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ABSTRACT 
In this work, the synthesis, design and optimization of a quaternary double dividing wall distillation 
column (QDDWC) is presented. The effect of the feed composition over the performance of this 
intensified configuration is studied. The synthesis and design of the QDDWC takes place using as 
basis a conventional direct sequence for the separation of a n-butane/n-pentane/n-hexane/n-
heptane mixture. The column is tested for three molar feed compositions: 40/10/10/40, 
25/25/25/25, and 10/40/40/10. The configurations are optimized through a multiobjective genetic 
algorithm to simultaneously minimize the total heat duty and the number of stages. According to 
the results, the proposed structure allows savings in heat duty up to 59% but requiring up to 28% 
more stages than the conventional sequences.  
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INTRODUCTION 
Worldwide, over 90% of fluid mixtures in industrial 

processes are separated into different fractions or into 
pure components through distillation. This operation 
takes advantage of the differences on boiling points 
among the components of a given mixture using heat as 
separating agent. In industrial practice, this unit operation 
commonly takes place in distillation columns, which are 
devices with internals as trays or packing, whose task is 
to promote the contact among the phases to allow the 
mass and heat transfer. External heating is provided 
through a reboiler. Unfortunately, distillation has low 
thermodynamic efficiency, due to the input of high-qual-
ity energy in the reboiler which is later removed at low 
temperature in the condenser [1]. This implies high en-
ergy requirements, utilities costs and environmental im-
pact. 

To overcome the drawbacks of distillation in terms 
of its energy requirements, diverse alternatives have 
been developed. Among these alternatives, the thermally 

coupled configurations, the internally heat-integrated 
systems, and the cyclic distillation can be mentioned. 
One of the most well-known intensified distillation 
schemes, that has been implemented in industrial prac-
tice, is the dividing wall column (DWC). For ternary mix-
tures, the use of DWCs may lead to energy savings up to 
40% in comparison to conventional distillation sequences 
[2]. In the case of quaternary mixtures, the potential in 
energy savings and controllability of dividing-wall distil-
lation systems has been reported [3, 4]. In a recent study, 
a double dividing wall configuration has been proposed, 
exhibiting energy savings around 14% in comparison with 
a conventional direct sequence [5]. However, such study 
analyses the performance of the system only for a single 
feed composition. Indeed, it is well known that the poten-
tial for reducing energy requirements of such intensified 
schemes depends on the feed composition. Thus, it is 
mandatory to evaluate the performance of the proposed 
configuration for a variety of feed compositions, which is 
the objective of the present research.  
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CASE STUDY 
The purification of a mixture composed by n-butane 

(A), n-pentane (B), n-hexane (C) and n-heptane (D) is 
studied in this work. A recovery of 99% is defined as tar-
get for all the components, for all the studied configura-
tions. The separation of the mixture will take place in a 
conventional direct sequence (CDS) and a double-divid-
ing wall configuration (QDDWC). A feed flowrate of 100 
kmol/h is assumed, entering the distillation schemes as 
saturated liquid. Three feed compositions are analyzed: 
40/10/10/40, 25/25/25/25, and 10/40/40/10. The first 
one represents a case where the middle components 
have a high presence in the mixture, the second case is 
an equimolar mixture; finally, the third case implies that 
the middle components have the highest contribution to 
the total composition.  

METHODOLOGY 
The synthesis of the QDDWC takes as basis a con-

ventional direct sequence (CDS), as shown in Figure 1. 
The CDS has three columns, where A and B are obtained 
as distillate in the first and second column, respectively, 
while the third column produced pure C and D. Each col-
umn is divided in sections, as presented in Figure 1.a, 
where sections I, III and V correspond to the rectifying 
zone of each column, while sections II, IV and VI repre-
sent the stripping zones. By rearrangement of the sec-
tions, the intensified configuration shown in Figure 1.b is 
obtained, where a single reboiler is required [6].  

 
Figure 1: Stage rearrangement for the synthesis of the 
intensified distillation system (a) conventional direct 
sequence, (b) quaternary double dividing wall column 

Conventional and intensified configurations are both 
simulated in the commercial process simulator Aspen 
Plus. To represent the phase equilibrium, the Chao-
Seader model is employed, since it is recommended for 
hydrocarbon systems [7]. To simulate the CDS, the oper-
ating pressure is first estimated through bubble point cal-
culations, assuming that the temperature on each con-
denser is approximately 49 °C; this ensure that cooling 
water can be used as utility on that equipment. Once the 
pressure has been determined, the number of stages and 

the feed stage are estimated through the Fenske-Winn-
Underwood approach given by the DSTWU module, as-
suming that R = 1.33Rmin and aiming to obtain recoveries 
of 99% for each component. A pressure drop of 0.689 bar 
is assumed for all the conventional columns. All these cal-
culations are performed for each of the studied feed 
compositions. Once the preliminary configuration of each 
column is obtained, the conventional sequences are rig-
orously simulated through the RadFrac module, which 
solves the MESH equations to obtain detailed information 
about the profiles on each column. The purities for each 
product are estimated from the mass balances, using the 
desired recovery. These purities are fixed by using de-
sign specifications, employing the reflux ratio as manipu-
lated variable for the products obtained as distillate, and 
the reboiler duty for those products obtained as residues.  

Once the design for the conventional sequences has 
been obtained, the structure of the intensified columns is 
generated by rearranging the sections of the CDSs. Since 
there is not a module to represent dividing wall systems 
in the simulator, the equivalent structure shown in Figure 
2 is used. The split fraction for both splitters is adjusted 
until convergence is obtained, and the purities of the 
components are fixed by using design specifications.  

 
Figure 2. Representation of the QDDWC equivalence in 
the simulation environment. 

Using the preliminary designs previously described 
as initial guesses, the optimization of the intensified 
schemes is performed through the NSGA-II metaheuris-
tic. First, a dataset of decision-variable values (manipu-
lated variables) is generated in a main MATLAB routine, 
using NSGA-II. Subsequently, these decision-variable 
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vectors are transferred to a MATLAB subroutine, which 
serves as a link between the software and where the data 
are received and forwarded to Aspen Plus. For each indi-
vidual, Aspen Plus solves the rigorous mass and energy 
balances. When convergence is not achieved, a penalty 
value is assigned to the corresponding solution; other-
wise, the simulation results are returned to the MATLAB 
subroutine interface. At this stage, process constraints 
are evaluated, and the objective-function values are 
computed and sent back to the MATLAB main routine. 
Once the objective functions are received, the genetic al-
gorithm proceeds to the next generation. After complet-
ing the prescribed number of iterations, the Pareto front 
is obtained and plotted. 

Figure 3 presents the implemented optimization 
workflow, including the information exchange between 
the decision variables and the corresponding response 
variables. 

The NSGA-II parameters are set as follows: number 
of generations = 50, population size = 300, crossover 
fraction = 0.8, elite count = 15, and mutation rate = 0.01. 
 The optimization model simultaneously minimizes (i) 
the total number of stages in the column (Eq. 1) and (ii) 
the reboiler duty (Eq. 2). Process feasibility is ensured by 
imposing recovery constraints of nearly 99% for each 
component (Eqs. 3 and 4). As expressed in Eq. 1, the total 
number of stages is defined as a function of the stage 
allocation in Columns 1, 3, and 5 of the intensified config-
uration. Furthermore, Eq. 2 indicates that the reboiler 
duty is influenced by the total stage number, distillate 
flowrates, boil-up ratio, internal molar flowrates, and feed 
stage locations. 

Minimize:  

𝑂𝑂𝑂𝑂1:𝑇𝑇𝑇𝑇 = 𝑆𝑆�1 + 𝑆𝑆�3 + 𝑆𝑆�5 
(1) 

𝑂𝑂𝑂𝑂2:𝑄𝑄
= 𝑓𝑓(𝐷𝐷�1,𝐷𝐷�2,𝐷𝐷�4,𝐵𝐵�5,𝐹𝐹𝐹𝐹1,𝐹𝐹𝐹𝐹2, 𝑆𝑆�1,𝑆𝑆�3, 𝑆𝑆�5,𝐹𝐹𝐹𝐹) 

 

(2) 

s.t.  

0.988 ≤ 𝑅𝑅� ≤ 0.9903 
(3) 
 

𝑅𝑅� =
𝑛𝑛�̇(�)
𝑛𝑛�̇(�)

 
(4) 

 Here, OF1 = objective function 1, OF2 = objective 
function 2, TS = total number of stages in the dividing 
wall column, SC1= stages on column 1, SC3= stages on 
column 3, SC5= stages on column 5, Q = reboiler duty, 
DC1= distillate rate in column 1, DC2= distillate rate in col-
umn 2, DC4= distillate rate in column 4, BC5= boil-up ratio 
in column 5, FV1= vapor molar flow from column 3 to col-
umn 2, FV2= vapor molar flow from column 5 to column 4, 

FS= feed stage, R= molar recovery, ṅ= molar flow. Sub-
scripts: i= molecular specie (butane, pentane, hexane, 
heptane), (o)= output stream for specie i, and (f)= feed 
stream for specie i. 

Once the optimal points for each concentration level 
are selected, comparisons are carried out among the op-
timized solutions, against their corresponding base-case 
designs (i.e., the same configurations prior to the optimi-
zation algorithm), and with the conventional separation 
schemes. 

 
Figure 3: Optimization algorithm 

  

Manipulated variable values:
     - Distillate rate column 1 (kmol/h).
     - Distillate rate column 2 (kmol/h).
     - Distillate rate column 4 (kmol/h).
     - Boil-up mole ratio column 5.
     - Vapor molar flowrate column 3 to 2 (kmol/ h).
     - Vapor molar flowrate column 5 to 4 (kmol/ h).
     - Number of stages - column 1.
     - Number of stages - column 3.
     - Number of stages - column 5.
     - Feed stage.
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Is there convergence 
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Penalty values are 
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subroutine

Evaluation, in Matlab 
subroutine, of the process 
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Results sending to Matlab 
main routine
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Objective functions values:
- Total number of stages.
- Reboiler duty (cal/s).

Response variable values:
- Mole flowrates butane (kmol/h).
- Mole flowrates pentane (kmol/h).
- Mole flowrates hexane (kmol/h).
- Mole flowrates heptane (kmol/h).
- Reboiler duty (cal/s).
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RESULTS 
 Figures 4 to 6 show Pareto fronts for each case un-
der analysis. The red point in each graph is considered 
the solution with the best compromise. 

Table 1 reports the values of the manipulated varia-
bles for the QDDWC base-case designs, where DDW40, 
DDW25, and DDW10 correspond to feed compositions of 
40/10/10/40, 25/25/25/25, and 10/40/40/10, respec-
tively. Similarly, Table 2 presents the corresponding val-
ues for the optimized designs. In this case, DDW40-o, 
DDW25-o, and DDW10-o refer to the optimized configu-
rations associated with feed compositions of 
40/10/10/40, 25/25/25/25, and 10/40/40/10, respec-
tively. 

Table 3 reports the response-variable values for 
each intensified and conventional scheme at each con-
centration levels. The conventional ones are CDS40, 
CDS25, and CDS10 for 40/10/10/40, 25/25/25/25, and 
10/40/40/10 concentration, respectively. 

When comparing the DDWC base-case designs with 
the optimized schemes, a noticeable reduction in both 
reboiler duty and total number of stages is observed. For 
instance, for the 40/10/10/40 composition, the optimized 
configuration achieves a 5.05% reduction in reboiler duty 
and a 30.03% decrease in the number of stages. Simi-
larly, for the 10/40/40/10 case, reductions of 7.72% and 
31.43% are obtained in reboiler duty and total stages, re-
spectively. In contrast, the 25/25/25/25 composition ex-
hibits only a 2.86% decrease in reboiler duty, while a 
slight increase of 2.62% in the total number of stages is 

 
Figure 4: Pareto front of the intensified scheme for the 40/10/10/40 composition. 

 
Figure 5: Pareto front of the intensified scheme for the 25/25/25/25 composition. 
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observed. This increase is mainly attributed to the shape 
of the Pareto set rather than to a failure of the optimiza-
tion algorithm.  

The comparison between the conventional distilla-
tion sequence (CDS) and the optimal intensified schemes 
(DDW-o) reveals a clear trade-off: a significant reduction 
in reboiler duty is achieved at the expense of an increase 
in the total number of stages. In terms of reboiler duty, 
the DDW-o configurations for 40/10/10/40, 25/25/25/25, 
and 10/40/40/10 exhibit reductions of 58.27%, 35.81%, 
and 59.69%, respectively, relative to the CDS. Con-
versely, stage requirements are increased by 27.32%, 
28.28%, and 20.00% for the same compositions, respec-
tively. 

The energy savings observed in intensified schemes 
compared to conventional sequences can be explained 
by the inherent structure of each separation strategy. In 
the CDS, the separation is carried out in three columns: 
butane is recovered as the distillate of the first column, 
pentane as the distillate of the second column, and hex-
ane as the distillate of the third column, while heptane is 
withdrawn from the bottom of the third column. There-
fore, intermediate mixtures (e.g., pentane, hexane, and 
heptane) leaving the bottom of the first column are with-
drawn at elevated temperatures (typically above 115 °C). 
When entering the second column, these streams are fed 
and cooled at significantly lower temperatures (approxi-
mately 70–80 °C). A similar situation occurs between the 
second and third columns: the bottom stream from the 
second column exits again at temperatures above 120 °C 
and is subsequently cooled to around 90 °C when intro-
duced into the final column. In the third column, the hep-
tane-rich bottom stream may reach temperatures up to 
150 °C. Therefore, the conventional sequence is charac-
terized by repetitive heating and cooling steps across 

columns, which results in avoidable energy losses. 
In contrast, intensified configurations achieve the 

separation within a single integrated unit, which enables 
internal heat integration and significantly reduces the 
need for successive cooling and reheating of intermedi-
ate streams. This structural advantage explains the su-
perior thermal performance of intensified schemes rela-
tive to the conventional sequence. 

The increase in the total number of stages observed 
in the intensified schemes compared to the CDS can be 
mainly explained by differences in relative volatility (Figs. 
5(a) to 5(f)). These results indicate that the hexane–hep-
tane separation becomes more challenging in the inten-
sified configurations than in the conventional sequence. 
In general, as relative volatility approaches unity, the sep-
aration difficulty increases substantially because the vol-
atility difference between the light and heavy key com-
ponents becomes less pronounced, thereby requiring a 
higher number of equilibrium stages to achieve the spec-
ified recoveries. 

Figure 7 illustrates the effect of feed-composition 
changes on the performance of the evaluated se-
quences. Both plots exhibit a parabolic trend and show 
an inverse behavior with respect to each other. For in-
stance, in the intensified schemes, DDW25 presents the 
highest reboiler duty, whereas in the conventional se-
quences the corresponding CDS25 case exhibits the low-
est energy requirement. Conversely, DDW10 shows the 
lowest reboiler duty among intensified configurations, 
while CDS10 displays the highest energy consumption 
within the conventional set. 

To interpret these trends, the relative-volatility pro-
files shown in Figs. 5(a)–5(f) and Figs. 8–10, where the 
heat capacity of each mixture are shown, must be con-
sidered. 

 
Figure 6: Pareto front of the intensified scheme for the 10/40/40/10 composition. 
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Table 1: Values of manipulated variables for base-case 
designs 

 DDW DDW DDW 
Distillate 
rate C 
(kmol/h) 

   

Distillate 
rate C 
(kmol/h) 

   

Distillate 
rate C 
(kmol/h) 

   

Boil-up ra-
tio    

Split frac-
tion FV    

Split frac-
tion FV    

Stages C    
Stages C 
and C    

Stages C    
Feed stage    
Stage C    

Table 2: Values of manipulated variables for optimized 
schemes 

 DDW-o DDW-o DDW-o 
Distillate 
rate C 
(kmol/h) 

   

Distillate 
rate C 
(kmol/h) 

   

Distillate 
rate C 
(kmol/h) 

   

Boil-up ra-
tio    

Split frac-
tion FV    

Split frac-
tion FV    

Stages C    
Stages C 
and C    

Stages C    
Feed stage    
Stage C    

 

Table 3: Values of response variables for all developed 
schemes. 

Scheme Condenser 
duty (kW) 

Reboiler 
duty (kW) 

Total 
stages 

CDS -   
DDW -   
DDW-o -   
CDS -   
DDW -   
DDW-o -   
CDS -   
DDW -   
DDW-o -   

 
The heat capacity profiles of the butane/pen-

tane/hexane/heptane mixtures (Figs. 8–10) show a clear 
compositional dependence. In particular, the mixture 
heat capacity increases as the fractions of pentane and 
hexane rise, whereas it decreases when butane and hep-
tane become less dominant. 

The behavior of the heat capacity profiles is directly 
associated with the phase transition of the mixture from 
liquid to vapor. This relationship can be demonstrated by 
comparing Figures 8 and 11, where Figure 11 presents the 
molar vapor fraction. It is important to note that these fig-
ures correspond to the 40/10/10/40 composition. The 
temperatures at which the liquid phase begins to evapo-
rate coincide with the temperatures at which the heat ca-
pacity starts to increase. Although only one molar vapor 
fraction profile is shown, the same behavior is observed 
for all the different compositions analyzed in this study. 

 From a thermodynamic standpoint, this trend is 
consstent with the fact that the heat capacity of hydro-
carbon mixtures is strongly influenced by the contribu-
tion of each component to the overall sensible enthalpy. 
Pentane and hexane, which constitute the intermediate 
fractions, typically exhibit higher molar heat capacities 
than butane due to their larger molecular size. Therefore, 
enriching the mixture in pentane and hexane results in a 
higher mixture heat capacity, meaning that more thermal 
energy must be supplied to increase the system temper-
ature by 1 °C.  

Additionally, the observed behavior may reflect 
non-ideal mixture contributions to heat capacity, which 
arise from compositional changes in intermolecular inter-
actions within the multicomponent hydrocarbon system. 
As a result, variations in pentane and hexane content can 
lead to measurable changes in the mixture heat-capacity 
response. 

Among the intensified schemes, DDW10 exhibits the 
lowest energy requirements, mainly due to the internal 
vapor-flow conditions (boil-up) established inside the 
column. The vapor rate is generated in the reboiler and is 
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predominantly composed of heptane. Although the hep-
tane fraction in the vapor stream is lower in DDW10 than 
in DDW25 and DDW40, the generated vapor flow still pro-
vides sufficient thermal driving force to vaporize the re-
quired amount of hexane; thereby, maintaining the target 
vapor traffic throughout the DDW10 configuration. As a 
result, the overall reboiler duty is lower than that ob-
served for DDW25 and DDW40.  

In contrast, DDW40 demands higher energy than 
DDW10 because the hexane content in the system is 
lower. Consequently, a larger fraction of the boil-up must 
be carried by heptane to sustain the vapor flow within the 
column. From a thermodynamic perspective, maintaining 
heptane in the vapor phase is more energy-intensive 
than vaporizing hexane, since heptane is less volatile 

(higher normal boiling point), and typically requires a 
higher enthalpy input per unit of generated vapor. There-
fore, schemes relying more heavily on heptane as the 
main vapor carrier led to higher reboiler duties.  

In addition, the fact that DDW25 exhibits a higher 
energy requirement than DDW10 and DDW40 (Fig. 6) can 
be rationalized by analyzing the relative volatility behav-
ior (Figs. 5(a), 5(c), and 5(e)). Although the heat-capacity 
trends suggest the following order: 10/40/40/10 > 
25/25/25/25 > 40/10/10/40, the separation difficulty in 
these systems is more strongly governed by phase-equi-
librium limitations than by sensible-heat effects. In par-
ticular, the relative-volatility profiles indicate a more un-
favorable separation for the hexane-related split in the 

 
Figure 7 (a) Reboiler duty on intensified schemes. 1) DDW40, 2) DDW25, 3)DDW10. 

 
Figure 7 (b): Reboiler duty on conventional schemes. 1) CDS40, 2) CDS25, 3) CDS10. 
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equimolar case (25/25/25/25), which increases the re-
quired vapor traffic and, consequently, the reboiler duty. 

Therefore, the relative-volatility behavior supports 
the energy-demand trend observed in Fig. 6, namely: 
DDW25 > DDW40 > DDW10. This effect may be at-
tributed to mixture non-ideality and composition-de-
pendent intermolecular interactions, which are maxim-
ized when all hydrocarbons are present in comparable 
proportions; thereby, reducing the effective volatility dif-
ferences between key components. 

Finally, CDS10 exhibits the highest energy con-
sumption among the conventional schemes, followed by 

CDS40 and CDS25. Similar to the intensified configura-
tions, this trend is mainly governed by the relative-vola-
tility behavior (Figs. 5(b), 5(d), and 5(f)), which deter-
mines the separation difficulty and the amount of vapor 
traffic required to achieve the specified recoveries. This 
behavior may also reflect composition-dependent inter-
molecular interactions that affect phase equilibrium and, 
consequently, the effective relative volatility between 
key components.  

Since the conventional sequence performs the sep-
aration across different equipment units, sensible-heat 
effects become more relevant. In particular, for CDS10, 
the heptane-rich stream is cooled and reheated as it 

 
Figure 8: Heat capacity of the 40/10/10/40 mixture over the pressure range of 4–6.5 bar. 

 
Figure 9: Heat capacity of the 25/25/25/25 mixture over the pressure range of 4–6.5 bar. 
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passes through Columns 1 and 2 before entering Column 
3, introducing additional utility consumption. Further-
more, because heptane is present in a lower proportion 
in CDS10 than in CDS40, a higher reboiler duty is required 
in the final column to supply sufficient boil-up, vaporize 
hexane, and maintain the internal vapor flow. These com-
bined effects lead to a higher overall energy demand. 

In contrast, CDS25 presents the lowest energy re-
quirement among the conventional schemes. This result 
can be explained by the structure of the three-column 

sequence and the more balanced distribution of compo-
nent loads, which reduces the severity of the limiting 
separation. Additionally, separating the mixture across 
different columns progressively changes the local com-
position, which tends to mitigate non-ideal mixture ef-
fects compared with intensified schemes where all hy-
drocarbons coexist within the same equipment.  

CONCLUSIONS 
In conclusion, the intensified schemes significantly 

 
Figure 10: Heat capacity of the 10/40/40/10 mixture over the pressure range of 4–6.5 bar. 
 

 
Figure 11: Molar vapor fraction of the 40/10/10/40 mixure over the pressure range of 4–6.5 bar. 

 

40/10/10/40 Composition

Temperature °C

M
ol

ar
 v

ap
or

 fr
ac

tio
n

30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180
0.000

0.050

0.100

0.150

0.200

0.250

0.300

0.350

0.400

0.450

0.500

0.550

0.600

0.650

0.700

0.750

0.800

0.850

0.900

0.950

1.000

TOTAL VFRAC, 4.0 bar
TOTAL VFRAC, 5.0 bar
TOTAL VFRAC, 6.0 bar
TOTAL VFRAC, 6.5 bar



 

Guzmán-Martínez et al. / LAPSE:2026.0444 Syst Control Trans 5:1933-1942 (2026) 1942  

reduce the energy requirements required to separate the 
butane/pentane/hexane/heptane system. In addition, 
feed composition plays a critical role in the performance 
of both intensified and conventional configurations, 
strongly influencing separation difficulty and utility con-
sumption. Therefore, a broader assessment considering 
additional feed compositions is recommended to provide 
a more comprehensive understanding of the behavior 
and robustness of the evaluated schemes. 

Although intensified configurations tend to require a 
higher total number of stages, they offer an important 
structural advantage by reducing the number of separa-
tion units, particularly the number of columns and reboil-
ers, compared to conventional distillation sequences. 
This feature highlights the potential of intensified 
schemes as energy-efficient alternatives for multicom-
ponent hydrocarbon separation. 
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