includes all the sequences of the
separation task that can be rearranged in N–1 distillation
columns. The entire description of this methodology can be
found in many works, e.g., in [28]. As this model formulation
does not rely on any specific column configuration, it is con-
sidered here as the starting point for generating intensified
sequences.

Once the basic sequences that can be rearranged are identi-
fied, the next step is to characterize the thermodynamically
equivalent configurations. So, starting with any configuration
among all the thermodynamically equivalent alternatives, the
following steps allow generating the DWC alternatives.
– Two columns connected by just a single thermal couple can

be rearranged in a CVP. (Fig. 2).

– Two columns connected by a thermal coupled and a regular
heat exchanger can also be rearranged in a DWC, but in this
case the stream connecting both columns must be externally
transferred to the correct side of the column. Fig. 2 b clarifies
this point.

– Two columns connected by two thermal couples, without
any connection between them, can be rearranged in a DWC.

– If two columns are connected by more than two streams,
then one must differentiate two cases: a) The intermediate
connections are liquid streams, and b) the intermediate con-
nection is a thermal couple. In case a), the liquid streams are
transferred directly to the correct part of the wall (Fig. 3 a).
In the second case, it is possible allowing a bidirectional
transfer flow through the wall (Fig. 3 b). However, in this
case, there are difficulties in the operation of the column.

– The next step is to remove column sections. Errico et al. [29]
reported that it is possible to remove some intermediate col-
umns formed by a single section without excessive energy
penalty and therefore reducing the number of actual col-
umns (Figs. 4 a–c). Using that set of equations and enforcing
that at least one column is formed by a single section easily
permits to obtain those configurations.
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Figure 1. (a) Dividing-wall configuration for the separation of a five-component mixture, (b) thermodynamically equivalent configuration
for simulation purposes.

Figure 2. (a) Arrangement of an indirect distillation sequence connected by a single thermal couple in a DWC, (b) rearrangement in a
single shell of a direct distillation sequence connected by a thermal couple and a regular heat exchanger.
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3.2 Steady-State Simulation

Steady-state simulations of the system presented in Fig. 1 b
were performed in Aspen Plus V8.4. Structural design parame-
ters for each column were taken from the work of Caballero
and Reyes-Labarta [26] and are presented in Tab. 2, where NT

1)

is the total number of stages, NF is the stages where feed
streams enter to the column, and NSS are the stages from which
side streams are withdrawn. Such parameters were obtained
through short-cut methods.

The pressure is set as 1 bar for the top section of column C4,
with a total pressure drop of 0.68 bar from top to bottom. To
determine the pressure in the other columns, it was assumed
that the pressure drop per stage in C4 is the ratio between total
pressure drop and the number of stages. Then, the top and bot-
tom pressure for C3 was estimated backwards, in terms of the
pressure for the interlinking stages in C4. The same procedure

was followed to estimate top and bottom pressure for C1 and
C2. Once the required purities were fixed through the Design
Specification tool of Aspen Plus, using the reflux ratio, heat
duty, and side stream flow rates to reach the desired purities, a
sensitivity analysis was performed, taking as degrees of freedom
the interlinking streams FL1, FV2, FL3, and FV4.

Due to the high convergence time required to simultaneous
analyzing the four streams, a systematic approach was used.
First, the flow rates of FL1, FV2, and FL3 were fixed, and a sen-
sitivity analysis was performed over FV4, using the Sensitivity
tool of Aspen Plus. Once the results were obtained, the value of
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Figure 3. (a) Generation of a DWC by transfer of the liquid stream of two columns, (b) DWC with two vertical walls and liquid and vapor
transfer in the intermediate zone.

Figure 4. Procedure to remove a section column. (a) Sequence of separations, each column is a separation task, (b) rearrangement in
three columns with a column formed by a single section, (c) sequence after removing section 3, (d) final arrangement in a single column
with an internal wall and external liquid transfer.

Table 2. Design characteristics of the columns.

C1 C2 C3 C4

NT 6 16 34 89

NF 1, 3 4, 12, 17 1, 6, 17, 28, 35 11, 33, 55, 77

NSS – 8, 10 11, 22, 28 11, 22, 44, 66, 77

–
1) List of symbols at the end of the paper.
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FL3 was manually modified, and the sensitivity analysis was
performed for FV4. FL1 and FV2 were modified in a similar
way to FL3.

Fig. 5 presents a flow chart for the optimization procedure.
The side streams molar flow rate was fixed as SS1 = 60 kmol h–1,
SS2 = 40 kmol h–1, SS3 = 60 kmol h–1, as reported by Caballero
and Reyes-Labarta [26]. From the sensitivity analysis, seven
points with different heat duties were selected to be analyzed in
a dynamic state. It is important to recall that all the seven se-
lected points had the same configuration as presented in Tab. 2,
and they differed only in the molar interlinking flow rates.

3.3 Open-Loop Dynamic Analysis

To compare the dynamic performance of the cases already
designed, a control analysis was performed by means of the
singular value decomposition (SVD) in an open-loop control
test. This technique was carried out to obtain a comparative
framework on the control properties of all schemes. The SVD
technique is a quite useful tool in linear system theory. Lau
et al. [30] and Bequette [31] applied the SVD technique on dis-
tillation models. Besides, this technique was also employed for
studying complex separation schemes based on distillation
[32–34]. Through several studies on separation schemes, SVD
demonstrated that under certain conditions, multivariable
model-based techniques result in controllers that can be de-
composed into the SVD structure [33]. The SVD technique can

be regarded both as a true multivariable controller and as a
control structure for decentralized design [34].

An appealing feature of the SVD controller is that it is only
slightly more complicated than a decentralized controller, but
the achievable performance is not limited in the same way.
Sagfors and Walle [35] showed that for distillation systems
SVD is a feasible control structure, even if a quantitative model
is lacking. On the other hand, Hovd et al. [34] claim that even
if a quite good model is available and some model-based tech-
nique is applied, it is very possible to end up with a controller
which is indeed very close to the SVD controller anyway.
Moreover, SVD plays a key role when the control properties of
a process in real industry are studied [36]. SVD determines the
rank and the condition of a matrix and is quite useful to
geometrically chart the strengths and weaknesses of a set of
equations [36]. The general methodology to perform the SVD
analysis for our case of study is described below.

Initially, all DWC schemes were exported from steady state
to dynamic state for its analysis in Aspen Dynamic. In such
platform, all the selected cases were subjected to a disturbance
in the associated manipulated variable: reflux ratio of column
for nC6, reboiler heat duty for nC10, and side stream flow rates
for nC7, nC8, and nC9, all the variables corresponding to col-
umn C4. The magnitude of that perturbation was set as a 0.5 %
positive change in the values of those manipulated variables on
its nominal state. Each manipulated variable was chosen
according to each product stream, i.e., when a component was
purified in the top of a distillation column, the manipulated

variable was the reflux ratio; however, if the puri-
fied component remained in the distillation col-
umn as a bottom product, the manipulated variable
was the reboiler heat duty, and so on.

When all responses were obtained, the matrices
of transfer functions (G) were collected to perform
the SVD calculation. The calculation of SVD can
be summarized as follows:

G ¼ VSWH (1)

where
P
¼ diag s1; s2; . . . ; snð Þ, s1 is the singu-

lar value of G ¼ l
1

2 GGH
! "

, V ¼ v1; v2; . . . ; vnð Þ
is the matrix of left singular vectors, and
W ¼ w1; w2; . . . ; wnð Þ is the matrix of right sin-
gular vectors. From the decomposition, the two
parameters of interest are the minimum singular
value s* and the ratio of the maximum to mini-
mum singular values, named the condition num-
ber, which is calculated as follows:

g* ¼ s*=s* (2)

The engaging aspect of the SVD study regarding
to the process control is that, when applied to a
matrix which describes the steady-state characteris-
tics of a multivariable process, the singular values
have a strong physical interpretation. Very small
singular values could indicate that, despite of a
good condition number, the system is not quite
sensitive enough to control. On the other hand,
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Figure 5. Flow chart for the optimization procedure.
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large singular values point to a practical control problem [35].
Furthermore, the condition number could be interpreted as the
sensitivity of the system under uncertainties and modeling
errors. However, the condition number only provides a qualita-
tive assessment of the theoretical control properties of the
schemes under analysis [34].

In physical terms, the condition number represents the ratio
of the maximum and minimum open-loop, decoupling gains of
the system. A large condition number means that the relative
sensitivity of the system in one multivariable direction is very
weak [34]. SVD analyses do not predict or solve all the control
problems which may be found in the industrial operability,
however, are relatively easy to understand and identify basic
control difficulties. The SVD technique was used by several
authors to study the dynamic properties of complex designs
[30, 39]. In this work, once the matrices of transfer functions
were obtained, the singular value decomposition was identidied
through a code in MATLAB.

3.4 Closed-Loop Analysis Dynamic

As a second control analysis, the closed-loop test was per-
formed in two studies: 1) a step change was induced in the set
point and 2) a 3 % change in the total feed stream was imple-
mented as feed disturbance. Similar as the open-loop test, the
closed-loop analysis was performed in Aspen Dynamics. It
must be highlighted that for exporting from Aspen Plus to
Aspen Dynamics it is necessary to set the rigorous hydraulics
and column pressure drop on. This is the reason why, once the
design is exported to Aspen Dynamics, the pressure and con-
trol level are set as default. Besides it is reported that both, level
or pressure, do not have the influence that either composition
or temperature may have [40].

Notice that the compound that was monitored was octane,
since this dynamic response was considered as representative
for the closed-loop test because of the amount of octane in the
feed stream. Moreover, a set of three schemes was considered:
CASE1, CASE4, and CASE7, selected as representative cases in
terms of the regions for total energy requirements. For the
closed-loop control policy, the analysis was based on propor-
tional-integral (PI) controllers, because of its wide use in indus-
trial practice. When a controller is applied, a main issue is to
tuning the controller. Since PI con-
trollers were considered, the pro-
portional gain (Kc) and the reset
times were tuned up for each
scheme studied here, having as per-
formance criteria the integral of ab-
solute error (IAE) criterion [41].

For the tuning process, an initial
value of proportional gain was set,
and a range of integral reset time
was tested with this fixed value
until a local optimum in the IAE
value was obtained. This methodol-
ogy was repeated with other pro-
portional gain values until a global
minimum was found for the IAE.

In order to select the control outputs and its respective mani-
pulated variables, the LV control structure was used, which
takes the reflux flow rate L and the vapor boil up rate V as the
manipulated variables [42]. This type of control loop was
applied with satisfying results for the study of thermally
coupled schemes [43, 44].

4 Results

4.1 Steady-State Simulation

Tab. 3 presents the selected solutions from the sensitivity analy-
sis, where RR is the reflux ratio and QT is the total heat duty,
given by the sum of heat duties for columns C1 and C4. The
two first cases (case 1 and case 2) are solutions with the lowest
energy requirements. Cases 3, 4, and 5 have mid values of heat
duty, while the last two cases (case 6 and case 7) are selected
from a region with high energy requirements.

While the reflux ratio for column C2 ranges from 2.2 to 3.5,
that for column C4 varies between 18.34 and 171.45, with con-
tinuous increasing from case to case. It is important to mention
that, for cases 1, 2, and 3, the contribution of C4 to the total
heat duty is around 70 %, while for cases 6 and 7 that column
contributes with 93 % of the total heat duty. This occurs be-
cause the heat duty for column C1 remains almost constant
when modifying the interlinking flow rates, while the heat duty
of column C4 is quite sensitive to such changes. To better
understand the effect of the interlinking flow rates, Fig. 6 gives
a comparison for the liquid and vapor flow rates for all the
studied cases.

It can be seen that the cases with the lowest heat duty exhibit
the lowest values for the liquid interlinking streams. This is
particularly noticeable for FL2 and FL4. On the other hand, the
cases with the highest duty also have the highest values for the
liquid interlinking flow rates. A similar trend is observed for
FV2. Nevertheless, the opposite occurs for FV3, where the cases
with lowest duty showed low values for that flow rate. Thus, in
terms of heat duty, relatively low flow rates must be preferred,
but enough to satisfy mass balances, except for the vapor
stream feeding the upper region of column C4, where a high
flow rate is preferred. This stream contains mainly the light
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Table 3. Selected cases from the sensitivity analysis.

Case FL1
[kmol h–1]

FV2
[kmol h–1]

FL3
[kmol h–1]

FV4
[kmol h–1]

RRC2 RRC4 QT [kW]

Case 1 80 40 36 110 2.29 18.34 5647.44

Case 2 80 45 36 112 2.36 19.35 5857.47

Case 3 85 70 42 130 2.81 35.64 8807.69

Case 4 85 80 40 130 2.97 61.12 13 047.76

Case 5 85 65 38 110 2.74 80.68 16 082.03

Case 6 85 95 52 130 3.35 150.55 27 709.02

Case 7 85 95 40 110 3.43 171.45 31 057.02
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components, i.e., n-hexane and n-heptane, which are in a rela-
tively low conventration in the feed stream.

Tab. 4 shows the diameters for each column, computed
through the Tray Sizing tool of Aspen Plus. The diameter for
columns C1 and C3 remains almost constant, while that for
columns C2 and C4 change from case to case. Nevertheless, the
diameter for column C2 ranges between 1.4 and 1.7 m, which
is only a small variation, while the diameter for column C4
varies considerably, from 2 to almost 7 m. The results in Tabs. 3
and 4 indicate a high sensitivity of the last column to changes
on the interlinking flow rates.

4.2 Open-Loop Dynamic Simulation

In this section, results for the open-loop analysis are presented
and discussed. Fig. 7 presents an example of the dynamic
responses obtained. It corresponds to the responses when per-
turbing the reflux ratio of column C4 for case 2. All the

responses for the presented case were stable before 10 h, show-
ing no oscillations.

Tab. 5 presents the matrix of transfer functions for case 2 in
order to exemplify the kind of transfer functions obtained in
the study. The rows are related with the variables to which per-
turbations are applied, while the columns are related to the
mole composition of the component j in the corresponding
product stream of the column C4. It can be seen that even for
the complex system under study all the responses were
adjusted as first order or first order in competence.

Fig. 8 displays the results for the minimum singular value for
0 £ w £ 100 rad h–1, which is a range of realistic physical sense
[36]. It is important to recall that the scale for both plots is
logarithmic and that the systems with high values of s* are
preferred.

If the region below 0.01 rad s–1 of Fig. 8 is analyzed, it can be
seen that case 1 shows the highest minimum singular value, fol-
lowed by cases 4 and 7. Case 2 exhibits the worst values for s*

in that range. On the other hand, for frequencies higher than
1 rad s–1, clear trends can be observed, where case 1 remains as
the best one in terms of s*. The other cases can be ordered as
follows, from higher to lower values of s*: case 2, case 3, case 5,
case 4, case 6, case 7. It can be seen that for w ‡ 1 rad s–1, there
is a trend in which the cases with the lowest heat duty showed
the best values for s*, while the cases with the highest energy
requirements displayed the worst values.

Fig. 9 presents the condition number for the range of
frequencies of interest. For frequencies lower than 0.01 rad s–1,
case 1 showed the lowest values for the condition number,
which is a desired performance. Case 2 presented the highest
values of the condition number for frequencies below
0.1 rad s–1, then a variation in trend was observed. For frequen-
cies higher than 1 rad s–1, cases 1 and 2 showed low values of
g*, while the condition numbers increased gradually for case 5,
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Figure 6. Interlinking flow rates for the studied cases.

Table 4. Computed diameters (m).

Case C1 C2 C3 C4

Case 1 1.40 1.45 1.12 2.03

Case 2 1.40 1.46 1.13 2.09

Case 3 1.42 1.57 1.21 2.83

Case 4 1.42 1.60 1.21 3.72

Case 5 1.42 1.55 1.11 4.27

Case 6 1.41 1.66 1.21 6.12

Case 7 1.41 1.67 1.11 6.60
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case 4, case 6, case 3, and case 7. For the condition number, the
two cases with lowest heat duty presented the best values, while
the other cases did not show a given trend. Particularly, case 3
exhibited important variations in the values of g* for different
ranges of frequency.

To obtain a more reliable parameter for comparing the per-
formance of the condition number, the area below each curve
was determined, as reported by Cabrera-Ruiz et al. [36]. In this
work, each curve was adjusted to a proper function, and the
defined integral was computed. Tab. 6 summarizes the com-
puted values for the areas below the condition number curves.

The case with the lowest heat duty, i.e., case 1, had the lowest
area below its condition number curve, followed by case 2. The
other cases can be ordered from lower to higher area as follows:
case 5, case 4, case 6, case 3, case 7. In general terms, the cases
with lowest duties showed the best control properties. Those
cases had the lowest values for FV2 and FL2, which are the

vapor stream going from the lower region of the second DWC
to the first one and the liquid stream going from the lower
region of the first DWC to the second one, respectively.

Moreover, the cases with the best control properties had rela-
tively high flow rates for FV3, the vapor stream feeding the
upper zone of the column C4, but relatively low values for the
liquid and vapor streams leaving and feeding, respectively, the
lowest zone of the same column. This implies that the cases
with lowest heat duty, case 1 and case 2, had lower internal flow
rates, implying better control properties. The other cases,
which presented relatively bad control properties, had higher
internal flow rates. The two first cases, which provided the best
dynamic performance, also had the smallest diameters for
column C4.
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Figure 7. Dynamic responses for the perturbation in reflux ratio, case 2.

Table 5. Matrix of transfer functions for case 2.

xnC6 xnC7 xnC8 xnC9 xnC10

RRC4 $14:9524
1þ 3:6272ts

0:4
1þ 3:34s

þ 0:2284
1þ 8:25s

$1:8196
1þ 5:22ts

$0:9812
1þ 4:62ts

7:9908
1þ 2:90ts

FB 1:597995
1þ 0:70397ts

5:4754
1þ 1:14ts

0:12
1þ 3:239s

þ 0:04
1þ 8:24s

$0:6824
1þ 2:26ts

7:8
1þ 2:929s

þ $8:521
1þ 7:53s

FC $2:2
1þ 1:501s

þ $0:926
1þ 8:231s

1:665
1þ 0:306s

þ $0:038
1þ 0:431s

$14:9296
1þ 3:17ts

$0:5284
1þ 1:5ts

0:9216
1þ 0:06ts

FD $0:8948
1þ 1:2ts

$7:2036
1þ 3:88ts

$14:9524
1þ 3:6272ts

0:0412
1þ 0:06ts

$2:6732
1þ 5:05ts

QC4 6:1752
1þ 7:29ts

$26:4876
1þ 3:4ts

$43:7936
1þ 3:06ts

$49:09
1þ 7:625ts

$13:468
1þ 3:07ts
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4.3 Closed-Loop Dynamic Simulation

Regarding the closed-loop control test, as mentioned before,
the closed-loop simulations were performed initially introduc-
ing a step change in the set point for the product composition
of octane under a single-input/single-output feedback control
for cases 1, 4, and 7.

The results from the individual servo test applied to the ref-
erence case and the thermally coupled designs are illustrated in
Fig. 10. Notice that case 1 showed the lowest settling times, near

0.08 h, in comparison with case 4 and 7 with 0.73 and 2.91 h,
respectively. Those settling times were further proved with the
IAE values of Tab. 7, in other words, Case 1 exhibited the low-
est IAE values in comparison with both, case 4 and 7. Consid-
ering the general design parameters of all cases (Tab. 2), the
trend is clear. For this case of study, case 1 had the lowest IAE,
and also it is designed with the lowest energy requirements.
Otherwise, case 7 showed the highest IAE values and also the
highest energy requirements. Under this scenario, this kind of
separation alternatives seems to be able of working with low
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Figure 8. Minimum singular value.

Figure 9. Condition number.
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energy requirements without apparent penalties on its dynamic
behavior. The Kc and t values for the tuning process are
described in Tab. 7.

Regarding the second closed-loop analysis and observing
Fig. 11, it can be concluded that the test followed the same
trend than that observed in the set point change. Notice that
after disturbance in the total molar flow, case 1 reached the
nominal set point in a shorter time than case 4 and 7. This
behavior is also corroborated with the IAE values of Tab. 7.

From the previous evidence, it is possible to conclude for the
close-loop analysis that this kind of schemes are able to handle
disturbances, either as a set point change or as a total mole flow
change. Moreover, this control capabilities do not seem to have
a control cost since the case who showed the best dynamic per-
formance is indeed the scheme with the lowest energy require-
ment, the lowest reflux ratios, and relatively the lowest diame-
ters. Therefore, these results indicate that the industrial
implementation of this complex distillation column is possible
because it presents energy savings simultaneously with a good
dynamic performance.

In the particular case of industrial implementation of the
control structures, a practical idea would be the one proposed

by Kaibel and Stroezel [45] in their patent. They suggest mea-
surements of concentration at specific points in each section
separated by a partition wall by direct or indirect measuring
techniques, to create a necessary control interface. Another
idea is proposed by Zavala-Guzmán et al. [46] who proposed a
systematic technique to tune PI controllers for a class of com-
plex columns with periodic discrete measurements. Provided
classical parameters of the process dynamics and the sampling
delay time of measurements, this technique determines effec-
tive gains for every controller of complex arrangement in a
straightforward and simultaneous way. If a certain adjustment
is needed, it is done through a tuning parameter associated
with a desired convergence rate, meaning a significant reduc-
tion in trial-and-error tuning. This technique is the discrete
counterpart of the one applied for a complex column with con-
tinuous measurement of the composition with good results,
and it is expected to be applicable for any multiple-input multi-
ple-output (MIMO) control system.
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Table 6. Areas below the condition number curves.

Case Area

Case 1 98 973.38

Case 2 112 526.00

Case 3 1 219 037.37

Case 4 517 720.90

Case 5 288 409.04

Case 6 1 051 484.21

Case 7 1 774 771.83

Table 7. Kc, ti, and IAE values for the tuning process.

Octane

Kc ti [min] IAE

Set point change

Case 1 250 1 3.17 ·10–4

Case 4 250 5 1.29 ·10–3

Case 7 250 5 4.24 ·10–3

Feed disturbance

Case 1 250 1 1.82 ·10–5

Case 4 250 5 3.20 ·10–5

Case 7 250 5 2.49 ·10–4

Figure 10. Dynamic behavior of case 1, 4, and 7 under a set point change.
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An important aspect to highlight is the effect of the variation
of the design specifications of the distillation column on the
control properties of the column. As indicated by Gomez-
Castro et al. [33] the variation of the design specifications of a
complex distillation column, particularly the modification of
the values of the interconnection flows, affects the control
properties and energy consumption of the complex distillation
arrangement. Therefore, the results obtained in this work are
consistent with those reported in the literature about the fact
that the modification of the values of the interconnection flow
rates modifies the control properties and energy consumption.
This has also been reported for complex reactive and extractive
distillation sequences [32].

5 Conclusions

An open-loop analysis of a complex configuration of multi-
component distillation was presented. Dynamic properties, i.e.,
minimum singular value and condition number were obtained
for the studied column under different operation conditions,
and a closed-loop analysis was performed. In terms of steady-
state design, it was found that the vapor interlinking flow rate
between both DWCs had great influence on the total heat duty.
Moreover, the two designs with lower values of heat duty,
namely case 1 and 2, which also showed the lowest values of
FV2 among all the selected cases, exhibited better dynamic
properties. On the other hand, the designs with high energy
requirements presented bad dynamic properties.
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Appendix A Transfer Function Matrices

Transfer function matrices are generated by implementing step
changes in the manipulated variables of the design of the distil-
lation sequence and registering the dynamic responses of the
five products. The product streams’ purity is one of the most
common variables analyzed for initial controls studies on distil-
lation columns [32–47]; then, the only output variable studied
for each product stream was the molar fraction. For instance, if
the molar fraction of component i in the distillate flow was de-
fined as output variable, the selected control variable directly
related to the distillate purity is the reflux ratio. In the same
way, for the molar fraction of component j in the bottom flow,
the selected control variable directly related to the residue
purity is the reboiler duty. Finally, regarding the molar fraction
of component k in the side stream, the flow rate was selected as
control variable directly related to its purity.

The next matrix (A1) summarizes the input and output vari-
ables and disturbances as well for the case study.
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Figure 11. Dynamic behavior of
case 1, 4, and 7 under a disturbance
in the feed flow rate.

Research Article 2063



Chem. Eng. Technol. 2018, 41, No. 10, 2053–2065 ª 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cet-journal.com

nC6
nC7
nC8
nC9
nC10

2

66664

3

77775
¼

g1;1 k1;1t1;1
! "

g1;2 k1;2t1;2
! "

g1;3 k1;3t1;3
! "

g1;4 k1;4t1;4
! "

g1;5 k1;5t1;5
! "

g2;1 k2;1t2;1
! "

g2;2 k2;2t2;2
! "

g2;3 k2;3t2;3
! "

g2;4 k2;4t2;4
! "

g2;5 k2;5t2;5
! "

g3;1 k3;1t3;1
! "

g3;2 k3;2t3;2
! "

g3;3 k3;3t3;3
! "

g3;4 k3;4t3;4
! "

g3;5 k3;5t3;5
! "

g41 k1;1t4;1
! "

g4;2 k4;2t4;2
! "

g4;3 k4;3t4;3
! "

g4;4 k4;4t4;4
! "

g4;5 k4;5t4;5
! "

g5;1 k5;1t5;1
! "

g5;2 k5;2t5;2
! "

g5;3 k5;3t5;3
! "

g5;4 k5;4t5;4
! "

g5;5 k5;5t5;5
! "

2

66664

3

77775

RRC4
FB
FC
FD
QC4

2

66664

3

77775
(A1)

where g represents the transfer function, ti;j is the dominant
time constant for each disturbance realized, k is the gain for
each disturbance realized, RR means the reflux ratio, F the flow
rate, and Q represents the reboiler heat duty.

After the design was obtained, open-loop dynamic simula-
tions were carried out in Aspen Dynamics in order to obtain
the transfer function matrix (A1). For the case of study consid-
ered here, the transfer function matrix was generated by using
step changes (1 % of nominal value) in each manipulated vari-
able and recording the dynamic behavior of the five product
compositions. It can be observed that dynamic responses can
be adjusted to first order or parallel processes.

Symbols used

FLi [kmol h–1] liquid interlinking flow rate
FVi [kmol h–1] vapor interlinking flow rate
Fj [kmol h–1] mole flow rate of product j
G [–] matrix of transfer functions
NF [–] location of feed stages
NSS [–] location of side streams
NT [–] total number of stages
QT [kW] total heat duty
SSi [kmol h–1] side stream flow rate
V [–] matrix of left singular vectors
W [–] matrix of right singular vectors
xF,j [–] mole composition of component j

in the feed stream
xj [–] mole composition of component j

in the corresponding product
stream

Greek letters

aj,HK [–] relative volatility of component j
and heavy component

g* [–] condition number
S [–] matrix of singular values
s* [–] minimum singular value
s* [–] minimum singular value
w [rad s–1] frequency

Abbreviations

DWC dividing-wall column
IAE integral of absolute error
SVD singular value decomposition
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