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ABSTRACT 
Multi-component batch distillation, wherein multi-component mixtures are separated using a sin-
gle column, is a crucial separation technique in the chemical industry. Traditionally, the compo-
nents are separated in the descending order of volatility (direct sequence). Similar to continuous 
distillation, a specific separation sequence can optimize batch distillation. This work aims to gen-
erate such optimal sequence for a batch distillation in a computationally efficient manner. Specif-
ically, the proposed approach extends the marginal vapor rate method, which is used for sequenc-
ing continuous distillation to multi-cut batch separation. The approach addresses challenges aris-
ing due to dynamic nature of batch distillation. The proposed methodology is validated using sim-
ulation case studies. 
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INTRODUCTION 
Batch distillation is an important separation tech-

nique which is used in the fine and specialty chemical, 
pharmaceutical, biochemical and food industries. With 
batch distillation, separation of multi-component mixture 
can be achieved using a single column where products 
are recovered in a particular sequence (also known as 
multi-cut operation). Conventionally, the feed is added in 
the reboiler and products are withdrawn as distillate in 
the decreasing order of their volatilities (direct sequence, 
Figure 1 (a)). On the other hand, in an inverse configura-
tion, the feed is added in the reflux drum and the prod-
ucts are withdrawn from the bottom in the increasing or-
der of volatility (indirect sequence, Figure 1 (b)). Although 
these sequences can yield the products with the same 
purity, they require different capital and operating costs. 
A key question in the design of batch distillation pro-
cesses is to obtain the optimal sequence of separation. 
As the number of components to be separated increases, 
the number of potential separation sequence alternatives 
increase drastically, necessitating a systematic approach 
to obtain the best sequence. Optimal sequencing leads 
to reduced cost and improved efficiency in industrial dis-
tillation operations. However, very few studies address 
this aspect of batch distillation [1-3]. 

On the other hand, there are numerous studies pub-
lished in literature discussing design of continuous distil-
lation separation sequences [4-9]. These articles deal 
with choosing of split sequenc- 

  

Figure 1. Batch distillation sequences (a) direct, (b) 
indirect for a ternary mixture 

es to separate a multi-component feed stream into rela-
tively pure, typically single component, product streams 
making up the majority of the design decisions. Most of 
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these articles either uses heuristics or rigorous optimiza-
tion. Heuristic approaches offer rapid and low-data re-
quirements for investigation, but often have one domi-
nant rule, leading to miscalculations or contradictory 
rules. Employing these rules in a structured way is chal-
lenging. Mathematical programming methods employ op-
timization strategies to create ideal separation struc-
tures, offering rigorous and optimal solutions. However, 
they are usually computationally inefficient [9]. One of 
the most popular methods for continuous distillation col-
umn sequencing is marginal vapor rate method [10]. In 
this method, marginal vapor accounts for capital cost 
(column diameter) as well as the operational cost (re-
boiler duty). The sequence with the lowest marginal va-
por rate is considered to be optimal. 

This article extends this marginal vapor method to 
solve the sequencing problem for batch distillation. This 
extension faces two significant challenges. Firstly, in 
batch distillation, the feed and product compositions vary 
over time, in contrast to steady state operation in contin-
uous distillation. Secondly, there are material balance 
limits on total moles rather than molar flow rate. These 
two challenges are addressed in this work by approxi-
mating the batch distillation as a sequence of continuous 
distillation tasks with varying feed composition [11]. Mul-
tiple simulation studies are used to demonstrate and val-
idate performance of the proposed method. 

SEPARATION SEQUENCING 
Separation sequencing refers to the process of de-

termining the most efficient order of separating different 
components of a mixture based on their boiling points or 
volatility. This study investigates how a specific separa-
tion sequence can be employed in a batch distillation col-
umn to separate a mixture of N components (A, B, C, etc.) 
into N relatively pure single component products. N com-
ponents can be separated into pure components using 
the number of sequences (𝑁𝑁𝑠𝑠) provided by Thompson 
and King [7]: 

𝑁𝑁𝑠𝑠 =
[2(𝑁𝑁 − 1)]!
𝑁𝑁! (𝑁𝑁 − 1)!  (1) 

Consider a quaternary mixture of A, B, C and D, 
where A being the most volatile component and D the 
least. There are five potential sequences (Table 1) and 
their respective configurations are shown in Figure 2. Ta-
ble 1 shows the labelling used to assign numbers to the 
five sequences. For example, in sequence 1, the first task 
is to separate the most volatile component A as the first 
cut. The second tasks is to separate component B as the 
second cut and the last separation task is perform sepa-
ration between C and D to obtain C as the third cut. The 
last product D is collected in the reboiler. Kindly note that 
only main product cuts are listed in these sequence. In 

many cases, intermediate slop cuts are also taken during 
multi-cut separation. The objective of separation se-
quencing is to find the optimal separation sequence 
among these alternatives. 

Table 1: Possible sequences for separation of quaternary 
mixture 

Sequence Task I Task II Task III 
 A/BCD B/CD C/D 
 A/BCD BC/D B/C 
 AB/CD A/B C/D 
 ABC/D A/BC B/C 
 ABC/D AB/C A/B 

 

 

Figure 2: Possible configurations for separation of 
quaternary mixture 

MARGINAL VAPOR METHOD FOR 
CONTINUOUS DISTILLATION 
SEQUENCING 

Westerberg introduced the marginal vapor method 
which finds its motivation from marginal price, for solving 
the sequencing problem for multi-component ideal mix-
tures in continuous distillation column. Marginal price 
(annualized cost) assesses the cost of performing a split 
in the presence of non-key components [10]. The mar-
ginal annualized cost (MAC) is evaluated as the cost dif-
ference between separation in the presence and absence 
of non-key components. The MAC is used to select tasks 
which are least affected by the presence of non-key 
components. Those separations most affected by the 
presence of non-key components are operated after the 
non-keys are no longer present. They demonstrated that 
MAC can be estimated from the marginal vapor rate 
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(MVR). Since vapor rate is a key determinant of column 
diameter, reboiler and condenser areas, and reboiler and 
condenser duties, it can be a cost metric accounting for 
the estimate. 

Marginal vapor (MV) is the difference in vapor flow 
(V) of a distillation column in the presence and absence 
of non-key components. The marginal vapor of a separa-
tion task 𝑙𝑙… 𝑙𝑙𝑙𝑙/ℎ𝑘𝑘. . ℎ is given by: 

𝑀𝑀𝑀𝑀(𝑙𝑙… 𝑙𝑙𝑙𝑙/ℎ𝑘𝑘. . ℎ) =  𝑉𝑉(𝑙𝑙… 𝑙𝑙𝑙𝑙/ℎ𝑘𝑘. .ℎ) − 𝑉𝑉(𝑙𝑙𝑙𝑙 ℎ𝑘𝑘)⁄ (2) 

where 𝑉𝑉(𝑙𝑙… 𝑙𝑙𝑙𝑙/ℎ𝑘𝑘. .ℎ) is the vapor rate of the separation 
task 𝑙𝑙… 𝑙𝑙𝑙𝑙/ℎ𝑘𝑘. . ℎ in the presence of non-key components, 
and 𝑉𝑉(𝑙𝑙𝑙𝑙 ℎ𝑘𝑘)⁄  is the vapor rate of the separation task 
𝑙𝑙𝑙𝑙 ℎ𝑘𝑘⁄ . For example, MV of a quaternary mixture (A, B, C 
and D) where component A is separated from component 
B in the presence of other two non-key components will 
be: 

𝑀𝑀𝑀𝑀(𝐴𝐴/BCD) =  𝑉𝑉(A/BCD) − 𝑉𝑉(𝐴𝐴 𝐵𝐵⁄ ) (3) 

Marginal vapor method is based on Underwood’s 
equation. To compute marginal vapor for a separation 
task, the vapor flow for the column is calculated first us-
ing Underwood’s equation which assumes constant mo-
lar overflow in the column. The Underwood’s equations 
for a distillation column are given by: 

�
𝛼𝛼𝑖𝑖𝑑𝑑𝑖𝑖
𝛼𝛼𝑖𝑖 − ∅ = 𝐷𝐷(𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 + 1)  

ℎ

𝑖𝑖=𝑙𝑙

(4) 

�
𝛼𝛼𝑖𝑖𝑓𝑓𝑖𝑖
𝛼𝛼𝑖𝑖 − ∅ = 𝐹𝐹(1 − 𝑞𝑞)

ℎ

𝑖𝑖=𝑙𝑙

 (5) 

where 𝑙𝑙 is the lightest component in the feed, ℎ is the 
heaviest component, 𝐹𝐹 and 𝐷𝐷 are feed and distillate flow 
rates respectively, 𝛼𝛼𝑖𝑖 is the relative volatility of compo-
nent 𝑖𝑖, 𝑑𝑑𝑖𝑖 is its quantity in the distillate, 𝑓𝑓𝑖𝑖 is its amount in 
the feed, 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 is the minimum reflux ratio of the column, 
∅ is the root of the Eq. (5), and 𝑞𝑞 is the thermal condition 
of the feed, which is equal to 1 for a saturated liquid. The 
actual reflux ratio of a column is given by: 

𝑅𝑅 =  𝛽𝛽𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 (6) 

where 𝛽𝛽 > 1 and typically taken as 1.2-1.3. The vapor rate 
in a column, 𝑉𝑉, is given by:  

𝑉𝑉 = 𝐷𝐷(𝑅𝑅 + 1) (7) 

where 𝐷𝐷 is distillate flow rate and 𝑅𝑅 is the reflux ratio.  
These equations are solved to estimate vapor flows 

𝑉𝑉(𝑙𝑙… 𝑙𝑙𝑙𝑙/ℎ𝑘𝑘. . ℎ) and 𝑉𝑉(𝑙𝑙𝑙𝑙 ℎ𝑘𝑘)⁄ . Then, using Eq. (2), marginal 
vapor rate for the separation task (𝑙𝑙… 𝑙𝑙𝑙𝑙/ℎ𝑘𝑘. . ℎ) is com-
puted. Subsequently, the MV for entire sequence is com-
puted by adding MV of each separation task in that se-
quence. Lastly, the sequence with the least MV is con-
sidered to be optimal. 

MARGINAL VAPOR METHOD FOR BATCH 
DISTILLATION SEQUENCING 

In the proposed approach, the MV method for con-
tinuous distillation as described above is extended for 
batch separation. This extension faces two significant 
challenges. Firstly, there are material balance limits on to-
tal moles rather than molar flow rate (feed 𝐹𝐹 and products 
𝐷𝐷 are specified in total mol instead of molar flow rate). 
Secondly, in batch distillation, the feed (𝑥𝑥𝑓𝑓𝑓𝑓) and product 
(𝑥𝑥𝑑𝑑𝑑𝑑) compositions vary over time, in contrast to steady 
state operation in continuous distillation. This results in 
varying 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 and vapor flow, 𝑉𝑉, during the batch period. 
To address these challenges, it is considered that batch 
distillation is equivalent to continuous distillation with 
varying feed composition [11]. Therefore, by calculating 
the variation in feed composition as a function of time, 
the variation in vapor rate during batch distillation can be 
estimated. Subsequently, this vapor rate profile is inte-
grated along the batch to compute the total vapor re-
quired for a given separation task. Lastly, instead of com-
puting marginal vapor rate, marginal total vapor is com-
puted for a separation task. Marginal total vapour is the 
difference between total vapor required for a given batch 
separation task in the presence and absence of non-key 
components. The analytical equations enabling the cal-
culation of this marginal total vapor are presented below. 

The first step is to derive equations capturing dy-
namic evolution of feed composition. Consider a multi-
component mixture (A, B, C.…N) separation in a tradi-
tional batch distillation, where feed is introduced at the 
reboiler with A being the most volatile component. As-
suming negligible tray and reflux drum holdup, the overall 
material balance for the column is given as: 

𝑑𝑑𝐻𝐻𝐹𝐹
𝑑𝑑𝑑𝑑  =  −𝐷𝐷 (8) 

where 𝐻𝐻𝐹𝐹 is the total holdup in the still at any time instant 
and 𝐷𝐷 is the product withdrawal rate. The component 
mass balance for the 𝑖𝑖th component in the reboiler is given 
by: 

𝑑𝑑[𝐻𝐻𝐹𝐹𝑥𝑥𝐹𝐹𝐹𝐹]
𝑑𝑑𝑑𝑑  =   −D𝑥𝑥𝐷𝐷𝐷𝐷      ∀ 𝑖𝑖 ∈ A, B, C … N (9) 

where 𝑥𝑥𝐹𝐹𝐹𝐹 and 𝑥𝑥𝐷𝐷𝐷𝐷 are the composition of component 𝑖𝑖 in 
the still and distillate respectively. Integrating Eq. (8) over 
time with 𝐹𝐹0 being the initial feed amount at the start of 
operation, for constant distillate flow rate, 𝐷𝐷, the variation 
of 𝐻𝐻𝐹𝐹 with time is given by: 

𝐻𝐻𝐹𝐹 = 𝐹𝐹0 − 𝐷𝐷𝐷𝐷 (10) 

Assuming sharp separation and that the compo-
nents are collected into pure streams without any slop-
cuts (i.e. 𝑥𝑥𝐷𝐷𝐷𝐷 = 1, 𝑥𝑥𝐷𝐷𝐷𝐷 = 0 ∀ 𝑖𝑖 ∈ B, C, D … N), and substituting 
Eq. (8) in Eq. (9), the Eq. (9) can be rearranged as: 
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𝑑𝑑𝑥𝑥𝐹𝐹𝐹𝐹
𝑑𝑑𝑑𝑑  =  

𝐷𝐷( 𝑥𝑥𝐹𝐹𝐹𝐹 − 1)
𝐻𝐻𝐹𝐹

(11) 

Integrating Eq. (11), the relation of 𝑥𝑥𝐹𝐹𝐹𝐹 with time is given 
by: 

𝑥𝑥𝐹𝐹𝐹𝐹 =
𝐹𝐹0(𝑧𝑧𝐹𝐹𝐹𝐹 − 1)
𝐹𝐹0 − 𝐷𝐷𝐷𝐷 + 1 (12) 

where 𝑧𝑧𝐹𝐹𝐹𝐹 is the initial feed composition of component A. 
Similarly, the compositions of all the other components 
are given by: 

𝑥𝑥𝐹𝐹𝐹𝐹 =
𝐹𝐹0(𝑧𝑧𝐹𝐹𝐹𝐹)
𝐹𝐹0 − 𝐷𝐷𝐷𝐷           ∀ 𝑖𝑖 ∈ B, C, D … (13) 

The Underwood’s equations (Eq. (4) and (5)) are refor-
mulated in terms of compositions of the components: 

�
𝛼𝛼𝑖𝑖𝑥𝑥𝑑𝑑𝑑𝑑
𝛼𝛼𝑖𝑖 − ∅ = (𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 + 1)  

ℎ

𝑖𝑖=𝑙𝑙

(14) 

�
𝛼𝛼𝑖𝑖𝑥𝑥𝑓𝑓𝑓𝑓
𝛼𝛼𝑖𝑖 − ∅ = (1 − 𝑞𝑞)

ℎ

𝑖𝑖=𝑙𝑙

 (15) 

The feed compositions computed by Eq. (12) and 
(13) are used to find the roots of Eq. (15) at each time 
instant, 𝑡𝑡. Accordingly,  𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑉𝑉 variations as a func-
tion of time are obtained.  

For an indirect sequencing of the same mixture in an 
inverted batch column, feed is introduced at the top of 
the column and the least volatile product (N) is withdrawn 
first from the reboiler. The overall material balance is: 

𝑑𝑑𝐻𝐻𝐹𝐹
𝑑𝑑𝑑𝑑  =  −𝐿𝐿 (16) 

where 𝐻𝐻𝐹𝐹 is the total holdup in the reflux drum at any time 
instant and 𝐿𝐿 is the product withdrawal rate. Integrating 
Eq. (16) over time with 𝐹𝐹0 being the initial feed amount at 
the start of operation for constant withdrawal rate, 𝐿𝐿 , the 
relation of 𝐻𝐻𝐹𝐹 with time can be written as: 

𝐻𝐻𝐹𝐹 = 𝐹𝐹0 − 𝐿𝐿𝐿𝐿 (17) 

The component mass balance for the 𝑖𝑖th component in the 
reflux drum is given by: 

𝑑𝑑[𝐻𝐻𝐹𝐹𝑥𝑥𝐹𝐹𝐹𝐹]
𝑑𝑑𝑑𝑑  =   −𝐿𝐿𝑥𝑥𝐵𝐵𝐵𝐵      ∀ 𝑖𝑖 ∈ A, B, C … N (18) 

where 𝑥𝑥𝐵𝐵𝐵𝐵 and 𝑥𝑥𝐹𝐹𝐹𝐹 are the composition of component 𝑖𝑖 in 
the still and reflux drum respectively. Assuming sharp 
separation i.e. 𝑥𝑥𝐵𝐵𝐵𝐵 = 0 ∀ 𝑗𝑗 ∈ A, B, … N − 1 and 𝑥𝑥𝐵𝐵𝐵𝐵 = 1, the 
composition profiles for the components are given by: 

𝑥𝑥𝐹𝐹𝐹𝐹 =
𝐹𝐹0(𝑧𝑧𝐹𝐹𝐹𝐹 − 1)
𝐹𝐹0 − 𝐿𝐿𝐿𝐿 + 1 (19) 

𝑥𝑥𝐹𝐹𝐹𝐹 =
𝐹𝐹0(𝑧𝑧𝐹𝐹𝐹𝐹)
𝐹𝐹0 − 𝐿𝐿𝐿𝐿           ∀ 𝑖𝑖 ∈ A, B, … N − 1 (20) 

where 𝑧𝑧𝐹𝐹𝐹𝐹 is the initial feed composition of component 𝑖𝑖. 
For each time instant, the amount of vapor produced is 
computed similarly to the direct sequencing approach 
but in a reverse manner. The total amount of vapor is then 
integrated over time. 

Eventually, marginal vapors for each separation task 
in a sequence are added together to obtain its marginal 
total vapor. Lastly, the sequence with the lowest marginal 
total vapor is recommended as the optimal sequence. 

CASE STUDIES 
Let us now consider few case studies to illustrate 

and validate the proposed approach. 

Case study 1: Pentane-Hexane-Heptane 
In the first case study, a mixture of pentane (A), hex-

ane (B), and heptane (C) is to be separated into pure 
components.  Using the above-mentioned methodology, 
marginal total vapor is estimated for the direct and indi-
rect sequences. 

Table 2: Data for case study 1 

Component α 𝒛𝒛𝑭𝑭 
Pentane   
Hexane   
Heptane   

 
In the direct sequence, consider the separation 

A/BC where pentane is separated first from hexane in the 
presence of heptane. Using the initial feed conditions 
shown in Table 2, variation of 𝑥𝑥𝐹𝐹 with time is computed 
using Eq. (12) and Eq. (13) for a constant distillate rate (D) 
of 1.5 mol/min. These 𝑥𝑥𝐹𝐹 values are then used to find the 
roots (∅) of Eq. (15) to calculate the reflux ratio of the 
column which is further used to estimate the vapor gen-
erated at each time instant.  

Figure 3 shows the vapor rate at each time instant 
for A/BC and A/B respectively. The vapor generated is in-
tegrated over batch time to compute the total vapor for 
the column (𝑉𝑉(A/BC)) which comes out to be 3627 mol. In 
a similar way, the total vapor required for binary separa-
tion of pentane and hexane (𝑉𝑉(A/B)) is computed as 2853 
mol. The marginal total vapor for the direct sequence is 
774 mol. 
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Alternatively, for the indirect sequence, heptane is 
separated first from hexane in the presence of pentane. 
Using the same initial conditions used for the direct se-
quencing method (Table 2), the total vapor is calculated 
for both ternary 𝑉𝑉(AB/C) and binary separation 𝑉𝑉(B/C). 
The corresponding values are 5772 mol and 2804 mol, 
respectively. Thus the marginal total vapor is 2968 mol. 
It is clearly evident that the direct sequence is better than 
the indirect sequence.  

In order to validate this claim, dynamic simulations 
are performed for this batch distillation in both conven-
tional (direct sequence) and inverted (indirect sequence) 
configurations. The operating conditions required for this 
simulation are specified in Table 3 and Table 4 respec-
tively. For the direct sequence, the time required to sep-
arate pentane from hexane in the presence of heptane is 
150 minutes. As the simulation used a constant vapor rate 
of 20 mol/min, the total vapor required is 3000 mol. Sim-
ilarly, total vapor required for the separation of binary 
mixture (pentane-hexane) is 2220 mol. Thus, marginal to-
tal vapor for direct sequence based on dynamic simula-
tion is 780 mol. 

Similarly, for the indirect sequence, the time re-
quired to separate hexane from heptane in the presence 
of pentane is 203 minutes, and the total vapor required is 
4060 mol. Total vapor required for the corresponding bi-
nary separation (hexane-heptane) is 1140 mol. This re-
sults in marginal total vapor of 2920 mol.  

Table 3: Operating conditions for case study 1 in a direct 
sequence 

Separation A/BC A/B 
No of trays   
Feed (mol)   
ZF [  ] [ ] 
V (mol/min)   

 

Table 4: Operating conditions for case study 1 in an indi-
rect sequence 

Separation AB/C B/C 
N   
Feed(mol)   
Z [  ] [ ] 
V(mol/min)   

 
Table 5 shows the marginal vapor for the sequences 

as calculated from the proposed approach and simula-
tions. The differences in the values of marginal total va-
por are because of the assumption of negligible tray 

holdup as during simulations, 5% of the initial feed 
amount was taken as total tray holdup.  

Table 5: Marginal total vapor for case study 1 

Sequence Proposed 
(mol) 

Simulation 
(mol) 

Direct   
Indirect   

 
It can be seen from the table above that the marginal 

vapor of the direct sequence is less than that of the indi-
rect sequence and hence, the direct sequence is the op-
timal separation sequence for this mixture. As the simu-
lation study used constant vapor rate, smaller total vapor 
for direct sequence also corresponds to smaller batch 
time as compared to indirect sequence.  

The concentration profiles of three components in 
the still and reflux drum over time for a traditional batch 
column (direct sequence) are displayed in Figure 4 (a) 
and (b). There are five phases to the operation. Phase 1 
involves operating the column under total reflux circum-
stances until the reflux holdup achieves a certain level of 
purity. The pure product is then gathered in phase 2. 
Phase 3 involves the withdrawal of an impure mixture of 
A and B called slop cut. Pure product B is gathered in the 
following stage, and the process is finished when the 
holdup in the still is pure C. Similarly, Figure 4 (c) and (d) 
shows the concentration profile of three components in 
the reflux drum and the still respectively over time for an 
inverted batch column (indirect sequence). The product 
is removed from the bottom and the reboiler holdup is 
maintained constant. Here also there are 5 operational 
phases with product C removed in phase 2, product B in 
phase 4 and product A in the fifth phase. For Figure 4, it 
can again be seen that the direct sequence is faster than 
the indirect sequence. This further validates the conclu-
sion drawn from the proposed approach. 

Case study 2: Benzene-Toluene-o-Xylene 
Similar study is performed for a mixture of Benzene-

Figure 3: Vapor flow for the separation task A/BC and  A/B 
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Toluene-o-Xylene with a different set of operating con-
ditions. The information for the problem specification of 
this mixture is given in Table 6. 

Table 6: Data for case study 2 

Component (i) α 𝒛𝒛𝑭𝑭 
Benzene   
Toluene   
o-Xylene   

 
The application of the proposed approach results in 

marginal total vapor of 1047 mol for indirect sequence 
and 2890 mol for direct sequence. Thus, indirect se-
quence (inverted configuration) is better for this mixture. 
This was validated using simulation study where direct 
sequence required almost three times the amount of total 
vapor as compared to indirect sequence. 

Table 7: Marginal total vapor for case study 2 

Sequence Proposed (mol) Simulation 
(mol) 

Direct   
Indirect   

Quaternary Mixture 
Lastly, let us consider a four-component alkane mix-

ture of i-Butane (A), n-Butane (B), i-Pentane (C), and n-
Pentane (D) with operating conditions given in Table 8 
[9]. Each of the five alternate sequences with ten differ-
ent separation tasks are indicated in Table 1. Table 9 lists 
the marginal total vapor values for this mixture using sim-
ulation and the proposed approach. The five sequences 
are then ranked, where the sequence with least marginal 
total vapor value is ranked first and the sequence with 
the highest value is ranked the last. 

Sequence 3 which is an intermediate sequence is 
ranked first based on proposed approach as well as dy-
namic simulation. This sequence is favored as the sepa-
ration of n-Butane from i-Pentane is easier than that from 
i-Butane or n-Pentane according to the relative volatility 

difference. 

Table 8: Data for quaternary mixture 

S NO Component 𝒛𝒛𝑭𝑭 α 
 i-Butane   
 n-Butane   
 i-Pentane   
 n-Pentane   

Table 9: Marginal total vapor for quaternary mixture  

Sequence Proposed 
(mol) 

Simulation 
(mol) 

Rank 

    
    
    
    
    

 
Based on these three case studies, it can be argued 

that the marginal total vapor method proposed in this 
work correctly captures the optimal separation sequence 
for batch distillation.  

CONCLUSION 
In this article, we have effectively extended the marginal 
vapor rate method for optimal sequencing of continuous 
columns to batch column operations for ideal systems. By 
applying this method to batch columns, we can deduce 
the optimal separation sequence in a computationally ef-
ficient manner. The proposed approach offers computa-
tional advantage over rigorous optimization as well as 
helps identifying optimal non-trivial separation se-
quences. The methodology is validated with simulation 
case studies involving separation of ternary and quater-
nary mixtures.  
 In the current form, the work can be directly applied 
to zeotropic systems. In order to extend this to non-ideal 
mixtures, one needs to check the feasibility of a separa-
tion task before evaluating the separation sequences. 

 
   (a)                                                     (b)                                                      (c)                                                      (d) 

Figure 4: Concentration profile of case study 1 in (a) reflux drum, (b) still in direct sequence and (c) reflux drum, 
(d) still in an indirect sequence 
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One of the popular approaches to this end is the residue 
curve maps (RCM) [12]. Thus, the extension of the pro-
posed work to non-ideal mixtures will involve using RCM 
to identify feasible regions for separation and subse-
quently determine the optimal sequence of distillation 
steps. This work is under progress in our group. 
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