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a b s t r a c t

Increasing the capacity of an existing distillation process has been a major focus of the chemical process
industry. On the other hand, entrainment flooding can occur as a result, which can create a bottleneck in
the distillation process. This paper reports the results of a techno-economic feasibility study to debot-
tleneck the distillation column using a proposed hybrid process combining a heat pump and thermally
coupled distillation sequence. Fractional utilization of the area was used to identify flooding problems in
the column as well as how much area is available for vapor flow on an existing stage. A heat pump aided
thermally coupled distillation sequence (HPTCDS) was designed and optimized using a response surface
methodology. Two cases were examined to test the proposed sequence. The results showed that the
proposed sequence can achieve significant energy savings and remove the bottleneck problem.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In an existing distillation process with a fixed feed composition,
there will be a maximum feed flow rate that can be separated to
meet certain fixed product specifications [1]. An increase in pro-
duction capacity can cause bottleneck problems, which is caused by
some of the installed equipment not being able to accommodate
higher flows than those associated with this maximum feed flow
rate. A retrofit design aims to identify and remove these bottle-
necks. The product needs can be accomplished by building new
units or by debottlenecking existing capacity [2]. In the time
required to fund, permit, design, build, and startup a new plant, the
undulations of production can render the project unprofitable.
Existing facility debottlenecking is an attractive method for
increasing the production with minimal risk.

A retrofit project in a distillation process generally covers a wide
range of modifications and uses an existing process, ranging from
simple modification or replacement of column internals to large
modifications of the column configuration [3], partial enlargement
of the shell diameter and height, and a modification of the auxiliary
equipment. In any case, the key to a successful retrofit lies in
exploiting the 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. The re-arrangement of
existing columns to complex column arrangements, such as the
Petlyuk column and prefractionator arrangement has been pro-
posed for retrofitting [4]. Similarly, the addition of a new column,
such as a post-fractionator or prefractionator, can also provide a
process debottlenecking option [5].

Many studies have examined the relative advantages of a
dividing wall column (DWC) including the huge potential for
reduced consumption of utilities. These studies showed that DWC
systems can achieve energy savings of up to 30% over conventional
direct and indirect distillation sequences [6]. DWC can also be used
to conduct azeotropic [7], extractive [8], and reactive distillation [9]
without any major changes to the types of internals used.
Furthermore, dividing wall columns have shown potential in
retrofit from conventional 2-column system [10] and side stream
column [11]. They reported that a dividing wall column can be used
to save energy and other costs. On the other hand, this can have
practical difficulties [4]. Furthermore, the lengthy payback period
a DWC makes it unattractive when the plant lifetime is not long.
Instead, the thermally-coupled distillation sequence (TCDS) has
attracted considerable attention in retrofit projects because of
the lower energy requirements compared to existing conventional
column sequences, as well as the easy design and small modifica-
tion [12].

A heat pump, which allows the heat of condensation released at
the condenser to be used for evaporation in the reboiler, is used
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mainly to conserve energy when the temperature difference be-
tween the overhead and bottom of the column is small and the heat
load is high [13]. A heat pump on the top of the column does not
alter the vapor and liquid traffic inside the column. Nevertheless, a
side heat pump can reduce the vapor and liquid traffic on the trays
above it and increase the vapor and liquid traffic below it, which
will increase the area utilization below the side heat pump. Heat
pumps can also be used in grass-roots or retrofitting designs
because they are easy to introduce and plant operation is normally
simpler than heat integration [14]. Recently, it was utilized to
improve energy efficiency of dividing wall column [15]. In this
paper, in addition to being used to reduce the operating cost, a heat
pump was used to remove the bottleneck by combining with TCDS
to produce a hybrid technology. A hydraulic performance indicator
and fractional utilization of the area (FUA) was used to identify a
bottleneck in a distillation column when the capacity was
increased. The design and optimization procedures using the
response surface methodology (RSM) were used to retrofit the
conventional distillation sequences to a heat pump aided thermally
coupled distillation sequence (HPTCDS) with particular emphasis
on the utilization of existing hardware with minimal investment
cost and construction effort. Two mixtures were used to evaluate
the proposed sequence, which combines a heat pump and TCDS.
The proposed sequence was shown to require less energy than
conventional distillation sequences, and remove the bottleneck
problem effectively.

1.1. Increasing daily production

Distillation column retrofitting is performed more often than
the installation of new equipment because distillation is an energy-
intensive process requiring considerable capital investment [16]. In
the retrofit design to increase the throughput of distillation pro-
cesses, existing internals are normally replaced with high capacity
or high efficiency internals. The process can also be revamped by
improving the utilization of existing equipment and making rela-
tively minor modifications, including adjusting the operating con-
ditions and adding equipment [1]. In this paper, the purpose of a
retrofit project is to increase the throughput without producing a
bottleneck problem with the following assumptions:

a. The capacity must increase by 10% over the existing one.
b. The existing columns are already operating with the highest

performance internals.
c. All columns are fully utilized.
d. The recovery of all products is kept constant.
e. The FUAmax of all columns is 1.
f. The remaining years: 8 years

With a target production capacity of up to 10%, the newbasewas
simulated using the old process configuration, where all columns
were used to obtain the products. Unfortunately, the results
showed that it is impossible to use the existing column sequence
because all columns are bottlenecked when the throughput is
increased. Therefore, the HPTCDS was utilized to determine the
requirements of the product in terms of productivity, recovery and
purity.

1.2. A hydraulic performance e fractional utilization of area

The performance indicator for the hydraulic condition of an
existing distillation was used. This indicator is related to the area
needed for vapor flow if flooding is to be avoided [17]. The indicator
allows one to identify bottlenecks, and evaluate the modifications
proposed to overcome these bottlenecks. Knowing the extent to
which the area available for vapor flow on each stage is utilized
when a column is operating at its maximum throughput is very
important. This knowledge is essential for determining at which
stages the vapor and liquid traffic should be reduced, and which
stages can accommodate the increased flows. For a given feed flow
rate and at each stage, the column diameter that would be needed if
the flows on that stage represent the maximum flows that could be
tolerated can be calculated. For example, the vapor velocity could
be assumed to correspond to 85% of the flooding velocity. The
minimumdiameter required for satisfactory hydraulic performance
can then be compared with the diameter of the existing column to
determine if, and to what extent, the flows to that stage can be
increased. Knowing the extent to which the area available for vapor
flow is utilized is useful because the area required is proportional to
the feed flow rate, i.e. throughput. Therefore, the following new
indicator of the hydraulic performance of an existing distillation
column, the FUA, is utilized:

FUA ¼ Area required on stage i for vapor flow
Area available on stage i for vapor flow

(1)

where the area required for vapor flow is calculated for a given
approach to the flooding conditions (e.g. when the vapor velocity is
85% of the flooding velocity). A more detailed description of the
FUA can be found elsewhere [1].

2. Design and optimization of hybrid technology

2.1. Design

Fig. 1a shows the possibility of re-arranging two existing col-
umns into an HPTCDS. In addition, instead of supplying heat to the
reboiler, a heat pump can be used to provide side heating (Fig. 1b)
to reduce the traffic in the stripping section, which brings more
opportunity to increase the capacity. Furthermore, supplying heat
to the side reboiler can reduce the temperature difference between
the heat pump and side reboiler location, which allows a decrease
in heat pump duty. To highlight the optimal use of the existing
columns, this study assumes no change in the diameter or the total
number of stages of each column. Debottlenecking the existing
distillation sequence begins with the development of preliminary
designs for complex systems and minimizes the operating cost
through the optimization procedures. The HPTCDS was designed
using a thermal link in the vapor phase in a conventional indirect
sequence, which eliminates the condenser in the conventional
scheme and adds a heat pump, which utilizes the heat in the
condenser. Modification for the retrofit involves a change in the
draw trays for the vapor and liquid streams. More pipe work is also
needed for the thermal link and re-assignment of the eliminated
condenser to the main column.

2.2. Optimization

The RSM is a general technique for an empirical study of the
relationships between the measured responses and independent
input variables [18]. A response surface is normally a polynomial,
whose coefficients are extracted by a simple least-square fit to the
experimental data. The RSM is quite powerful because, in addition
to modeling, it can also optimize the conditions of a process [19].
Normally, a low-order polynomial is used in some regions of the
independent variables [20]. A simple first-order model can be used
as an approximating function if the response is modeled well by a
linear function of the independent variables. On the other hand, a
polynomial of higher degree, such as a second-order model, must
be used if there is curvature in the system. According to the



Fig. 1. Schematic diagram of the (a) retrofitted HPTCDS and (b) retrofitted HPTCDS with side reboiler.
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sparsity-of effects principle in the response surface methodology,
main (single factor) and quadratic effects and two-factor in-
teractions are likely to be the most significant effects, and the
higher order interactions are negligible [21]. In other words, higher
order interactions, such as three-factor interactions, are quite rare
and are considered to be residual, which are dispersed randomly.
Almost all RSM problems use one or both of these models. A
polynomial model is unlikely to be a reasonable approximation of
the true functional relationship over the entire space of indepen-
dent variables, but usually works well for a relatively small region
[20].

To minimize the modifications in a retrofit, the number of trays
of all columns was fixed to the same number in conventional
distillation columns. After a preliminary design for the HPTCDS
column, the main design variables, such as the internal liquid flow
(FL) to the side stripper, liquid (N1) and feed (N2) stream locations,
were then optimized. The RSM was used to examine the effects on
the operating cost savings. After determining the preliminary
ranges of the variables through single-factor testing, a central
composite designwas used to determine how the variables interact
and to optimize the system and achieve operating cost savings.

The simulation data was fitted to a second-order polynomial
model, and the regression coefficients were obtained. The gener-
alized second-order polynomial model used in the response surface
analysis can be expressed as

Y ¼ b0 þ
Xk
i¼1

biXi þ
Xk
i¼1

biiX
2
i þ

XX
i< j

bijXiXj þ 3 (2)

where Y is the predicted response (operating cost saving), Xi are the
uncoded or coded values of the variables, b0 is a constant, bi, bii and
bij are the coefficients of the linear, quadratic and interactive terms,
respectively, and 3is an error term. MINITAB software was used for
response surface fitting and optimizing the operating cost savings.



Fig. 2. Simplified flow sheet illustrating the existing separation train of two conven-
tional columns for mixture M1.

Table 2
Factors' coded levels for mixtures M1 and M2.

Mixture Factor Levels

�1 0 1

M1 Vapor stream section (N1) 11 16 21
Feed stripping section (N2) 14 19 24

M2 Vapor stream section (N1) 37 42 47
Feed stripping section (N2) 15 20 25
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3. Case study

3.1. Mixture M1

3.1.1. Existing conventional sequence column
Fig. 2 shows the conventional distillation sequence and its cur-

rent operating conditions [10,22]. The simulation work was per-
formed using the simulator, Aspen Hysys V7.3. The PengeRobinson
equation of state, which supports the widest range of operating
conditions and the widest variety of systems, was used to predict
the vaporeliquid equilibrium of these simulations [23]. Table 1 lists
the conditions for each column in the conventional distillation
sequence. The base case simulation model showed that the energy
consumption of the C-101 and C-202 are 1508 and 904 KW,
respectively.

To retrofit the conventional distillation sequences to the
HPTCDS, the main design parameters of the existing columns were
checked. Furthermore, the existing reboilers and condensers
should be checked for reusability with minimal modifications.

3.1.2. Proposed sequence
Table 2 lists the factors and levels used in this case study. Thir-

teen simulations were run to optimize 2 parameters of the HPTCDS
structure. For each run, the liquid flow to the side stripper was
varied to maximize the operating cost saving while still achieving
the required product purity. Fig. 3 shows the contour plot of the
interaction between the main design variables, N1 and N2. Two
Table 1
Column hydraulics and energy performance of the existing columns sequence for
mixture M1.

C-101 C-102

Number of trays 31 40
Tray type Sieve Sieve
Column diameter (m) 0.9 0.7
Number of flow paths 1 1
Tray spacing (mm) 609.6 609.6
Condenser duty (KW) 1492 880
Reboiler duty (KW) 1508 904
parameters were plotted on each set of X and Y axes. The operating
cost saving was plotted on the Z axis. The maximum operating cost
saving was observed at the coded levels of the number of trays in
the vapor stream and feed sections of 0.3939 and 0.4141, respec-
tively. The natural values of the variables can be derived from the
coded levels. The liquid flow to the side stripper was then opti-
mized to maximize the operating cost, while maintaining sufficient
product purity. Fig. 4 shows a simplified flow sheet illustrating the
proposed HPTCDS. Compared to the conventional column
sequence, the use of an HPTCDS can reduce the condenser duty and
reboiler duty by up to 33.07 and 35.76%, respectively. This brings
operating cost savings of 32.61%, which is in good agreement with
the results predicted by the RSM. Table 3 lists the utility cost data
[24]. This benefit can increase when the electricity/steam cost ratio
decreases or when used in a country/company with inexpensive
electricity [25].

A side heat pump will condense the vapor phase and recycle to
the column as a liquid phase. This causes a decrease in the vapor
flow rate in the top section. No change in the top product was
noted. Therefore, the reflux rate decreased from 20761.53 kg/h to
11481.06 kg/h (when compared with TCDS). Furthermore, because
the liquid of trays below increase and there is no change in the
bottom product, the vapor in these trays increase, which causes an
increase in vapor and liquid traffic. Accordingly, the use of a side
heat pump can alter the vapor and liquid flows within a column
section. In particular, the side heat pump can reduce the vapor and
liquid traffic above the tray where it is replaced, and increase the
vapor and liquid traffic below that tray. Fig. 5 shows that entrain-
ment flooding occurs in the columnwhen the capacity is increased.
The hybrid technology combining a TCDS, which can save energy
but cause flooding in the rectifying section, with a side heat pump,
which can save energy, reduce the temperature difference
compared to that using heat pump in the top, and reduce the vapor
and liquid traffic above the tray where the side heat pump is placed,
can save energy and remove the bottleneck problem.
Fig. 3. Contour plot of the interaction between N1 and N2 for mixture M1.



Table 3
Utilities cost data [24].

Utility Price ($/GJ)

Cooling water 0.35
Steam (LP) 13.28
Steam (HP) 17.70
Electricity 16.80

Fig. 4. Simplified flow sheet illustrating the proposed sequence for mixture M1.
Fig. 6. Composition profiles of Benzene and Toluene in the existing conventional
distillation column C-102 and main column of proposed sequence for mixture M1.
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Fig. 6 shows the composition profiles of benzene and toluene in
existing conventional distillation column C-102 and the main col-
umn in the proposed sequence for mixture M1. A portion of the
vapor stream is condensed to the liquid phase, which causes an
increase in the composition profile of the heavy component
(toluene) and a decrease in the composition profile of the light
component (benzene). As a result, the temperature profile was also
increased compared to that in a conventional column C-102 (Fig. 7).

The estimated cost savings by the proposed sequence was 3.4
million USD after 8 years. The simple payback period can be
calculated as the additional capital costs divided by the savings per
year. In this case, the value was 11 months. This attractive payback
period is due to the high energy costs and the re-use of most of the
equipment.
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Fig. 5. FUA profiles of existing C-102 (before and after capacity up); main column in
TCDS; and main column in proposed sequence.
3.2. Mixture M2

3.2.1. Existing conventional sequence column
A debutanizer with 40 theoretical trays was designed for use at

5.0 bar (Fig. 8). A 92-tray deisobutanizer column was designed for
use at 6.5 bar because commercial isobutane can be condensed
with cooling water under this pressure [4,26]. To determine the
maximum flooding of each column, the rating modes were simu-
lated using the internal specifications of each column, e.g. type of
trays, column diameter, tray spacing and number of passes, which
are listed in Table 4. The base case simulation model showed that
energy consumption by the debutanizer and deisobutanizer were
3055 and 6619 KW, respectively.

3.2.2. Proposed sequence
Some preliminary simulation runs were carried out to deter-

mine themain optimizing variables and their levels. Corresponding
to the changes in the factor value, the response values (operating
cost saving) was recorded. The presence of curvature suggests that
the simulation region is close to the optimum. Table 2 lists the
factors and levels used in this case study. Fig. 9 shows the contour
plot of the interaction between the main design variables N1 and
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Fig. 8. Simplified flow sheet illustrating the existing separation train of two conven-
tional columns for mixture M2.

Fig. 9. Contour plot of interaction between N1 and N2 for mixture M2.
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N2 for the mixture M2. The resulting second-order polynomial
model was as follows:

Y ¼ 51:78� 0:52X1 � 0:36X2 � 0:62X2
1 � 1:29X2

2 � 0:04X1X2

(3)

The quality of the polynomial model was expressed by the co-
efficient of determination, namely, R2. Based on the analysis results
fromMINITAB, themodel reports a high R2 value of 98.62. The value
of R2 is close to 1.0, which is very high and advocates a high cor-
relation between the observed values and the predicted values. This
indicates that the regression model provides an excellent expla-
nation of the relationship between the independent variables and
the response. The maximum operating cost saving by the retro-
fitted HPTCDS was predicted to be 51.72%. Fig. 10 shows the
structure of the retrofitted HPTCDS. The reboiler duty and operating
cost savings generated from this arrangement were 64.93 and
51.63%, respectively, which were comparable to the performance of
the existing column arrangement.

Fig. 11 shows the FUA curve, which shows graphical information
on the hydraulic performance. The FUAvaries according to the stage,
with all stages requiring an area larger than the available area
(FUA > 1). This indicates the flooding occurring in the whole col-
umns after increasing capacity. This bottleneck problem cannot be
Table 4
Column hydraulics and energy performance of the existing columns sequence for
mixture M2.

Debutanizer Deisobutanizer

Number of trays 40 92
Tray type Sieve Sieve
Column diameter (m) 1.7 2.2
Number of flow paths 1 1
Tray spacing (mm) 457 457
Condenser duty (KW) 4351 6122
Reboiler duty (KW) 2877 6349
removed when only a heat pump is utilized. This is because the use
of a heat pump cannot alter the vapor traffic in the columnor the use
of a side heat pump reduces the vapor and liquid traffic above the
tray, where the side heat pump is placed, and increases the vapor
and liquid traffic below the tray. FUAmax appears in the stripping
section in the conventional column. To solve this, the vapor and
liquid traffic inside the column is redistributed using TCDS, and a
side heat pump is utilized to move the vapor and liquid traffic from
the flooding trays to the others, which can accommodate significant
higher flows and reduce the energy requirement. Particularly, when
constructing the TCDS, the deisobutanizer is bottlenecked in the
rectifying section, where FUA > 1, and less energy is required
compared to the conventional column. The FUA curve identifies an
opportunity to reduce the area utilization in the rectifying section of
the column by increasing the flows in the stripping section of the
main column. By utilizing the proposed sequence, the bottleneck
problem can removedwith concomitant energy savings. In this case,
the simple payback period was found to be 17 months.

4. Conclusions

In this paper, an energy efficient hybrid technology combining a
heat pump and thermally-coupled distillation sequence was
Fig. 10. Simplified flow sheet illustrating the proposed sequence for mixture M2.
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proposed for debottlenecking. The FUA curve, a graphical tool,
shows where the area available for vapor flows provides opportu-
nities to redistribute the flows within the column. The RSM was
found to be a simple and effective optimization tool for the struc-
ture design of a complex system. The simulation indicated a large
energy saving potential compared to the conventional configura-
tion while removing the bottleneck problem in the column. In
particular, a 32.61% and 51.63% lower operating cost could be
achieved in BTX and NGL, respectively. The low value of the simple
payback period showed that the proposed sequence is an attractive
option for industrial implementation.
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Appendix. Cost correlations

Capital cost: Guthrie's modular method was applied [27]. In this
study, the Chemical Engineering Plant Cost Index of 585.7 (2011)
was used for cost updating.

Updated bare module cost ðBMCÞ ¼ UF� BC� ðMPFþMF� 1Þ
(4)
where UF is the update factor:

UF ¼ present cost index
base cost index

(5)

BC is the bare cost of the heat exchanger:

BC ¼ BC0 �
�
A
A0

�a

(6)

for the compressor:

BC ¼ BC0 �
�
S
S0

�a

(7)
where MPF is the material and pressure factor; MF is the module
factor (typical value), which is affected by the base cost. A and S are
the area and brake horsepower, respectively.

Area of the heat exchanger,

A ¼ Q
UDT

(8)

The material and pressure factor:

MPF ¼ Fm þ Fs þ Fm (9)

b. Operating cost (Op):

Op ¼ Csteam þ CCW þ Celectricity (10)
where Csteam is the cost of the steam; CCW is the cost of cooling
water; and Celectricity is the cost of electricity

c: Cost saving ¼ Operating cost saving�modification cost
(11)

d: Payback period ¼ cost of project=saving per year (12)
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