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Abstract−Dividing wall columns, capable of reducing the energy required for the separation of ternary mixtures,

were explored for the energy-efficient integration of debutanization and deisobutanization. A new practical approach

to the design and optimization of dividing wall columns was used to optimize dividing wall columns. A conventional

dividing wall column and a multi-effect prefractionator arrangement were shown to reduce total annual cost consider-

ably compared with conventional distillation sequence. Various configurations incorporating a heat pump in a bottom

diving wall columns were also proposed to enhance energy efficiency further. The result showed that operating cost

could be reduced most significantly through novel combinations of internal and external heat integration: bottom dividing

wall columns employing either a top vapor recompression heat pump or a partial bottom flashing heat pump.

Key words: Distillation, Dividing Wall Column, DWC, Natural Gas Recovery, Fully Thermally Coupled Distillation Column,

Heat Integrating, Process Intensification

INTRODUCTION

Separations by distillation columns account for the largest frac-

tion of energy used in industry, making them a major concern for

sustainable development in industrially developed countries. Distil-

lation is the most widely used separation process in industry, and

its large-scale equipment makes it one of the most capital-intensive

industrial processes. With global industrial growth, distillation is

increasing in both variety and size of applications. Hence distillation

systems are required that are sustainable and economically feasi-

ble, i.e., industrially viable [1-3].

There are several reports analyzing the relative advantages of

dividing wall columns (DWCs, Fig. 1) for ternary separations that

show that DWCs can achieve energy savings of up to 30% over

conventional direct and indirect distillation [4-12]. DWCs allow

reversible splits with no part of the separation performed twice, the

main contributor to their superior energy efficiency over other col-

umn configurations [13]. However, their design is more complex

than conventional arrangements because of the greater number of

degrees of freedom [14], which interact with each other and need

to be optimized simultaneously. Since the number of stages is an

integer variable, column optimization falls into a class of mixed

integer non-linear programming problems (MINLP) [1]. These can-

not be solved using commercially available process simulators. This

work utilizes a new approach to the design and optimization of divid-

ing wall columns.

Heat pumps in distillation allow the heat of condensation released

at the condenser to be used for evaporation in the reboiler [15]. This

is an economic way to conserve energy when the temperature differ-

ence between the overhead and the bottom of the column is small

and the heat load is high. Heat pumps can also be used in grass-

roots or retrofitting design because they are easy to introduce and

plant operation is usually simpler than heat integration [16-20]. How-

ever, the high capital expenditure required for compressors make

them industrially viable only for high-capacity, end-of-train (practi-

cally binary) separations of substances with close boiling points,

which require minimal compressor/compression costs. This is the

case mainly in the separation of light hydrocarbons, such as C2, C3

and C4 components, where the adiabatic exponents of the sub-

stances are large enough to enable significant temperature increases

with relatively low compression effort [1,21,22].

Liquid hydrocarbons recovered from NGL are typically sepa-

rated into relatively pure ethane (C2), propane (C3), isobutane (iC4),

normal butane (nC4), and gasoline (C5+) products. This is conven-

tionally done by the sequential distillation of C2, C3 and C4 from

Fig. 1. A dividing wall column.
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gasoline, followed by further distillation of iC4 from nC4 [23]. Because

isobutane and normal butane have similar boiling points, their sepa-

ration requires a large number of trays and a high reflux ratio. E.

Díez simulated an isobutane/normal butane distillation process to

compare the costs of conventional distillation and heat pump distil-

lation systems [24]. K. A. Amminudin proposed a prefractionator

arrangement for retrofitting a debutanizer and a deisobutanizer to

achieve the benefits of energy saving and capacity improvement,

while fully exploiting existing hardware [25].

Optimization studies rely on statistical approaches, with response

surface methodology (RSM) being routinely used in several bio-

technological and industrial multivariable processes. In RSM, the

Box-Behnken design only has three levels (low, medium, and high,

coded as −1, 0, +1) and requires a small number of experiments or

simulation runs. A response surface is usually a polynomial whose

coefficients are extracted by a simple least-square fit to experimen-

tal data. RSM is quite powerful since, in addition to modeling, it

can also use the developed model to optimize the conditions of the

process under investigation. It is more efficient and easier to arrange

and interpret than other methods [26,27]. This work’s aim is the

maximization of energy efficiency in debutanizing and deisobutaniz-

ing NGL recovery using a dividing wall column, a bottom divid-

ing wall column, a heat pump and heat integration. RSM was used

to optimize the dividing wall column. Several comparisons of these

configurations were analyzed.

DESIGN AND OPTIMIZATION METHODOLOGY

1. Design

Initial DWC design is achieved using a shortcut design proce-

dure [5,14,28,29] based on the conventional column configuration

shown in Fig. 2. In this conventional configuration, the first col-

umn corresponds to the prefractionator of the DWC. The rectify-

ing section of the second column and the stripping section of the

third column represent the top and bottom sections of the DWC,

respectively. The stripping section of the second column and the

rectifying section of the third column are equivalent to the DWC’s

dividing wall section. The bottom stream from the second column

and the top stream from the third column correspond to the side

stream of the DWC. Consequently, the DWC can be divided into

four sections: the prefractionator for the feed mixture, the top and

bottom sections above and below the dividing wall, and the divid-

ing wall section.

2. Optimization

Minimizing reboiler/condenser duties (or equivalently, the reflux

ratio) minimizes operating costs and leads to near-optimal column

design [30]. This study does not vary the total number of trays, to

ensure fair comparison between sequences. Design variables affect-

ing duty are the internal vapor and liquid flows to the prefraction-

ator, the locations of the feed and side trays, and the dividing wall

section. After determining the preliminary ranges of the variables

through single-factor testing, a Box-Behnken design was employed

under the response surface methodology to analyze how the vari-

ables interacted and optimize the system in terms of reboiler duty.

Simulation run data were fitted to a second-order polynomial model

and regression coefficients were obtained. The generalized second-

order polynomial model used in the response surface analysis is as

follows:

(1)

where Y is the predicted response (reboiler duty), Xi are the un-

coded 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.

Simulations were performed using the simulator Aspen HYSYS

V7.1. The Peng-Robinson equation of state supporting the widest

range of operating conditions and the greatest variety of systems

was used to predict the simulations’ vapor-liquid equilibriums [31].

MINITAB software was used for response surfaces fitting and opti-

mizing the reboiler duty.

CASE STUDY

1. Conventional Distillation Sequence

The debutanizer, with 40 theoretical trays, was designed for use

at 3.5 bar (Fig. 3). The 92-tray deisobutanizer column was designed

for use at 4.4 bar, as commercial isobutane can be condensed with

cooling water at this pressure [25]. Feed composition, temperature,

and pressure conditions are listed in Table1. To determine each col-

umn’s maximum flooding, rating modes were simulated using each

column’s internal specifications, e.g., type of trays, column diame-

ter, tray spacing, and number of passes. Table 2 lists the conditions

and product specifications for the columns considered here. The

columns were designed with for loads near 85% of the flooding

point load to prevent flooding. The base case simulation model shows

that energy consumption by the debutanizer and the deisobutanizer

Y = β0 + βiXi + βiiXi

2

 + βijXiXj + ε
i j<
∑∑

i=1

k

∑
i=1

k

∑

Fig. 2. A three-column distillation system for the initial design of
the DWC structure.
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are 3,055 and 6,619KW, respectively.

2. Conventional Dividing Wall Column (CDWC)

The high efficiency and low energy requirements of dividing wall

columns are well reported, but their wider use is prevented by diffi-

culties of their design, optimization, and operation. The initial CDWC

structure was estimated using a shortcut design method. It was then

optimized using response surface methodology. Some preliminary

simulation runs were carried out to determine the main optimizing

variables and their level. Corresponding to the changes of factor

value, the simulated response values (reboiler duty) was recorded.

The presence of curvature indicates that the simulation region is

close to the optimum. In this particular work, it was observed that

the number of stages of the dividing wall section does not largely

affect the reboiler duty when it increases from 42 trays. However,

the location of a dividing wall section had a significant effect to reboiler

duty. Thus, to simplify the optimization procedure, the location of

dividing wall column section was considered as a main variable

while the total number of stages of the dividing wall section was

fixed by 42 trays. Table 3 lists the factors and levels used in the RSM

based optimization. The DWC parameters were optimized over 15

simulation runs. For each run, the internal vapor and liquid flows

to the prefractionator were varied to optimize energy consumption

and to meet the required product purity and recovery. Fig. 4 shows

three-dimensional response surface plots of the interactions between

the locations of the feed (N1) and side trays (N3), the feed tray loca-

tion (N1) and the dividing wall section (N2), and the dividing wall

section (N2) and the side stream tray location (N3). A parameter of

each model is plotted on each X and Y axis, with reboiler duty on

the Z axis. In each case the one remaining parameter was automati-

cally set at its center point value by the software. The resulting second-

order polynomial model was as follows:

Y=6789.00+181.75X1−42.63X2−12.13X3+157.50X1

2
+106.25X2

2

Y=+142.25X3

2−7.25X1X2−23.25X1X3+15.50X2X3
(2)

Reboiler duty was predicted to be lowest (6733KW) with coded

levels of feed tray location (N1), dividing wall section (N2), and

side stream tray location (N3) of −0.5428, 0.1717, and −0.0101,

respectively (Fig. 5). The variables’ natural values can be derived

from the coded levels. Recycling of the vapor and liquid flows was

then optimized to minimize reboiler duty and satisfy product purity

requirements. A simplified flow sheet illustrating the CDWC system

is shown in Fig. 6. The simulation results show that the CDWC can

reduce reboiler energy consumption by 29.76% compared with con-

ventional sequences. The simulated value (6794KW) was in good

agreement with the predicted value. Using a CDWC 3.40m in diam-

eter could reduce energy consumption by 24.68% in terms of TAC

compared with using conventional column sequence. Most of the

energy savings in the CDWC are attributed to the prefractionator

[14]. A major source of separation inefficiency in debutanizer is

the remixing effect. As can be seen in Fig. 7, a significant reduc-

tion in the remixing inefficiency is provided by a non-sharp split in

Fig. 3. Simplified flow sheet illustrating the separation train of two
conventional columns.

Table 1. Feed mixture conditions

Feed conditions

Component Mole flow (kgmol/hr) Mole fractions (%)

Propane 000.48 00.08
i-Butane 116.58 19.43
n-Butane 290.46 48.41
i-Pentane 050.94 08.49
n-Pentane 058.32 09.72
n-Hexane 083.22 13.87
Temperature (oC) 83.0
Pressure (bar) 08.0

Table 3. Coded levels of factors

Factor
Levels

−1 0 1

Feed tray location (N1) 29 31 33
Dividing wall section (N2) 11-53 13-55 15-57
Side stream tray location (N3) 19 21 23

Table 2. Column hydraulics, energy performance, and product
specifications of the conventional distillation column se-
quence

Debutanizer Deisobutanizer

Number of trays 40 92
Tray type Sieve Sieve
Column diameter (m) 2.15 2.75
Number of flow paths 1 1
Tray spacing (mm) 457 457
Max flooding (%) 83.50 84.39

Condenser duty (KW) 4793 6366
Reboiler duty (KW) 3055 6619
Purity of iC4 (mol%) 99
Purity of nC4 (mol%) 95
Purity of C5+ (mol%) 99
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the prefractionator. In addition, the prefractionator minimizes the

mixing losses at the feed tray. The distribution of the middle key

component, n-butane, between the top and the bottom of the prefrac-

tionator, allows greater freedom to match the column feed compo-

sition with the composition on one of the trays in the prefractionator.

Several simulation runs were carried out to validate the three-

dimensional response surface plots predicted by the RSM. Fig. 8

compares the three-dimensional response surface plots of interac-

tion between the dividing wall section and side stream tray location

evaluated by the RSM and by rigorous simulation. It is apparent

from the figure that the three-dimensional response surface plots

Fig. 4. Three-dimensional response surface plots of interactions between: feed and side tray locations; feed tray location and dividing wall
section; and dividing wall section and side stream tray location.

Fig. 5. Optimization plot.

Fig. 7. Composition profile of n-butane.

Fig. 6. Simplified flow sheet illustrating the CDWC system.
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by the RSM are quite similar to the actual ones.

Increasing nC4/iC4 ratio was found to improve DWC performance,

reducing reboiler energy use and reducing operating costs over the

investigated range (Fig. 9).

3. Bottom Dividing Wall Column (BDWC)

Integrating a debutanizer and a deisobutanizer using a bottom

dividing wall column (BDWC), which is equivalent to a side-strip-

per configuration [4], was also studied (Fig. 10). Rigorous simula-

tion based on the equilibrium-stage model was performed for this

arrangement by adjusting the liquid split ratio (RL), and the loca-

tions of the feed and side trays to minimize the size of the column

and total energy consumption. The simulation results show that the

RL was 0.39. Energy requirements by the condenser and reboiler

were 9658 and 8319KW, respectively, giving the BDWC system

a 13.97% reduction of energy consumption compared with con-

ventional sequences. Note that utility cost data are shown in Table

4 [32].

There are a few reported comparisons of CDWCs and BDWCs

[4,33,34]. Table 5 shows that the BDWC gives a smaller energy

saving than the CDWC in terms of condenser duty, reboiler duty,

and operating cost saving. The BDWC could not be adjusted in terms

of vapor split ratio (RV). It also has one more reboiler, leading to

higher investment costs. Nevertheless, such a column with internal

integration and external heat integration, via a heat pump, could

show improved economy when the temperature difference between

the overhead and bottom of the column is small, and the heat load

Fig. 8. Three-dimensional response surface plots of interaction between the dividing wall section and side stream tray location predicted
by the RSM (a) and by the rigorous simulation (b).

Fig. 9. Effect of nC4/iC4 ratio on reboiler energy saving and oper-
ating cost saving of the CDWC system.

Fig. 10. Simplified flow sheet illustrating the BDWC system.

Table 4. Utilities cost data

Utility Price ($/GJ)

Refrigerant (moderately low temperature) 04.43
Cooling water 00.35
Steam (LP) 06.08
Steam (MP) 06.87
Electricity 16.80
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is high. On the contrary, it is not wise to use a heat pump assisted

CDWC due to high temperature difference of about 68 oC.

4. BDWC with Top Vapor Recompression Heat Pump

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 reboiler through indirect contact with

the liquid in the column’s bottom [35]. This allows the heat of the

condensing vapor to aid the vaporization at the bottom of the column

via a heat exchanger. The top outlet stream must be further cooled

before being divided to two streams: one that is recycled back into

the column as reflux, and another that is the final top product (Fig.

11). Note that the pressure of the outlet compressor was adjusted to

obtain a minimum approach in the heat exchanger of 5 oC. Com-

pared with the conventional column sequence, using a top vapor

recompression heat pump can reduce energy consumption by up

to 48.36% and 65.27% in the condenser and reboiler duty, respec-

tively, bringing about a 36.65% reduction of operating costs. Thus,

this system can be considered for grass-roots or retrofitting design.

Increasing nC4/iC4 ratio slightly reduced the performance of the

BDWC with a top vapor recompression heat pump over the investi-

gated ratio range, decreasing the reboiler energy saving and the

operating cost saving (Fig. 12). Although increasing the nC4/iC4

Table 5. Comparison of different structural alternatives for more efficient debutanization and deisobutanization

Structural alternative

Conventional column
sequence

Multi-effect
prefractionator
arrangement CDWC BDWC

BDWC with
top vapor

recompression
heat pump

BDWC with
partial bottom
flashing heat

pumpDebutanizer Deisobutanizer HP LP

Tray number 40 92 40 92 92 92 92 92
Column diameter (m) 2.15 2.75 3.40 2.85 3.40 3.70 3.70 3.70
Condenser duty (KW) 4793 6366 0 7284 8152 9658 5762 6120
Compressor duty (KW) 0 0 0 0 0 0 1030 1424
Reboiler duty (KW) 3055 6619 5915 0 6794 8319 3360 3360
Condenser duty saving (%) 0.00 34.73 26.95 13.45 48.36 45.16
Reboiler duty saving (%) 0.00 38.86 29.76 14.01 65.27 65.27
Operating cost saving (%) 0.00 31.02 29.58 13.97 36.65 26.04
TAC saving (%) 0.00 18.24 24.68 11.44 31.68 20.61

Fig. 11. Simplified flow sheet illustrating the BDWC system with
a top vapor recompression heat pump.

Fig. 12. Effect of nC4/iC4 ratio on reboiler energy saving and oper-
ating cost saving of the BDWC system with top vapor re-
compression heat pump.

Fig. 13. A BDWC with bottom flashing heat pump.
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ratio reduced the condenser and compressor duty, it increased the

reboiler duty leading to higher operating costs.

5. BDWC with Bottom Flashing Heat Pump

Fig. 13 shows the simplified flow sheet of a BDWC with a bot-

tom flashing heat pump. The column has two bottom streams, one

of C5+ product, with the remaining flow expanded in the valve to

decrease its temperature and to allow heat exchange with the top

vapor stream. After heat exchange, depending on each stream’s vol-

ume and pressure reducing level, a cooler should be added to con-

dense the top vapor stream or a heater is required to boil the bot-

tom stream totally. Here, a cooler was used for total condensing of

the top vapor stream before the condensed liquid was recycled back

into the column as a reflux stream. The bottom stream was divided

into two streams: one that was recompressed to the column pressure

and recycled back into the column as a boilup stream, and another

that was condensed by refrigeration.

A bottom flashing heat pump in the BDWC involves higher oper-

ating costs than using a top vapor recompression heat pump be-

cause cooling the final bottom product requires expensive refriger-

ation to enable an operating cost saving of 11.72% compared with

the conventional column sequence. It requires an additional valve

and an additional refrigeration system in the bottom flashing heat

pump, leading to higher investment costs than the vapor recom-

pression heat pump. Therefore, it is not efficient to flash the entire

bottom stream in this case.

6. BDWC with Partial Bottom Flashing Heat Pump

Instead of flashing the entire bottom stream, it can first be divided

into two streams: the final product stream, and another that is ex-

panded by a valve to decrease its temperature and to allow heat ex-

change with the top stream before being recompressed to column

pressure. A simplified flow sheet outlining the BDWC with a partial

bottom flashing heat pump is shown in Fig. 14. Although this se-

quence has similar savings of reboiler duty to the sequence with a

top vapor recompression heat pump, it has higher condenser and

compressor duties (Table5). This arrangement reduces energy require-

ment by 26.04% compared with the conventional column sequence.

7. Multi-effect Prefractionator Arrangement

Multi-effect (also called pressure-staged) distillation adjusts the

column pressures such that the cooling (energy loss) of one col-

umn can be used to heat (energy gain) another column [36], giving

potential for energy savings. The saving can be enhanced by using

a prefractionator arrangement [36-38]. A multi-effect prefraction-

ator arrangement is compared here with other sequences.

Fig. 15 shows a simplified flow sheet of the multi-effect prefrac-

tionator arrangement, where the higher pressure of the prefraction-

ator (HP) allows heat from the condensing top to aid the boiling in

the main column (LP). This is a forward integration as mass and

heat are both integrated in the forward direction, which is easier to

initiate and to control than backward integration [36]. One heat ex-

changer can replace a condenser in the HP column and a reboiler

in the LP column. A 5 oC temperature difference was used in the

heat exchanger, giving a pressure of 24.1 bar in the top of the HP

column and 4.4 bar in the LP column of the multi-effect prefrac-

Fig. 14. A BDWC with partial bottom flashing heat pump.

Fig. 16. Effect of electricity/steam cost ratio on operating cost sav-
ing and TAC saving of BDWC system with top vapor re-
compression heat pump.

Fig. 15. A multi-effect prefractionator arrangement.
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tionator arrangement. Note that medium pressure steam (MPS) is

used in HP column. This arrangement saves 31.02% of the reboiler’s

energy requirement.

A comparative summary of the key results is listed in Table 5.

The BDWC with top vapor recompression heat pump showed the

largest TAC saving of the tested sequences. In this study, internal

and external heat integration was incorporated for separation of the

mixtures of isobutane, n-butane and pentane. However, this con-

figuration can also be applied to other mixtures if they satisfy main

requirement for heat pump application: heat pump must work across

a small temperature difference, which for distillation means close-

boiling mixtures [15,39]. Note that the details of economics for each

configuration largely depend on the utility costs, which are differ-

ent country by country, and company by company. Fig. 16 shows

the effect of electricity/steam cost ratio on the operating cost and

TAC savings of the BDWC system with top vapor recompression

heat pump. It is apparent that this configuration takes more advan-

tage when the electricity/steam cost ratio reduces.

CONCLUSIONS

A DWC was designed and optimized for more energy-efficient

debutanization and deisobutanization. A shortcut method determined

a suitable initial structure for the DWC, which was then optimized

by response surface methodology. The proposed method could be

simply and efficiently implemented in HYSYS and Minitab. Simu-

lated results were in good agreement with predicted values. Compari-

sons between various configurations such as a CDWC, a BDWC,

a multi-effect prefractionator arrangement, and BDWCs with top

vapor recompression and partial bottom flashing heat pump were

performed. Incorporating a heat pump into the BDWC, which in-

cluded internal and external heat integrating, offered a very attrac-

tive option to improve energy saving, additionally. BDWCs with

top vapor recompression, and partial bottom flashing heat pump

showed energy consumptions reduced by 36.65, and 26.04%, respec-

tively, compared with a conventional column sequence. This bene-

fit can increase when the electricity/steam cost ratio reduces or when

used in the country/company having cheap electricity cost.
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APPENDIX. COLUMN COST CORRELATIONS

a. Sizing the column: Column diameter was determined by a col-

umn flooding condition that fixed the upper limit of vapor velocity.

Operating velocity is normally 70-90% of the flooding velocity [30,

40]. Here, 85% of the flooding velocity was used.

b. Capital cost: Guthrie’s modular method was applied [41]. The

investment cost for conventional distillation is the total cost of the

column and auxiliary equipment, such as reboilers and condensers.

For the DWC it includes the additional dividing wall cost. In this

study the Chemical Engineering Plant Cost Index of 575.4 was used

for cost updating.

Tray stack=(N−1)×tray spacing (3)

Total height=tray stack+extra feed space

Total height=+Disengagement+skirt height (4)

Updated bare module cost (BMC)=UF×BC×(MPF+MF−1) (5)

where UF is the update factor: (6)

BC is bare cost, for vessels: (7)

For the heat exchanger: (8)

Area of heat exchanger, (9)

where MPF is the material and pressure factor; MF is the module

factor (a typical value), which is affected by the base cost. D, L,

and S are diameter, length and area, respectively.

Updated bare module cost for tray stack (BMC)=UF×BC×MPF (10)

The material and pressure factor: MPF=Fm+Fs+Fm (11)

Compressor cost was interpolated [42].

c. Operating cost (Op):

Op=Csteam+CCW+Crefrigerant+Celectricity (12)

where Cstream is the cost of the steam; CCW is the cost of cooling water;

Crefrigerant is the cost of refrigerant, and Celectricity is the cost of electricity

d. Total annual cost (TAC) [39]

(13)

where i is the fractional interest rate per year and n is the number

of years.

NOMENCLATURE

iC4 : isobutane [_]

nC4 : normal butane [_]

C5+ : gasoline [_]

B : bottom product flow [kg/hr]

BDWC : bottom dividing wall column [_]

CDWC : conventional dividing wall column [_]

D : top product flow [kg/hr]

DWC : dividing wall column [_]

F : feed flow [kg/hr]

RL : liquid split ratio [_]

RV : vapor split ratio [_]

S : side product flow [kg/hr]

Subscripts and Superscripts

L : liquid

V : vapor

REFERENCES

1. I. Dejanovi , Lj. Matijaševi  and Ž. Oluji , Chem. Eng. Process.,

UF = 
present cos t index

ba se cos t index
--------------------------------------------

BC = BC0

L

L0

-----
⎝ ⎠
⎛ ⎞

α

×
D

D0

------
⎝ ⎠
⎛ ⎞

β

×

BC = BC0

S

S0

-----
⎝ ⎠
⎛ ⎞

α

×

S = 
Q

U∆T
-----------

TAC = capital cos t
i 1+ i( )n

1+ i( )n −1
---------------------- + Op×

ác ác ác



294 N. V. D. Long and M. Y. Lee

February, 2013

49, 559 (2010).
2. J. L. Humphrey and G. E. Keller II, Separation process technology,
McGraw-Hill, New York (1997).

3. Ž. Oluji , M. Jödecke, A. Shilkin, G. Schuch and B. Kaibel, Chem.
Eng. Process., 48, 1089 (2009).

4. N. Asprion and G. Kaibel, Chem. Eng. Process., 49, 139 (2010).
5. N.V.D. Long, S.H. Lee and M.Y. Lee, Chem. Eng. Process., 49,
825 (2010).

6. N.V.D. Long and M.Y. Lee, Korean J. Chem. Eng., 29, 567 (2012).
7. N.V.D. Long and M.Y. Lee, J. Chem. Eng. Japan, 45, 285 (2012).
8. L.Q. Minh, N.V.D. Long and M.Y. Lee, Korean J. Chem. Eng.,
29(11), 1500 (2012).

9. S.G. Lee, N.V.D. Long and M.Y. Lee, Ind. Eng. Chem. Res., 51,
10021 (2012).

10. N. V. D. Long and M. Y. Lee, Asia-Pac. J. Chem. Eng., 7, S71
(2012).

11. Y.H. Kim, M. Nakaiwa and K. S. Hwang, Korean J. Chem. Eng.,
19, 383 (2002).

12. Y.H. Kim, K. S. Hwang and M. Nakaiwa, Korean J. Chem. Eng.,
21, 1098 (2004).

13. N. Poth, D. Brusis and J. Stichlmair, Chem. Ing. Technol., 76, 1811
(2004).

14. K.A. Amminudin, R. Smith, D.Y.C. Thong and G.P. Towler, Trans.
IChemE, 79(Part A), 701 (2001).

15. D. Bruisma and S. Spoelstra, Heat pumps in distillation, Distillation
Absorption (2010).

16. N. Asprion, B. Rumpf and A. Gritsch, Appl. Thermal Eng., 31, 2067
(2011).

17. O. Annakou and P. Mizsey, Heat Recovery Systems and CHP, 15,
241 (1995).

18. F. Moser and H. Schnitzer, Heat Pumps in Industry, Elsevier, Amster-
dam (1985).

19. S. Ranade and Y. Chao, Industrial heat pumps: where and when?
Hydrocarbon Processing, 71 (1990).

20. P. Mizsey and Z. Fonyo, Energy integrated distillation system design
enhanced by heat pumping, Distillation and Absorption (1992).

21. J. Stichlmair, Distillation and Rectification, in Ullmann’s Encyclo-
pedia of Industrial Chemistry - Fifth Ed., B3, 4.1 (1988).

22. J. G. Stichlmair and J. R. Fair, Distillation-principles and practices,
Wiley-VCH, New York (1998).

23. D.B. Manley, Multiple effect and distributive separation of isobu-

tane and normal butane, US Patent, 8,806,339 (1998).
24. E. Díez, P. Langston, G. Ovejero and M. Romero, Appl. Therm., 29,

1216 (2009).
25. K.A. Amminudin and R. Smith, Trans. IChemE, 79, 716 (2001).
26. N.V.D. Long and M.Y. Lee, Com. Chem. Eng., 37, 119 (2012).
27. G. E. P. Box and D.W. Behnken, J. Technometrics, 2, 455 (1960).
28. N.V.D. Long and M.Y. Lee, Asia Pac. J. Chem. Eng., 6, 338 (2011).
29. S. H. Lee, M. Shamsuzzoha, M. Han, Y. H. Kim and M. Y. Lee,

Korean J. Chem. Eng., 28, 48 (2011).
30. R. Premkumar and G. P. Rangaiah, Chem. Eng. Res. Des., 87, 47

(2009).
31. Aspen Technology, Aspen HYSYS Thermodynamics COM Inter-

face, Version Number V7.1 (2009).
32. R. Turton, R.C. Bailie, W.B. Whiting and J. A. Shaeiwitz, Analy-

sis, synthesis and design of chemical processes, Prentice Hall, Upper
Saddle River, NJ, 187 (2003).

33. G. Kaibel, Chem. Eng. Technol., 10, 92 (1987).
34. Z. Fidkowski and L. Krolikowski, AIChE J., 33, 643 (1987).
35. M. A. Gadalla, Chem. Eng. Res. Des., 87, 1658 (2009).
36. H. K. Engelien and S. Skogestad, Chem. Eng. Process., 44, 819

(2005).
37. H.C. Cheng and W. Luyben, Ind. Eng. Chem. Process Des. Dev.,

24, 707 (1985).
38. M. Emtir, E. Rev and Z. Fonyo, Appl. Therm. Eng., 21, 1299 (2001).
39. R. Smith, Chemical process design, McGraw Hill, New York, 346

(1995).
40. S.K. Sinnott, Chemical engineering design (4th Ed.), Coulson &

Richardson’s Chemical Engineering Series Vol. 6, Elsevier Butter-
worth Heinemann, Oxford (2005).

41. L. T. Biegler, I. E. Grossmann and A.W. Westerberg, Systematic
methods of chemical process design, Prentice Hall Inc., New Jer-
sey, 110 (1997).

42. M. S. Peters and K.D. Timmerhaus, Plant design and economics
for chemical engineers, McGraw-Hill, 4th Ed., 523 (1991).

ác



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


