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ABSTRACT: The thermally coupled distillation sequence (TCDS) has attracted increasing interest in a range of chemical
processes because of its potential energy and capital cost savings in multicomponent separations. In addition, the TCDS has
attracted particular attention in retrofit projects because of its lower energy requirements compared to the existing conventional
column sequence, easy design, and small modification. This, however, can create a bottleneck in the column. The main aim of
this study was to identify bottlenecks in a retrofitted TCDS systematically using a hydraulic performance indicator and fractional
utilization of area (FUA), and to propose a novel strategy for the use of a side reboiler or a side condenser for debottlenecking of
the column. A practical method using the response surface methodology (RSM) is proposed for TCDS design and optimization.
The optimum TCDS structure can be observed in a practical manner while minimizing the simulation runs. The use of a side
reboiler or a side condenser in a retrofitted TCDS could debottleneck the column and increase the process capacity. This can
reduce the temperature difference between the top and side reboiler location, or between the bottom and side condenser
location, which has potential use as a heat pump by utilizing the heat from the top vapor stream or side vapor stream,
respectively. The column grand composite curve (CGCC) was used to indicate the thermodynamic feasibility of the
implementation of the heat pump system into the TCDS. The results showed that the operating cost could be reduced
dramatically through novel combinations of internal and external heat integration, such as TCDS using a top vapor
recompression heat pump.

1. INTRODUCTION
In recent years, there has been increasing incentive to improve
the efficiency of existing capital in chemical processing facilities.
Retrofit design projects aim to identify ways of maximizing the
use of existing equipment and minimizing the expenditure on
new capital, when production objectives change. Examples of
new objectives are increasing the throughput of a process,
accommodating new feedstock, producing products with a
higher value, reducing operating costs, energy requirements, or
atmospheric emissions, and incorporating new technologies
into the process. At the end of the 1980s, 70−80% of capital
investment projects in the processing industry were retrofit
projects.1

Process integration is an interesting option for retrofit that
has been successful in reducing the energy requirements
compared to processes where all the units are configured with
little or no integration.2,3 In particular, the use of columns with
thermal coupling has attracted considerable interest in recent
years.4−19 Thermally coupled distillation sequences TCDSs
were obtained through the implementation of interconnecting
streams (one in the vapor phase and the other in the liquid
phase) between two columns. Each interconnection replaces
one condenser or one reboiler from one of the columns,
providing potential cost savings.
Several studies have examined the application of dividing wall

columns in a retrofit.3,20−23 They reported that the dividing
wall column can be used to save energy and cost. Nevertheless,
there can be practical difficulties:20 In addition to existing
column constraints, such as a fixed column diameter, most of
these concerns focused on the need to modify the column
shells to accommodate the dividing wall and have another
nozzle fitted to withdraw the middle product. Such

modifications to install a dividing wall, which might involve
the removal of tray support rings and the replacement of
existing internals, can be a major undertaking. In addition, the
mechanical design aspects of the column, such as mechanical
stress, are affected by changing the feed or side-draw locations.
When the columns use tray type internals for some reasons,

the internal type can retard the retrofit by a DWC configuration
because packing type internals are preferred overwhelmingly in
a dividing wall section. Furthermore, when retrofitting two
columns to a DWC, the selected, existing column is modified
by the addition of a middle section, which houses the dividing
wall.22 This will be cut on-site into two portions to form the top
and bottom sections of the retrofitted DWC. The middle
section of the retrofitted DWC is shop fabricated and would be
available before actual on-site retrofitting begins. This section
was first welded to the top of the bottom section, and the
removed top portion was then welded to the top of the middle
section to complete the column. Therefore, although the
dividing wall column might initially be the best option for
retrofit projects, these concerns must be addressed fully during
a retrofit design. These modifications often require significant
plant downtime, which leads to a loss of production and an
interruption of the product supply to the customers. On the
other hand, DWC is not attractive when the plant lifetime is
not long because of the lengthy payback period. Instead, TCDS
has attracted considerable attention in retrofit projects due to
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Figure 1. Schematic diagram of the (a) existing direct sequence; (b and c) retrofitted thermally coupled distillation sequences with side rectifier.

Figure 2. Schematic diagram of the (a) existing indirect sequence; (b and c) retrofitted thermally coupled distillation sequences with side stripper.
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the lower energy requirements compared to existing conven-
tional column sequences, as well as the easy design and small
modification.7

Thus far, entrainment flooding problems occur when
increasing the throughput to existing processing equipment,
which often provides significant economic benefits at relatively
low associated investment cost. An entrainment flooding
problem also occurs when integrating existing columns to
reduce energy. In this paper, a hydraulic performance indicator,
fractional utilization of area (FUA), was used to identify the
bottleneck of a distillation column when being retrofitted to
TCDS. This paper also considered the equipment and process
modifications related to adding a side reboiler or a side
condenser, which can alter the vapor and liquid traffic, to the
TCDS to remove entrainment flooding. The design and
optimization procedures employing the response surface
methodology were used to retrofit conventional distillation
sequences to TCDS with particular emphasis on the utilization
of existing hardware with minimal investment cost and
construction effort. Incorporating a heat pump in a TCDS
was also proposed to enhance the energy efficiency further. A
column grand composite curve was used to indicate the
thermodynamic feasibility of the implementation of a heat
pump system into the TCDS.

2. DESIGN AND OPTIMIZATION
2.1. Design. Distillation column retrofitting is performed

more often than the installation of new equipment because
distillation is an energy-intensive process requiring considerable
capital investment.24 In general, a retrofit project in a
distillation process covers a broad range of modifications and
uses existing process, ranging from a simple modification or
replacement of column internals only to large modifications of
the column configuration, partial enlargement of the shell
diameter and height, and the modification of auxiliary
equipment. In any case, the key to a successful retrofit lies in
the exploitation of existing hardware by maximizing the use of
existing equipment and minimizing the need for new hardware
to minimize the capital cost.
Figures 1 and 2 show the possibility of rearranging two

existing columns into a TCDS with a side rectifier and side
stripper, respectively. To highlight the optimal use of existing
columns, this study assumed no change in the diameter or the
total number of stages of each column. Retrofitting the existing
distillation sequence begins with the development of
preliminary designs for complex systems and minimizes the
heat duty supplied to reboilers through optimization
procedures.
Thermally coupled distillation systems were designed by

implementing interconnecting streams (one in the vapor phase
and the other one in the liquid phase) between two columns,
which eliminate the reboiler in the direct conventional scheme
or the condenser in the indirect conventional scheme. A
modification for retrofit involves a change in the draw trays for
the vapor and liquid stream. More pipe work will be needed for
the thermal link and reassignment of the eliminated reboiler (or
condenser) to the main column.
2.2. Optimization. The response surface methodology

(RSM) is a general technique for an empirical study of the
relationships between the measured responses and independent
input variables.25 A response surface is normally a polynomial,
whose coefficients are extracted by a simple least-squares fit to
the experimental data. The RSM is quite powerful because, in

addition to modeling, it can also optimize the conditions of the
process under study.26−29 To minimize the number of
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 TCDS column, the
main design variables, such as the internal vapor flow (FV) to
the side rectifier, vapor (N1), and feed (N2) stream locations,
were then optimized. The RSM was used to examine the effects
on the reboiler. After determining the preliminary ranges of
variables through single-factor testing, a central composite
design was used to determine how the variables interact and to
optimize the system in terms of the reboiler duty.
The simulation data was fitted to a second-order polynomial

model, and the regression coefficients were obtained. The
generalized second-order polynomial model used in response
surface analysis can be expressed as follows:
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where Y is the predicted response (reboiler duty), Xi are the
uncoded or coded values of the variables, β0 is a constant, βi, βii,
and βij are the coefficients of the linear, quadratic and
interactive terms, respectively, and ε is the error term.
MINITAB software was used for response surface fitting and
to optimize the reboiler duty.

3. HYDRAULIC PERFORMANCE
INDICATORFRACTIONAL UTILIZATION OF AREA

The performance indicator for the hydraulic condition of an
existing distillation was used. The indicator is related to the area
required for vapor flow if flooding is to be avoided.1 The
indicator allows one to identify bottlenecks and evaluate the
modifications proposed to overcome these bottlenecks.
Traditionally, in the design of new distillation columns, the

size of a number of key trays should be determined. For
example, it is recommended that the diameter required for the
topmost and bottom-most trays, for those above and below
every feed and for those with the highest vapor or liquid flows,
be determined using detailed sizing calculations.1,30 The
principle underlying this approach is that, when integrating
the existing columns to TCDS, only a few stages in a column
may flood. The remaining trays do not constrain the operation
of the column; the area available for vapor flow is not fully
utilized on these trays.
Knowing to what extent the area available for vapor flow on

each stage is used when a column is operating at its maximum
throughput is very important. This knowledge is essential for
determining which stages the vapor and liquid traffic should be
reduced and which stages can accommodate the increased flow.
For a given feed flow rate and for each stage, the column
diameter that would be required 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 minimum
diameter needed 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 would be useful because the area required
is proportional to the feed flow rate (i.e., throughput).
Therefore, the following new indicator of the hydraulic
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performance of an existing distillation column, the fractional
utilization of area (FUA), is proposed:

=FUA
area required on stage i for vapor flow
area available on stage i for vapor flow (2)

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

Figure 3 shows the FUA curve for an existing column
sequence and the main column in the retrofitted TCDS, which

indicates the flooding occurring in the main column. In
particular, when retrofitting two column sequences to the
TCDS with a side rectifier, the bottom section of the main
column needs to cover all the vapor flows, which are shared by
the main column and side rectifier. This can create a bottleneck
in the bottom section of the main column. As shown in Figure
3a, the FUA value is larger than 1 in the stripping section of the
main column in a retrofitted side rectifier. Similarly, the top
section of the main column needs to cover all the vapor flows,
which are shared by the main column and side stripper. These

can cause bottleneck problems in the top section of the main
column (Figure 3b).

4. USE OF A SIDE REBOILER AND SIDE CONDENSER
Frequently, the highest liquid and vapor traffic in a distillation
tower is directly above the bottom reboiler.31 When the tower
capacity is limited by these bottom section trays, the installation
of a side reboiler sometimes allows an increase in capacity. A
few process designs use a side reboiler to reduce the diameter
of a new tower. A side reboiler will reduce the vapor and liquid
traffic below the tray where the side reboiler is placed and
increase the vapor and liquid traffic above the tray,32 which will
increase the area utilization above the side reboiler. Similarly, a
side cooler will 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 condenser. A
strategy using a side reboiler or a side condenser is proposed
based on these phenomena. Figure 4 shows a schematic
diagram of the TCDS with an added side reboiler or side
condenser. A side reboiler is used to reduce the flows below the
side reboiler, which will decrease and increase the area
utilization below and above the side reboiler, respectively.
Similarly, a bottleneck often occurs in the rectifying section of
the main column in a retrofitted side stripper. A side condenser
is used to reduce the area utilization above the side condenser.
A strategy for retrofitting a conventional distillation sequence

to the TCDS is proposed. Figure 5 shows the steps of the
retrofit strategy. The optimum retrofitted TCDS structure
needs to be obtained. The FUA tool is then used to determine
if the optimum retrofitted TCDS is flooded. Next, a side
reboiler or a side condenser is used to remove the bottleneck in
the main-column based on FUA analysis. A side reboiler can be
used in cases where a bottleneck occurs at the bottom of a
column. On the other hand, when the bottleneck occurs in the
rectifying section, a side condenser can be installed to remove
the bottleneck. Finally, the overall economics can be evaluated
and analyzed to give a final decision.

5. THERMAL HEAT PUMP INTEGRATION
Standalone unit operations, such as distillation columns are
thermodynamic systems comprised of a heat source (con-
denser) and heat sink (reboiler). These systems can be
represented graphically on a temperature−enthalpy diagram
known as the column grand composite curve (CGCC).33−39

To make a heat pump installation a profitable option in
distillation processes, the system must operate between small
temperature differences.39 A heat pump operates by extracting a
given amount of heat from a source at a relatively low
temperature and delivering a larger amount of heat to a sink
with a higher temperature by consuming high quality energy
(electrical or mechanical) to achieve the task. The oppor-
tunities for implementing the heat pump on the top of the
column or intermediate heat pumping system can be
determined by the shape of the CGCC. A flat profile on
both sides above and below the pinch point suggests that the
process is suitable for recovering the waste heat from the
rectification section and its reuse into the stripping section of
the column.

6. CASE STUDY
6.1. Existing Conventional Sequence Column. Figure 6

presents the conventional distillation sequence and its current

Figure 3. FUA curve for (a) the existing column in the direct sequence
and main column in a retrofitted side rectifier and (b) the existing
column in the indirect sequence and main column in a retrofitted side
stripper.
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operating conditions. With 18 theoretical stages, the deethan-
izer column produces a partially condensed overhead vapor
stream. On the other hand, the depropanizer, which possesses
34 theoretical stages, was designed and operated at 17.5 bar
because commercial propane can be condensed with cooling
water under this pressure.40 Table 1 lists the feed composition,
temperature, and pressure. The simulation was performed using
the simulator, Aspen Hysys V7.3 (Aspen Technology, Inc.).
The Peng−Robinson equation of state, which supports the

widest range of operating conditions and the greatest variety of
the systems, was used to predict the vapor−liquid equilibrium
of these simulations.41 Table 2 lists the conditions and product
specifications of each column in a conventional distillation
sequence. The base case simulation model showed that the
energy consumption of the deethanizer and depropanizer was
7800 and 6432 KW, respectively.
To retrofit the conventional distillation sequences to the

TCDS, the main design parameters of the existing columns

Figure 4. Schematic diagram of the thermally coupled distillation sequences: (a) system with side rectifier and side reboiler and (b) system with side
stripper and side condenser.

Figure 5. Flow diagram of the retrofit design strategy to thermally
coupled distillation sequence.

Figure 6. Simplified flow sheet illustrating the existing separation train
of two conventional columns.
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were checked. The existing reboilers and condensers should
also be checked for reusability with minimal modifications.
6.2. Retrofitted Thermally Coupled Distillation Se-

quence. Table 3 lists the factors and levels used in this case

study. Thirteen simulations were run to optimize 2 parameters
of the TCDS structure. For each run, vapor flow to the side
rectifier was varied to minimize the reboiler duty while still
achieving the required product purity. Figure 7 shows the three-
dimensional response surface plot and contour plot of the
interaction between the main design variables, N1 and N2. Two
parameters were plotted on each set of X and Y axes. The
reboiler duty was plotted on the Z axis. The resulting second-
order polynomial model is as follows:

= − − +

+ −

Y X X X

X X X

10132.4 76.6667 10 126.552

776.552 117.5
1 2 1

2

2
2

1 2 (3)

where Y is the predicted response (reboiler duty) and X1 and X2
are the coded values of the vapor and feed stream locations,
respectively.
The smallest reboiler duty was observed at the coded levels

of the number of trays in the vapor stream, and feed sections of
0.3131, and 0.0303, respectively (Figure 8). Under these
conditions, the minimum reboiler duty by the retrofitted TCDS
was predicted to be 10 120 KW. The natural values of the

variables can be derived from the coded levels. The vapor flows
to the side rectifier were then optimized to minimize the
reboiler duty, while maintaining sufficient product purity.
Figure 9 shows a simplified flow sheet illustrating the retrofitted
TCDS. The simulation also showed that the TCDS consumes
10 240 KW, which is in good agreement with the results
predicted by the RSM. Considerable savings (28.05%) in
reboiler energy can be achieved. The decrease in column
pressure reduces the energy cost for the reboiler but the
condenser need to be operated at lower temperatures. In this
study, the temperature of the top of the deethanizer was
reduced from 13.38 °C to −10.77 °C. To consider the effect of
different cooling temperatures on the overall economics, a
different cost of refrigeration was used for the two cases (Table
4).42 The operating cost was then calculated based on the sum
of the costs of steam, refrigeration, electricity, and cooling

Table 1. Feed and Products Conditions of the Mixture

feed and products conditions

feed C2 product C3 product C4+ product

component mass flow (kg/h)

methane 267.15 267.15 0.00 0.00
ethane 23485.72 22211.57 1274.15 0.00
propane 23509.56 1164.27 22325.00 20.29
i-butane 7220.74 2.77 606.33 6611.64
n-butane 15404.07 0.93 92.96 15310.19
i-pentane 5562.95 0.00 0.01 5562.93
n-pentane 3933.33 0.00 0.00 3933.33
n-hexane 4730.34 0.00 0.00 4730.34
n-heptane 2451.37 0.00 0.00 2451.37
temp. (°C) 55.83 13.38 44.44 123.30
pressure (bar) 31.37 30.98 17.50 18.10

Table 2. Column Hydraulics and Energy Performance of the
Existing Columns Sequence

deethanizer depropanizer

no. trays 18 34
tray type sieve sieve
column diam. (m) 3.1 2.4
no. flow paths 1 1
tray spacing (mm) 609.6 609.6
max flooding (%) 84.58 82.08
condenser duty (KW) 3952 7640
reboiler duty (KW) 7800 6432

Table 3. Factors’ Coded Levels

levels

factor −1 0 1

vapor stream section (N1) 4 8 12
feed stripping section (N2) 12 16 20

Figure 7. (a) Three-dimensional response surface plot and (b)
contour plot of interaction between N1 and N2.

Figure 8. Optimization plot by the RSM.
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water. The results show that the operating cost can save up to
20.29% when retrofitting to TCDS. The reboiler in the
deethanizer column can be used together with the existing
reboiler in the depropanizer column.
On the other hand, when two columns are used to construct

the TCDS, the existing deproapanizer is likely to be
bottlenecked, as shown in Figure 10. In the FUA curve of

the existing depropanizer, the fractional utilization of the area
can vary from stage to stage, with some stages requiring all the
available area (i.e., FUA = 1), whereas the others could
accommodate significantly higher flows. The FUA value began
to increase from the feed stage. In the main column of TCDS,
the FUA increased dramatically from the vapor stream location
(16th stage). The retrofitted depropanizer has a bottleneck
problem in the stripping section. The FUA curve showed that
there is an opportunity to reduce the area utilization in the

stripping section of the column by increasing the flows in
rectifying the section of the retrofitted depropanizer column.

6.3. Retrofitted Thermally Coupled Distillation Se-
quence with Side Reboiler. Side reboilers can be used to
change the vapor and liquid flows within a column section to
use the area available more uniformly.32 This will reduce the
vapor and liquid traffic below the tray where the side reboiler is
placed and increase the vapor and liquid traffic above the tray.
Therefore, the liquid and vapor traffic in the bottom-most
section of the column can be reduced using a side reboiler; that
is, the bottleneck problem can be removed.
Figure 11 shows the simplified flow sheet outlining the

retrofitted TCDS with a side reboiler. As a result of using the

side reboiler, the maximum area utilization (in the stripping
section) decreases to 1 and can be even smaller. When the
maximum area utilization is less than 1, the feed flow to the
column can be increased until the maximum area utilization in
the stripping section is 1. This corresponds to an increase in
throughput. The heat duty in the reboiler decreased with
increasing heat duty in the side reboiler. Note that the reboiler
of an existing deethanizer can be used as a reboiler in a
retrofitted depropanizer, whereas the reboiler of the existing
depropanizer is used as a side reboiler. As shown in Figure 12,
the FUAmax decreased with increasing heat duty in the side
reboiler. On the other hand, the total duty increased with
increasing duty in the side reboiler. The FUAmax and operating
cost are a trade-off to be considered for this retrofit case. In this
study, the aim was to reduce the energy requirements.
Therefore, the chosen side reboiler duty was 3782 KW,
which gives 21.51% savings in terms of the reboiler duty. More
condenser duty is needed because the side reboiler boils up the
liquid stream, which results in a heavier component (C4+) in
the top section. Another advantage of using a side reboiler is
that the side reboiler in the stripping section can use lower-
pressure steam because the column temperature is lower at that
location.43 This is particularly important when using distillation
columns, in which the components being separated have very
different boiling points and, hence, large temperature differ-
ences between the condenser and reboiler. This means that the
temperature of the heat source in the reboiler is much higher
than that of the heat-removal sink in the condenser. A high
temperature means that high-pressure steam must be used or a

Figure 9. Simplified flow sheet illustrating the retrofitted TCDS.

Table 4. Utilities Cost Data

utility price ($/GJ)

cooling water 0.35
steam 13.28
refrigeration (moderately low temp.) 4.43
refrigeration (low temp.) 7.89
electricity 16.80

Figure 10. FUA profiles of existing depropanizer and main column in
TCDS.

Figure 11. Simplified flow sheet illustrating the retrofitted TCDS with
side reboiler.
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fired reboiler or a hot oil system is needed in cases with
temperatures above approximately 500 °F (260 °C).
Note that adding either a side condenser or a side reboiler

moves one or more of the operating lines closer to the
equilibrium curve in the classical McCabe−Thiele diagram.31

As a result, a revamp reducing tray traffic in a tower zone might
normally require a larger number of equilibrium stages or
operation with a higher total heat input and removal. However,
using a side reboiler shifts some of the separation energy to a
lower cost utility temperature level and also reduces the
temperature difference for heat pump application, which can
reduce energy cost in overall.
Interestingly, an increase in the vapor flow rate to the side

rectifier (FV) causes an increase in the composition of ethane.
In this case, the composition of the contaminated heavy
component in the propane product increases because the
propane purity of the top product in the main column is kept
constant. This causes an increase in the top temperature of the
depropanizer, which causes a change to reduce the operating
pressure. The pressure is possibly reduced to 14.5 bar instead of
17.5 bar. Figure 13 shows a simplified flow sheet illustrating the
retrofitted TCDS operated at a lower pressure with a side
reboiler. Compared to the conventional column sequence, this

sequence can reduce the energy consumption by up to 30.33%
in the reboiler duty.

6.4. Proposed Sequence. The use of a side reboiler also
reduces the temperature difference between the top and side
reboiler location, which can use a heat pump to utilize the heat
from the top vapor stream. Figure 14 shows the CGCC for the
depropanizer. The distance between the points on the curve
and vertical axis indicates the heat load required for each stage
(Figure 14b). The horizontal distance between the far end
points of the curve above and below the pinch represents the
reboiler and condenser heat duties.39 An inspection of the
CGCC shows that the temperature difference between the top
of the column and side reboiler stage is small, and the heat load
is high. Therefore, there is a possibility of improving the
energetic efficiency of the system.
Vapor from the top of the distillation column can be

compressed to a certain pressure (increasing its vapor
temperature) and then condensed in the column’s side reboiler
through indirect contact with the liquid in the column’s 16th
stage. This allows the heat of the condensing vapor to assist in
vaporization at the middle of the column via a heat exchanger.
The top outlet stream must be cooled further before being
divided into two streams: one that is recycled back into the
column as reflux and another that is the final top product
(Figure 15). Compared to the conventional column sequence,
the use of a retrofitted TCDS with a top vapor recompression
heat pump can be reduced by up to 63.02 and 44.36% in terms
of the condenser duty (depropanizer) and reboiler duty,
respectively, which brings an operating cost saving of 29.68%.
This benefit can increase when the electricity/steam cost ratio
reduces or when used in a country/company with cheap
electricity.44

The estimated cost savings by the DWC was 7.6 million USD
after 5 years. The simple payback period can be calculated as
the additional capital cost divided by the savings per year. In
this case, the value was only 12.6 months. This attractive
payback period is due to the high energy costs and the reuse of
most of the equipment. Chemical/petrochemical plants
normally have an annual maintenance period of 10−14 days,
during which the major repairs and replacements are carried
out. The retrofitting discussed above was assumed to take place

Figure 12. Influence of side reboiler duty on the total reboiler duty, FUAmax, and capacity.

Figure 13. Simplified flow sheet illustrating the retrofitted TCDS
operated lower pressure with side reboiler.
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within this maintenance period. Therefore, the production loss
during the retrofitting time was not considered.22

7. CONCLUSIONS
This paper reported a systematic and efficient approach for
retrofit design to debottleneck the retrofitted TCDS. A
hydraulic performance indicator−fractional utilization of the
area and a side reboiler or a side condenser were used to
identify and remove the bottleneck problem in retrofitted
TCDS effectively, respectively. The FUA curve, a graphical tool,
showed where the area available for vapor flows can provide
opportunities for the redistribution of flows within the main
column of TCDS. The FUA curve provides a vision for
removing the bottlenecks in the retrofitted TCDS. The side
reboiler and condenser were emphasized to change the vapor
and liquid flows within a column section to utilize the available
area. Retrofitting of the existing conventional distillation
sequence can achieve significant energy savings with few
modifications. The predicted RSM results showed good
agreement with a rigorous simulation. Furthermore, retrofitting
to a TCDS with a side reboiler or a side condenser could not
only utilize the existing columns but also increase the process
capacity. This also increases the feasibility to apply the heat
pump. The results showed that incorporating a heat pump to
the retrofitted TCDS, which includes internal and external heat
integration, is an attractive option for improved energy savings.

■ APPENDIX. HEAT EXCHANGER AND HEAT PUMP
COST CORRELATIONS

a. Capital cost: Guthrie’s modular method was applied.45 In
this study, the Chemical Engineering Plant Cost Index of
585.7 (2011) was used for cost updating.

= ×

× + −

updated bare module cost (BMC) UF BC

(MPF MF 1) (4)

=

where UF is the update factor:

UF
present cost index

base cost index (5)

= ×
α⎛

⎝⎜
⎞
⎠⎟

A
A

BC is the bare cost for the heat exchanger:

BC BC0
0 (6)

=
Δ

A
Q

U T
area of heat exchanger,

(7)

= ×
α⎛

⎝⎜
⎞
⎠⎟

S
S

for the compressor: BC BC0
0 (8)

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.

= + +F F Fmaterial and pressure factor: MPF m s m
(9)

b. Operating cost (Op):

= + + +C C C COp steam refrigeration CW electricity (10)

where Csteam is the cost of the steam; Crefrigeration is the
cost of refrigeration; CCW is the cost of cooling water;
and Celectricity is the cost of electricity.

Figure 14. CGCC for retrofitted TCDS.

Figure 15. Simplified flow sheet illustrating the retrofitted TCDS with
top vapor recompression heat pump (proposed sequence).
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c.

= −cost saving energy cost saving modification cost
(11)

d.

=payback period cost of project/saving per year
(12)
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