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a b s t r a c t
A dividing-wall prefractionator conﬁguration was investigated for a safe and economic retroﬁt of the
conventional sequence using simple distillation columns. In the proposed retroﬁt conﬁguration, the ﬁrst
column was modiﬁed to a dividing wall column as a prefractionator to supply prefractionated multi-feeds
to the subsequent column. To investigate the effectiveness of the proposed conﬁguration, nine nearideal feed mixtures were considered for analysis. The proposed conﬁguration was then compared with
several other alternative conﬁgurations. The proposed dividing-wall prefractionator efﬁciently generates
prefractionated multi-feed streams avoiding feed mismatch and remixing effect with low modiﬁcation
cost. Moreover, because the proposed retroﬁt conﬁguration allows for ﬂexible switching between the
dividing-wall prefractionator and the conventional operating mode, a safe retroﬁt is also ensured by
reducing the operational risks. Several industrial retroﬁt cases were studied to validate the proposed
dividing-wall prefractionator conﬁguration.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Distillation is most widely used for separating mixtures,
accounting for approximately 40% of the total energy consumption in chemical-process industries (Humphrey, 1995). Hence, to
reduce this energy consumption, a retroﬁt for the distillation processes is desired. Retroﬁt projects of existing processes contain
around 70–80% of the capital investment projects (Liu and Jobson,
2004). For an existing distillation process, the number of new
units that can be installed is limited because of the high investment cost and operability. Hence, it would be advantageous to
develop an energy-saving technology. Generally, retroﬁtting a distillation column involves a wide range of modiﬁcations, ranging
from a minor adjustment, or replacing column internals, to considerably modifying the column structure, partially increasing the
shell diameter and height, or modifying the auxiliary equipment
(Long et al., 2015). Economics of a retroﬁtting project is enhanced
as the existing equipment can be reused to the maximum possible extent, while simultaneously reducing the demand for new
hardware (Amminudin and Smith, 2001).
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The dividing-wall column (DWC) is one of the most appealing retroﬁt options to improve the existing distillation processes
because it can help in enhancing the thermal efﬁciency (Aurangzeb
and Jana, 2016; Bernie Slade and Simpson, 2006) and substantially reducing the energy consumption (Jansen et al., 2016), thus
decreasing the carbon footprints of existing plants (Kiss et al., 2013;
Long et al., 2015). By considering a single shell and a dividing
wall, a DWC was analyzed in terms of the relative advantages such
as reductions in the operating and capital costs, both of which
were reduced by approximately 30% in the case of separating
the ternary mixture (Asprion and Kaibel, 2010; Dejanović et al.,
2011; Dünnebier and Pantelides, 1999; Errico et al., 2009; Minh
et al., 2012). The amount of savings depends on the feed concentration, relative volatilities, and desired purities of the fractions
(Suphanit et al., 2007). Furthermore, DWCs can be used to conduct
an azeotropic (Le et al., 2015), extractive (Kiss and Ignat, 2012),
and reactive distillation (Kiss and Suszwalak, 2012) without major
changes to the types of internals used. Because a DWC can be used
to considerably improve the yield/purity, with only a small area, the
DWC application has a signiﬁcant potential not only for the grassroot cases, but also for the retroﬁt cases of conventional distillation
processes (Jansen et al., 2016; Long and Lee, 2013; Premkumar and
Rangaiah, 2009).
In this study, a novel prefractionator arrangement was proposed
using a DWC for a safe and economic retroﬁt of a conventional
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distillation sequence to enhance the energy efﬁciency. The prefractionation process is widely employed in process industries as
a cost effective method of improving the separation efﬁciency of
existing distillation sequences. In a prefractionator arrangement,
the separation efﬁciency of a subsequent column is improved by
appropriately pre-separating the multi-feed streams leaving the
prefractionator. However, as the prefractionator requires additional energy to generate the pre-separated multi-feed streams, the
overall energy efﬁciency of a retroﬁt project using a prefractionator largely depends on how effectively the prefractionator can be
designed in terms of cost and energy efﬁciency. To address this
issue, the prefractionation was achieved by modifying an existing
column to a DWC, i.e., a dividing-wall prefractionator (DWP). The

proposed retroﬁt conﬁguration was analyzed for nine near-ideal
feed mixtures, which was then compared with other retroﬁt conﬁgurations. Several guidelines were proposed to employ the proposed
retroﬁt conﬁguration in practical applications, followed by several
industrial case studies to validate the proposed conﬁguration.
2. Problem deﬁnition
2.1. Process conﬁgurations
The separation of any ternary mixture by employing a conventional sequence (CS) of two simple columns (Fig. 1a and b)
often requires high energy because the species remix in the

Fig. 1. Distillation process conﬁgurations considered in this study: (a) CS in direct sequence, (b) CS in indirect sequence, (c) SSPC in direct sequence, (d) SSPC in indirect
sequence, (e) DWPC in direct sequence, (f) DWPC in indirect sequence, and (g) GRDWC.
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ﬁrst column (Smith, 2005). To avoid the remixing problem, the
ﬁrst column might be modiﬁed to a simple side-stream column (Fig. 1c and d) (Brambilla, 2014; Glinos et al., 1986). In
this side-stream prefractionator conﬁguration (SSPC), a liquid or
vapor side stream is withdrawn at the location of maximum
concentration of the intermediate component to mitigate the
remixing effect. However, due to the inherent characteristic of
the side-stream column, which requires high reﬂux to achieve
a given separation task, the SSPC still requires high energy.
Thus, there is room for further reducing the energy consumption.
To address the limitation of the SSPC, the ﬁrst column can
be modiﬁed to a DWP by installing a dividing wall inside the
column. The proposed dividing-wall prefractionator conﬁguration
(DWPC) (Fig. 1e and f) can be employed to efﬁciently supply
multi-feed streams to the second column by taking advantage
of the DWP. For the proposed conﬁguration, the ﬁrst column
as a prefractionator usually requires more energy than the simple column in the CS. One of the main problems of improving
the overall energy efﬁciency is achieving the prefractionation
task with a low energy cost. The DWP in the proposed DWPC
can be used to effectively accomplish this prefractionation task
by avoiding the remixing effect. There must be an optimal
degree of prefractionation for the DWP and an optimal structure of each column such that the overall energy requirement
is low in the entire process. Generally, the optimal conditions
of the DWPC depend on the feed characteristics and compositions.
The objective of modifying the distillation processes is to maximize the energy efﬁciency (or capacity) with low modiﬁcation cost
(Premkumar and Rangaiah, 2009). The key to a successful retroﬁt
lies in exploiting existing hardware by maximizing the use of existing equipment while, at the same time, minimizing the need for
new hardware to minimize the capital cost (Amminudin and Smith,
2001; Glinos et al., 1986). The retroﬁt of existing process to the DWP
conﬁguration by modifying the existing column to a DWC could
be realized without greatly increasing the installation cost (Shin
et al., 2011). In a retroﬁt project, the DWPC is advantageous because
it can be easily implemented by retroﬁtting the existing columns
with the simple modiﬁcation: the ﬁrst column can be retroﬁtted by
installing the dividing wall into the column; and the second column
by adding an additional feed stage. In addition, the prefractionator
conﬁguration might need to be switched over to the CS to continue operation as a contingency under unforeseen circumstances.
The proposed DWPC enables seamless switching between the DWP
and the conventional column-operating modes without having to
shut down the process, thus minimizing the operational risks and
ensuring a safe retroﬁt (Lee et al., 2013; Shin et al., 2011). When
a contingency case occurs, the dual-mode DWP would operate in
the conventional column-operating mode. In detail, as reported by
Shin et al. in Fig. S-1 and Table S-1 (Shin et al., 2011), the operating mode of the DWP can be directly switched from the DWC
operation mode to the conventional column-operating mode (or
vice versa) by opening or closing the valve positions without shutting down a process. Any economic damage such as production
losses and damage to assets occurring due to shutdown (Hameed
and Khan, 2014) can be avoided. Additional features for implementing the dual mode column, which includes vapor-equalizing lines,
feed nozzles, and several block valves, are also useful for maintenance.
Alternatively, the existing two columns can be replaced with
a new DWC, which is designed on a grass-root basis. However,
introducing a new unit and scrapping out an existing hardware
with a sufﬁcient lifespan are uneconomical, largely because of
the high investment cost. In this study, the grass-root DWC
(GRDWC) (Fig. 1g) was also analyzed the potential loss in the energy
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efﬁciency of the retroﬁt conﬁgurations considering the existing
columns.
2.2. Feed and product conditions
Nine different near-ideal feed mixtures were analyzed to investigate the effects of the composition and relative volatility on
the energy efﬁciency of each conﬁguration. The mixtures were
chosen based on a study conducted by Jiménez et al. (2003).
Table 1 lists the speciﬁcations of the mixtures. Three feed compositions were considered to investigate the effects of the feed
composition: a mixture with small amount of the intermediate
component (F1), an equimolar mixture (F2), and a mixture with
high amount of the intermediate component (F3). Three different mixtures were considered to analyze the effects of the relative
volatilities in terms of the ease of separation index (ESI) (Tedder
and Rudd, 1978), ESI = ˛A−B /˛B−C , where A–C denote the light,
intermediate, and heavy components, respectively. By deﬁnition,
if ESI = 1 (M1), the A/B split is equally easy or hard compared
to the B/C split; if ESI > 1 (M2), the A/B split is easier than the
B/C split; if ESI < 1 (M3), the A/B split is harder than the B/C
split. The speciﬁcations of the product purity were selected as
98.0, 98.5, and 98.0% for the light, intermediate, and heavy products, respectively. The feed ﬂowrate was selected as 45 kmol/h
at 1 atm under a saturated liquid thermal condition (Lee et al.,
2011).
Aspen HYSYSTM was employed for the simulations. The
Peng–Robinson equation of state was used to predict the
vapor–liquid equilibrium of the hydrocarbon mixtures. For comparison, the alternate conﬁgurations were optimized based on the
following assumptions:
a. The columns are operated at ambient pressure.
b. The existing columns are designed to operate at a ﬂooding level
of approximately 70%.
c. The purity and recovery of the three products remain the same
with respect to the conﬁgurations.
d. The total number of stages and column diameters are not altered
in the retroﬁt (except for the GRDWC case).
e. The lifespan of the system is at least eight years after retroﬁtting.
3. Design and optimization of proposed conﬁguration
3.1. Design and optimization of conventional sequence (CS)
To develop the CS as a base case, each distillation column was
initially set up using the built-in short-cut column design facility in
Aspen HYSYS to estimate the required number of trays and reﬂux
ratio. The column was analyzed to determine the optimal design
conditions. The structures of each column were optimized in terms
of the total annual cost (TAC) (Turton, 2012) required for the entire
process. The calculation was described in Appendix A. Fig. 2 shows
Table 1
Feed mixtures used in the study.
Mixtures

Components A/B/C

M1
M2
M3

n-pentane/n-hexane/n-heptane
n-butane/i-pentane/n-pentane
i-pentane/n-pentane/n-hexane
ESI(˛AB /˛BC ) Relative volatilities ˛AB , ˛BC
1.04, 2.74, 2.64
1.86, 2.56, 1.36
0.47, 1.29, 2.73
Composition A/B/C (% mole)
40/20/40
33/33/34
20/60/20

M1
M2
M3
F1
F2
F3
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Fig. 2. Sensitivity analysis between the total annual cost and number of trays for case F1: (a) M1 (ESI = 1.04), (b) M2 (ESI = 1.86), and (c) M3 (ESI = 0.47).

the steps involved in the sensitivity analysis, which is used to obtain
the optimal total number of stages of the two columns for F1 case in
the CS. Using this analysis, the total number of stages was chosen as
57, 127, and 108, employed to the mixtures with ESI values of 1.04,
1.86, and 0.47, respectively. Note that the optimal total number of
stages is not so sensitive at different feed compositions (F1, F2, and
F3 cases) for a given mixture. The feed location of each column was
then optimized for each nine feed mixture case. In our study, the
higher amount of the intermediate component in the feed leaded
to the higher TAC. Furthermore, the lowest total number of stages
was about 57 for the mixtures that the split A/B had the same in
difﬁculty as the split B/C (ESI value equal to 1). Whereas, the highest value of 127 was achieved for the mixtures with a split A/B
easier than B/C (ESI values higher than 1). These trends (as seen in
Fig. S-2) were consistent with the results of previous report (Rév
et al., 2001; Ramírez-Corona et al., 2010). The column diameter
of each column was set such that a ﬂooding level of 70% can be
obtained. In the Supporting Information section, Fig. S-3 presents
the details of the optimized column structure for the CS. Table 2
lists the duties of the optimized CS and the other alternatives are
compared.
3.2. Design and optimization of dividing-wall prefractionator
conﬁguration
Fig. 1e and f presents the proposed DWPCs for the existing
sequence. The proposed DWPC includes a complicated column
assembly comprising a DWP with one inlet and three outlet streams
and a subsequent column with two inlet and outlet streams,
wherein the two columns are connected sequentially. Fig. 3 illustrates the proposed DWPC with the main design variables. In the

direct sequence (Fig. 3a), two outlet streams leaving the DWP
introduced into the subsequent column are intermediate and highboiling streams. Whereas, in the indirect sequence (Fig. 3b), the
outlet streams entering into the subsequent column are intermediate and low-boiling streams.
A shortcut design procedure was used for the initial design
of the DWP based on the structural similarity of a sloppy column arrangement (Lee et al., 2011; Triantafyllou and Smith, 1993).
After obtaining a set of the initial parameters, a coordinate descent
methodology (CDM) (Auslender, 1976; Wright, 2015) and a built-in
Box optimizer in Aspen HYSYS (AspenTech, 2005; Box, 1965; Mize,
1973) were used to optimize the design variables. As seen in Fig. 3a,
the following six integer parameters associated with the column
structure were considered for a given total number of stages: the
top section above the dividing wall (N1), lower part of the prefractionator section (N2), upper part of the prefractionator section (N3),
location of side stream in the main section (N4), locations of the
upper stream (N5), and lower stream (N6) of the second column.
For simplicity, the number of stages in each side of the dividing
wall was considered the same (Long and Lee, 2013; Premkumar
and Rangaiah, 2009; Sotudeh and Hashemi Shahraki, 2007). The
liquid and vapor splitting ratios (RL and RV , respectively) and sidestream ﬂow rate (FS ) of the DWP were then optimized by the Box
method to achieve the minimum reboiler duty. Hence, the objective function is given using Eq. (1) in terms of the total reboiler duty
as follows.
Min(Q ) = f (N1, N2, N3, N4, N5, N6, F S , R L , R V , )

(1)

For nonlinear systems such as distillations, the conventional
non-derivative optimization is mostly obsolete (Torres-Ortega
et al., 2015) because the calculation time for solving the high
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Fig. 3. Proposed DWPC and main design variables in (a) direct sequence; and (b) indirect sequence.

dimension problems increases exponentially (when high number
of variables and constraints are available). The increase in the
computational speed and multi-threading again unleash the full
potential of descent optimization methods, leading to the convergence problem (Pham et al., 2016). Furthermore, due to the
complicate and non-convex optimization problem, the variable has
the impact and the inter-relation on each other. The change of a
variable in a wide range may lead to a violation of the desirable condition or change the feasible range of other variables (Long et al.,
2016), i.e., the change of feed stage location in the column leads to
change the reﬂux rate of itself.
Based on these observations, a simple and practical optimization
technique, which is a synergy combination between two simple
optimization methodologies, CDM (Khan et al., 2015; Long et al.,
2016; Park et al., 2015; Pham et al., 2016) and BOX (Chaniago
et al., 2015), was developed to obtain more reliable and consistent
optimal design taking a full potential beneﬁt of each conﬁguration considered. By using the proposed method, the computational
time could be reduced and the crash in the convergence problem

could be avoided when an external optimization routine is connected with simulators. A superior performance of the proposed
optimization method was compared with the response surface
methodology (Long and Lee, 2012a) for the optimization of DWC
for the benzene-toluene-xylene system, which was discussed in the
supporting information.
®
The developed process model was linked to an Excel platform,
which takes advantage of the ActiveX/COM framework. Owing
to re-using of the existing column hardware, the operating cost,
which was represented by the total reboiler duty of two columns,
was selected as the objective function in running optimization.
The algorithm was coded in Microsoft Visual Basic and connected
to Aspen HYSYS. The coordinate descent (CDM) is a widely used
non-derivative optimization methodology (Auslender, 1976;
Wright, 2015) because it lies in the simplicity of each iteration
both in generating the search direction and in performing an
update of the selected variables (Long et al., 2016; Nesterov, 2012;
Park et al., 2015; Pham et al., 2016). The success of this method
applied for optimizing highly non-linear and complex problems
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Table 2
Energy performance and relative savings for alternatives.a
Retroﬁt Conﬁgurations

CS
(Base case)
GRDWC
SSPC

DWPC
(Proposed)

a

Duty (kW)

C1
C2
C1 + C2
DWC
Savings (%)
SSP
C2
SSP + C2
Savings (%)
DWP
C2
DWP + C2
Savings (%)

M1 (ESI = 1.04)

M2 (ESI = 1.86)

M3 (ESI = 0.47)

F1

F2

F3

F1

F2

F3

F1

F2

F3

291.7
256.3
548.0
437.8
20.1
304.8
183.0
488.1
10.9
326.5
141.4
467.9
14.6

295.4
313.5
608.9
467.0
23.3
306.8
262.5
569.3
6.5
332.5
208.3
540.8
11.2

271.5
429.9
701.4
526.5
24.9
282.9
404.5
687.4
2.0
307.8
272.2
580.0
17.3

268.6
685.4
954.0
835.1
12.5
276.8
626.2
903.0
5.4
278.7
593.3
872.0
8.6

264.4
766.3
1030.7
873.2
15.3
267.5
703.3
970.8
5.8
271.5
685.6
957.1
7.1

243.0
967.7
1210.7
1049.0
13.4
245.9
938.8
1184.7
2.2
261.0
890.3
1151.3
4.9

349.5
709.6
1059.1
881.6
16.8
395.3
568.5
963.8
9.0
496.5
502.9
999.4
5.6

407.1
785.3
1192.4
962.4
19.3
435.8
676.2
1112.0
6.7
483.3
628.3
1111.6
6.9

431.6
897.1
1328.7
1134.0
14.7
450.2
820.0
1270.2
4.4
472.8
783.3
1256.1
5.5

Savings are based on the comparison with the CS case.

depend strongly on a good starting point due to the convergence
problem. Note that it is difﬁcult to obtain the convergence only
based on the starting point randomization. Therefore, this design
was focused most likely on ﬁnding failure/success thresholds. Any
judgment in each variable might release a signiﬁcant inﬂuence
on the process performance. Once a search cycle was performed
over all coordinates and a local optimal solution was obtained, the
same sequences were performed in a determined range to obtain
a second potential solution. In this manner, the CDM algorithm
gravitates toward the optimal solution. The update was performed
on a new interval with an adaptive step size when the optimum
was achieved over the deﬁned intervals. The search could be
terminated when the deﬁned objective function tolerance was
satisﬁed. The proposed optimization approach based on the CDM
algorithm is shown in Fig. S-4. The Box optimizer method was
used to optimize the liquid and vapor splitting ratio (RL and RV ,
respectively) and the side-stream ﬂow rate (FS ) when the DWP
is connected to the subsequent column. The column constraints
were set simultaneously in a single optimization run while solving
the optimization problem using a simple procedure in such a way
that a variable can be linked in the optimization spreadsheet and
®
set in one optimizer-variable window in HYSYS (Chaniago et al.,
2015). The details of the resulting DWPC after optimization is
shown in Fig. S-5. This optimization approach was also applied to
other alternative conﬁgurations analyzed in this study.

the prefractionator section (X2), lower part of the prefractionator section (X3), location of side stream in the main section (X4)
and the bottom section below the dividing wall (X5). The internal recycle liquid and vapor rates (FL and FV , respectively) of the
GRDWC were then run by using the built-in Box optimizer in
HYSYS. Fig. S-6 shows the details of the resulting GRDWC after
optimization. Table 2 lists the duties and energy savings of the
GRDWC. As the DWC was designed and optimized to maximize
the energy efﬁciency in a grass-root basis, the resulting DWC
had a higher number of stages and a larger diameter compared
to those of the existing columns. The DWCs based on the grassroot design show signiﬁcant energy savings from 12.5 to 24.9%
compared to those of the CS cases (Table 2). The M1 mixtures
(ESI = 1.04) showed the highest energy savings followed by the M3
and M2 mixtures. In the M1 mixtures, the increase in the energy
efﬁciency tends to be more apparent as the portion of the intermediate component increases; thus, M1-F3 results in the highest
energy savings. This result is partly in agreement with the observation made by Annakou and Mizsey (1996). In the M2 and M3
mixtures, the amount of energy saved is highest when employing
the mixtures with equal proportions of each component, i.e., F2
case.

4. Evaluation and comparison of different retroﬁt
conﬁgurations

The ﬁrst column might be retroﬁtted to a prefractionator by
modifying it to a simple side-stream column (SSC). The remixing
effect occurring in the ﬁrst column of the CS can be mitigated when
a side stream is withdrawn at the maximum concentration location
of the intermediate boiling component. Emtir and Etoumi (2009)
found that the SSPC can be used to reduce the energy requirement.
The SSPC (Fig. 1c, d) was compared with the CS and DWPC. The
number of trays and diameters of each column in the SSPC were
set the same as those of the existing columns in the CS. As the optimal design condition of the SSPC is different from that of the DWPC,
the design was optimized to obtain the optimal structure and the
side-stream ﬂow rate. The same approach combining the CDM with
the Box scheme was applied to optimize the SSPC. Fig. S-7 and
Table 2 present the resulting schematics and energy requirement
after optimization, respectively.
As presented in Table 2, the energy requirement can be reduced
by retroﬁtting the CS to the SSPC. However, because of structural
limitation, the increase in the energy efﬁciency using the SSPC was
considerably lower than that using a grass-root single DWC, as
observed in Table 2. In particular, the energy saved via the SSPC was

4.1. Retroﬁt using GRDWC
Replacing the existing columns with a new DWC might be the
best candidate from an energy-efﬁciency viewpoint. In this analysis, the GRDWC, where two existing columns were assumed to
be removed and replaced by a new single DWC, was considered
to evaluate the potential loss of the energy efﬁciency by retroﬁt
conﬁgurations utilizing the existing column hardware. A similar
optimization approach was fully executed for the design and optimization of the proposed GRDWCs. First, a shortcut procedure
(Lee et al., 2011; Triantafyllou and Smith, 1993) was applied for
the initial design of the GRDWCs. After obtaining a set of the initial design parameters, a combined approach of CDM (Auslender,
1976; Wright, 2015) and Box methods was used to optimize these
variables. First, the CDM was executed to optimize ﬁve integer
parameters associated with the column structure involving: the
top section above the dividing wall (X1), number of stages in

4.2. Retroﬁt using SSPC
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approximately in the range of 2.0–10.9% compared to the CS. Overall, when the content of the intermediate-boiling component was
low, i.e., F1 mixture, the energy saved via the SSPC was more apparent. The most apparent energy saving effect was observed for the
M1-F1 and M3-F1 mixtures. However, the mixture with the highest content of the intermediate-boiling component, i.e., F3 mixture,
exhibited the least energy savings for the M1, M2, and M3 mixtures.
Emtir (Emtir et al., 2001) observed that when the ESI value is 1, the
SSPC could bring more energy efﬁciency over the range of feed composition compared to the conventional two-column sequence. This
was attributed by the enhancement of the thermodynamic performance of the SPCC due to the reduction of remixing effect and the
provision of side stream. Furthermore, because of dominant quantities of the intermediate-boiling components, the remixing effect
is not substantial. Consequently, the percentage of savings is quite
low for the intermediate component rich feed.
4.3. Retroﬁt using proposed DWPC
As observed in Table 2, the energy efﬁciency obtained by
retroﬁtting with the DWPC improved from 4.9 to 17.3% in comparison with the CS cases. The relative improvement via the DWPC
largely depends on the feed characteristics and compositions. Tendency of energy efﬁciency improvement was similar to that in
the GRDWC, i.e., a retroﬁt via the DWPC also results in apparent
improvement wherein the grass-root DWC shows a large energy
efﬁciency improvement. For instance, a GRDWC can achieve the
capital cost savings up to 40% and reduce the operating costs by
30% compared to a conventional two-column sequence (Asprion
and Kaibel, 2010). The energy requirement after the retroﬁt was
considerably reduced at the mixtures when ESI equals to 1 (i.e., the
split of A/B is as difﬁcult as that of B/C). The energy savings increased
from 11.2 to 17.3% when employing the three M1 cases compared
to the existing CS. In particular, when the content of the intermediate component was highest, i.e., M1-F3 case, the relative increase
in the energy savings was most signiﬁcant. As observed in Table 2,
the DWP required higher energy than the conventional column C1
because of the prefractionation task. However, the prefractionation leads to the reduction in the energy requirement in the second
column C2, the effect of which is more than the increased energy
consumption of the prefractionator. Consequently, the energy efﬁciency of the entire process was signiﬁcantly improved. The relative
improvement in the energy efﬁciency of the DWPC tends to be less
signiﬁcant when the ESI value of the feed mixture deviates from
one. The energy saving effect of the M2 and M3 cases is in the range
of 4.9–8.6%, which became less apparent compared to that of M1
case. In this case, the decrease in the energy requirement in the
second column is relatively less apparent while the increase in the
energy requirement in the DWP is signiﬁcant. Thus, the amount of
energy saved is less compared to that of M1 case. The energy efﬁciency of the DWPC was superior to that of SSPC for all mixtures
except the M3-F1 mixture only. The energy required by the DWP
for optimal prefractionation was higher than that by the SSP. However, as the prefractionated multi-feed was more beneﬁcial to the
second column in the DWPC than in the SSPC in most cases, the
overall energy savings of the retroﬁtted process considering the
DWPC was more than that considering the SSPC.
4.4. Supporting statement for the proposed DWPC
Fig. 4 compares the composition proﬁles of the ﬁrst columns in
the CS and DWPC for the M1-F3 case. The ternary diagram helps in
explaining why a retroﬁt using the DWP is beneﬁcial in replacing
the conventional conﬁguration. As shown in Fig. 4, no feed mismatch on the feed stage was possible in the prefractionator in the
DWPC whereas a large mismatch was observed in the ﬁrst col-
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umn in the CS case. Installing a dividing wall could avoid this feed
mismatch by allowing more degree of freedom to distribute the
intermediate component in the prefractionation section (Dejanovic
et al., 2010). In addition, the remixing and repeated separation,
which appears in the ﬁrst column in the CS, could be avoided in
the DWP. Note that the side product of the DWP was withdrawn
at the peak point of the intermediate component in the proﬁle.
These characteristics allow the DWP to generate the prefractionated streams efﬁciently.
The effect of the prefractionated multi-feed in a prefractionation arrangement is affected by two competing factors: the energy
requirement increase in the prefractionator for generating a prefractionated side stream and the energy requirement decrease in
the second column by the prefractionated multi-feed streams. The
side-stream ﬂow rate is an important design variable that affects
the effectiveness of the proposed DWPC. Fig. 5 shows the trend in
the reboiler duties and intermediate-component purity in the side
stream with respect to the change in the side-stream ﬂow rate in the
DWPC for M1-F3 case. In this sensitivity study, the side stream of
the DWP was varied from 0 (equivalent to the CS case) to 20 kmol/h
(as a maximum value achieved to satisfy the component recovery
constraints). As seen in Fig. 5, as the side-stream ﬂow rate increases,
the reboiler duty of the DWP gradually increases, and the purity of
the side stream increases. With the help of the puriﬁed side stream
as a feed, the reboiler duty of the second column decreases. As the
decrease in the reboiler duty of the second column is more significant than the increase in that of the DWP, the total reboiler duty
decreases with the increase in the side ﬂow rate. However, when
the side-stream ﬂow rate increases further after passing a point
(corresponding to the optimal side-ﬂow rate value), the purity of
the side stream decreases because of the excessive withdrawal of
the side stream. Thus, an extra duty is required for re-purifying
the intermediate component in the second column, which leads to
increase of the total reboiler duty.
The ﬂooding level of the DWP tends to become higher than that
of the ﬁrst column in the CS due to the increased reboiler duty (see
Table S-2 in the Supporting Information section). The maximum
ﬂooding value should be checked to demonstrate the potential use
of the existing ﬁrst column in the retroﬁtted DWP. Using a side
reboiler can be an effective method to overcome the ﬂooding by
retroﬁt. The ﬂooding level concerns will be illustrated in Case study
5.3.
In summary, the exploitation of dividing wall in the ﬁrst column can retrieve several profound beneﬁts such as a removal of
feed mismatch, avoidance of the remixing and repeated separation.
Whereas, the effect of the prefractionated multi-feed in the prefractionator arrangement is properly handled through the withdrawal
of side stream in the DWP in such a way that the total required
energy can be reduced. Simultaneously, the ﬂooding level of the
DWP can be controlled by using a side reboiler when there is a
ﬂooding in the ﬁrst column.

5. Case study
5.1. Heavy hydrocarbon recovery process
Heavy hydrocarbons are recovered from natural gas liquefaction and separated into i-butane (iC4 ), n-butane (nC4 ), and gasoline
products (C5+ ) in the conventional indirect sequence (Long and
Lee, 2012b) as shown in Fig. 6a. The conventional sequence for the
hydrocarbon recovery comprises two simple columns: the debutanizer, which is the ﬁrst column in the sequence, is used to remove
the high boiling-point component C5+ , and the deisobutanizer as a
subsequent column helps in separating the low and intermediate
boiling-point components, namely, iC4 and nC4 . The ﬁnal puriﬁca-
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Fig. 4. Comparison of composition proﬁles for ﬁrst column of CS and DWPC cases for M1-F3 mixture.

Fig. 5. Effect of side ﬂowrate on reboiler duties of DWP, second column, and purity
of hexane.

tion of iC4 from nC4 in the deisobutanizer is an energy and capital
intensive process because of their low relative volatility (Manley,
1998). The DWPC was considered to reduce the energy requirement of the process with low retroﬁt cost. Table S-3 lists the feed
mixture conditions for this hydrocarbon recovery process. Table S4 lists the conditions and product speciﬁcations of each column.
The Peng–Robinson equation of state was chosen to calculate the
vapor–liquid equilibrium. The existing columns were assumed to
be designed for approximately 73% of the ﬂooding point.
For a retroﬁt, the existing debutanizer was modiﬁed for the
DWP. Preliminary simulations were conducted to determine the
primary optimization variables and their levels. Table S-5 lists the

optimization parameters and levels used in this study. Fig. 6b shows
the schematic of the proposed conﬁguration. As shown in Fig. 6, the
reboiler duty of the deisobutanizer was signiﬁcantly reduced by
21.7% from 6913 kW to 5411 kW whereas the reboiler duty of the
debutanizer retroﬁtted to the DWP remained largely the same as
that of the conventional case before the retroﬁt. Thus, the ﬁrst column hydraulics and ﬂooding could be maintained at less than 80%
during the retroﬁt assignment. Fig. S-8 presents the corresponding ﬂooding proﬁles of the existing ﬁrst column and the retroﬁtted
DWP. The expenditure savings owing to the retroﬁtted DWP was
estimated to be 5.3 million USD as listed in Table 3 (see Appendix
A). A small payback period of only 3.9 months was found to be
attractive because of the high energy cost savings and the re-use of
the existing equipment.
It is noted that these two columns are re-used to minimize the
modiﬁcation cost. If the modiﬁcation is necessary, the ﬁrst option
is modifying the column internals, which does not require major
changes to the column bottom section including reboiler and piping. To reduce the downtime, the rest of the column section can
be fabricated in the shop and welded to the bottom section at the

Table 3
Modiﬁcation cost, total expenditure savings, and payback period for the retroﬁt of
the hydrocarbon recovery and naphtha splitter processes.

Modiﬁcation cost (USD)
Total expenditure savings (USD)
Payback period (months)

Hydrocarbon recovery

Naphtha splitter

223,700
5,305,500
3.9

289,000
3,056,100
8.3
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Fig. 6. Schematics of (a) existing CS, and (b) retroﬁtted DWPC for hydrocarbon recovery process.

plant site. The installation work is expected to complete within
12–14 days.
5.2. Naphtha splitter process
Fig. 7a presents the schematic of a naphtha splitter process
to separate crude naphtha (see composition details in Table S6) to a light straight-run product (LSR), heavy naphtha (Hvy.

Naph), and light kerosene (Lt. Kero) (Minh et al., 2015). The conventional process includes two consecutive simple columns, a
LSR-cut column (LCC) and a kerosene-cut column (KCC). A crude
naphtha stream is introduced at the 11th stage of the LSR-cut
column, where the LSR product can be collected as a distillate product. The heavy components ﬂow into the kerosene-cut
column. In the kerosene-cut column, the light kerosene prod-
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Fig. 7. Schematics of (a) existing CS, and (b) retroﬁtted DWPC for a naphtha splitter process.

Fig. 8. Flooding proﬁles of base case, and retroﬁtted DWPs without and with a side reboiler for a pentane separation process.
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Fig. 9. Simpliﬁed ﬂow sheet illustrating (a) existing CS, and (b) DWPC using a side reboiler for a pentane separation process.

uct is obtained at the bottom and the puriﬁed heavy naphtha
is collected at the top. The Peng–Robinson ﬂuid-package model
was used to estimate the vapor–liquid equilibrium. A rating
mode was simulated using the internal speciﬁcations of each
column. Table S-7 lists the parameters necessary to deﬁne the
existing hydraulic characteristics and energy performance of the
columns.

Fig. 7b presents the retroﬁtted naphtha splitter process with the
DWPC where the LSR-cut column is modiﬁed to a DWP. Table S-5
lists the optimization variables used in this case study. Through
the optimization procedures, a modiﬁcation was made to install
a dividing wall from the 4th tray to the 19th tray in the LSR-cut
column. The side and bottom streams leaving the DWP are fed to the
kerosene-cut column as the prefractionated multi-feed streams.
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As shown in Fig. 7b, the reboiler duty of the kerosene-cut column reduces up to 8.8% from 11,060 kW to 10,090 kW. The reboiler
duty of the retroﬁtted LSR-cut column remained the almost same
as that of the existing one. Accordingly, as shown in the ﬂooding
proﬁles in Fig. S-9, the hydraulic conditions of the retroﬁtted column are satisﬁed without ﬂooding. As listed in Table 3, the cost
savings was estimated to be 3.0 million USD (see Appendix A),
which corresponds to a small payback period of approximately 8.3
months.

be rigorously estimated through an intensive study for a particular
retroﬁt.
However, considering the important advantage that is employing the existing column with low modiﬁcation effort, the DWPC
is expected to be an attractive retroﬁt option for existing conventional distillation sequences. Safe and ﬂexible switching between
the DWP and normal operating modes is another unique advantage
of the proposed DWPC to reduce the potential risks of employing
the DWC.

5.3. Pentane separation process
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Appendix A. Cost correlations
a. Capital cost (CC): The modular method proposed by Guthrie
was employed (Biegler et al., 1997). The capital cost for the conventional column is the total cost of the column and auxiliary
equipment, such as the reboilers and condensers. For the DWC, the
cost includes the additional dividing wall cost. In this study, the
chemical engineering plant cost index of 576.1 (2012) was used for
cost updating (Turton, 2012). The following equations were used:
(A.1) Tray stack = (N − 1) × tray spacing
Totalheight = traystack + extrafeedspace + disengagement
+ skirtheight

(A.2)

6. Conclusions
This study reported a safe and cost effective approach (DWPC)
of modifying the conventional sequence with the prefractionator
arrangement using a DWC technique. This study focused on giving
an useful insight and general qualitative tendency for the potential beneﬁts by the DWPC retroﬁt. The case studies using the nine
different near-ideal feed mixtures showed:
• A good candidate for a grass-root DWC design is inﬂuential for
implementing the proposed DWPC retroﬁt.
• The increase in the energy efﬁciency owing to the DWPC is lower
than that owing to the grass-root DWC because of the structural
limitation.
• The performance of the DWPC is normally superior to the SSPC
under most of the feed mixture cases.
• The energy savings by the DWPC retroﬁt are signiﬁcant at the
M1 mixtures where ESI equals to 1 (increased from 11.2 to 17.3%
compared to the existing CS).
• In particular, when the content of the intermediate component
is highest, i.e., M1-F3 case, the relative increase in the energy
savings is most signiﬁcant, and thus the DWPC is strongly recommended as an attractive retroﬁt option.
• The energy savings of the M2 and M3 cases is still beneﬁcial but
less apparent compared to that of M1 case (increased from 4.9 to
8.6% compared to the existing CS).
• The energy savings by the DWPC is even lower than that by the
SSPC for the M3-F1 mixture, thus is not recommended.

Updatedbaremodulecost(BMC) = UF × BC×(MPF + MF − 1)

(A.3)

where UF is the update factor,
UF =

present cos t index
base cos t index

(A.4)

BC is the bare cost of the heat exchanger,
BC = BC0 × (

L ˛
D ˇ
) ×(
)
L0
D0

(A.5)

where MPF is the material and pressure factor, MF is the module
factor (typical value), which is affected by the base cost. D, L, and
A are the diameter, length, and area, respectively.Area of the heat
exchanger,
A=

Q
UT

ThematerialandpressurefactorMPF = Fm + Fs + Fm

(A.6)
(A.7)

b. Operating cost (Op):
Op = Csteam + CCW

(A.8)

where Csteam and CCW are the costs associated with the steam and
cooling water, respectively.
a. The cost of cooling water, low pressure steam, and medium
pressure stream are 0.35, 13.28, and $14.19/GJ, respectively
(Turton, 2012).
d.Costofmodiﬁcation

Since the quantitative beneﬁts are totally system-speciﬁc and
strongly depend on the properties of the separation characteristic
and the required products, any potential beneﬁts, therefore, should

= Costofnewhardware ∗ modiﬁcationfactor(Smith, 2005) (A.9)
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In this study, the modiﬁcation factors for the removal of trays
to install new trays, installation of new trays, and installation of a
new dividing wall are 0.1, 1.4, and 1.4, respectively.
e.Expendituresavings = Operatingcostsaving − modiﬁcationcost
(A.10)

f .Paybackperiod = costofproject/savingperyear

(A.11)

g. Total annual cost (TAC) (Smith, 2005)



TAC = CC

i(1 + i)
n

n

(1 + i) − 1



+ Op

(A.12)

where i is the discount rate (8%), and n is the number of years (8
years).
Appendix B. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at https://doi.org/10.1016/j.compchemeng.
2017.12.009.
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