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ABSTRACT

Extractive distillation is a widely-used but energy-intensive method for separating homogeneous
azeotropic mixtures into pure components. The most common case is a minimum-boiling azeotrope
separated using a heavy entrainer. Numerous design alternatives have been proposed for reducing
energy consumption in such processes, including alternatives with side-streams, column stacking and
thermally coupled sequences. However, there is very little guidance in the literature about which
alternative is likely to work the best in a given situation.

To address this deficiency, in this work, seventeen industrially-relevant chemical systems
comprising two species that form a minimum boiling azeotrope and a heavy entrainer are selected for
study. Two ordinary and six energy-saving flowsheet alternatives for extractive distillation processes
were also selected. Each of the eight flowsheet alternatives was optimized for each of the 17 chemical
systems. A novel metric Rcg (the ratio of the entrainer flow rate to the heavy key flow rate) is proposed
to facilitate interpretation of the results. The following general trends are observed when comparing
flowsheet alternatives for chemical systems with different values of Rca:

(1) When comparing sequences without stacking, the modified side-stream sequence (MSSS)
performs better when Rcp is smaller (less than about 8.4); the double-column side-stream sequence
(DCSSS) performs better when Rcg is larger (greater than about 8.4). (2) When the relative volatility

of the heavy key and the entrainer is too high, side-stream sequences may be uneconomical even if the

doi:10.6342/NTU202301003



remixing effect is substantial. (3) Considering sequences with column stacking, the ordinary stacked

sequence (OSS) performs better when Rcp is smaller (less than about 2.2) and the stacked double-

column side-stream sequence (SDCSSS) performs better when Rcg is larger (greater than about 2.2).

(4) Column stacking is more effective when Rcp is small, and side streams are more effective when

Rcg i1s large. (5) The stacked side-stream sequence is recommended for intermediate values of Rcp

(2.6<Rcp<8.4). For Rcp<2.6, the benefit of the side-stream is minimal and a sequence with stacking

only is probably preferred for simplicity. For Rcg>8.4 the benefit of stacking is minimal and a sequence

with a side-stream only is probably preferred for simplicity. (6) The dividing-wall column (DWCU) is

not economical when Rcg is small and is economical but still less attractive than side-stream sequences

when Rcp is large.

Keywords: extractive distillation; homogeneous azeotropic distillation; process intensification; heat
integration; side stream; thermal coupling; dividing-wall column; column stacking; entrainers; process

optimization
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Chapter 1 Introduction

1.1 Overview

Extractive distillation with a heavy entrainer is the most widely-used method for
separating volatile liquid mixtures with azeotropes [1]. A disadvantage of extractive
distillation is that it is relatively energy intensive [2, 3]. Accordingly, a number of
strategies have been applied to reduce the energy consumption of extractive distillation,
including liquid side streams [4], thermal coupling [5], and a few heat-integration
methods [6].

Liquid side streams can be used to mitigate the so-called the remixing effect [7]. The
side stream removes a liquid mixture rich in component B (the heavy key) from the
extractive column and routes it to a stage in the entrainer recovery column where the

composition is close to that of the side stream, as shown in Figure 1.

A Add a side stream
(light key) 2 4
The Composition Profile of the Extractive Column

: B
1 Foy Makeup 3 [ LA (heavy key)
091 ¥ - A (light key) 2 sy U6
08t B(heavykey) ” E Hchin
Lo \ -=-C (entrainer) 4 i C
g Remixing };
st teeeseanl, §
& | T, Tssresssessieresseens >
L A A
: S AB u
= binary ¥ {
azeotrope i !
{AR LT ,
\, % f c C (Entrainer)

richin C

Stages

Figure 1. The remixing effect in the conventional sequence and the purpose of adding a side stream

The side stream reduces remixing in the bottom of the extractive column, which can
1
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reduce the energy demand in the recovery column.

Thermal coupling can be achieved by removing a condenser or a reboiler of a

distillation column and replacing it with vapor and liquid interconnections. When all

sections of a thermally coupled distillation sequence are combined in a single shell, the

result is called a dividing-wall column (DWC) [8], as shown in Figure 2.

|
—| Thermal coupling |

Remove the Combine two
reboiler columns into one

Dividing-Wall

Figure 2. The concept of thermal coupling and the dividing-wall column

Heat-integrated distillation sequences incorporate one or more strategies for heat

integration including intermediate heating, preheating, column stacking, and vapor

recompression heat pumps, as illustrated in Figure 3. Intermediate heating refers to the

strategy of using a side reboiler attached to the recovery column to recover some of the

sensible heat of the heavy entrainer [9]. Preheating recovers sensible heat from the heavy

entrainer recycle stream to heat the feed stream [10]. Vapor recompression heat pumps

compress the top vapor stream of a distillation column to a higher pressure so that it

condenses at a higher temperature, becoming a heat source providing latent heat to a
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reboiler [11, 12]. Column stacking refers to using the top vapor stream of one column to
power the reboiler of another column by adjusting the operating pressure to meet a desired

temperature driving force for heat transfer [13, 14].

Figure 3. Several heat integration strategies: (a) intermediate heating, (b) preheating, (c) vapor

D)<

recompression heat pumps, (d) column stacking
1.2  Literature Survey

Researchers have studied the above-mentioned strategies individually or compared
them for a single separation task over the years. Hernandez [15] found that thermally

coupled sequences could reduce energy consumption by 30% in a bioethanol purification
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process. Errico et al. [16] found that dividing-wall columns could decrease the cost of

bioethanol production. Cui et al. [17] proposed a systematic method to synthesize

distillation sequences and showed that thermally coupled sequences could reduce energy

consumption by more than 30% compared to the base case. Zhang et al. [18] and Shi et

al. [19] studied the same side-stream sequence with feed preheating, and showed that it

reduced energy consumption by more than 10%. Luyben [20] studied the separation of

acetone and methanol. He compared the performance of pressure-swing distillation and

extractive distillation and found that extractive distillation with column stacking heat

integration was preferable. Tututi-Avila et al. [21] investigated side streams, thermal

coupling and column stacking. They showed that these strategies were effective for

conserving energy, especially the combination of a side stream and column stacking.

Zhang et al. [22] simulated the separation of isopropyl alcohol/diisopropyl ether with

three different entrainers and compared the thermally coupled sequence and the side-

stream sequence. They found that the thermally coupled sequence performed better than

the side-stream sequence. Xu et al. [23] applied heat pumps, preheating, and column

stacking to a process for wastewater treatment. The combination improved energy

efficiency and reduced CO; emissions substantially. Yang et al. [24] studied heat pump-

assisted side-stream columns with multi-objective optimization and obtained significant

improvements in thermodynamic efficiency, CO; emissions, and costs. In summary,
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researchers have investigated energy conservation strategies extensively and suggested

criteria for assessing whether they are likely to be suitable for a particular situation based

on metrics such as the coefficient of performance (COP) for heat pumps [25] and the ratio

of the entrainer flow rate (ROE) at different pressures for determining the operating

pressure of the extractive column in an extractive distillation sequence [26]. Anokhina

and Timoshenko [27], studied partially thermally coupled extractive distillation systems

(PCEDS) and compared them with the conventional sequences for a substantial number

of mixtures. The suggested the heuristic that PCEDS is likely to save energy if the reflux

ratio of the entrainer recovery column is greater than 1.

1.3 Problem Statements

Although researchers have applied various energy-saving strategies to different

extractive distillation processes, there has been little systematic comparison of the results

and little general guidance about which strategy is likely to work best in a given situation.

Therefore, in this work, a large set of data was collected by optimizing each of eight

different flowsheet alternatives for each of 17 industrially-relevant azeotropic mixtures

with heavy entrainers. This represents a very substantial amount of engineering effort, as

candidate azeotropic systems had to be identified, a thermodynamic model validated, and

eight flowsheet alternatives optimized for each of the 17 azeotropic systems.

The results for each of the 17 azeotropic systems are interesting in their own right
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and can provide guidance about reducing energy consumption in the separation of each
individual mixture. More importantly, however, when the data are compared across
mixtures, general trends emerge about which energy-saving strategies work best in a
given situation. In particular, a novel index Rcg (the ratio of the entrainer flow rate to the
flow rate of the heavy key) is proposed in this work. It is shown for the extractive
distillation processes studied in this work that the relative attractiveness of energy saving
strategies can be understood in terms of the value of Rcs.
1.4  Thesis Organization

The structure of this dissertation is arranged as follows: The definition of Rcg, the
extractive distillation sequences considered in this study, seventeen binary minimum
boiling azeotropes chosen, the methods for modelling distillation sequences, and the
algorithm for process optimization are introduced in Chapter 2. The meanings of Rcp are
discussed in Chapter 3, and the optimization results are shown in Chapter 4. The
conclusions drawn from the results are given in Chapter 5. Optimization variables for
each extractive distillation sequence are demonstrated in Appendix A. Binary interaction
parameters for each case are listed in Appendix B. The flowchart for calculating
parameters for the simulated annealing algorithm is provided in Appendix C. Information

about cost calculations is given in Appendix D.
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Chapter 2 Methods

In this part of the thesis, the definition of Rcg is given in Section 2.1. Extractive
distillation sequences, azeotropes, and entrainers are shown in Section 2.2 and 2.3. The
methods for process simulation and optimization are presented in Section 2.4 and 2.5.
2.1  The Definition of Rcs

For a minimum boiling azeotrope with a heavy entrainer, the conventional extractive
distillation sequence includes two columns, the extractive column (the 1% column) and
the recovery column (the 2™ column), as shown in Figure 4. The entrainer flows into the
1% column at the top of the extractive section and mixes with the fresh AB mixture fed at

the bottom of the extractive section, breaking the azeotrope.

Extractive Column Recovery Column

ﬁ&» A(Light key)

I Rectifving sec

AB

Figure 4. The conventional sequence for extractive distillation with a heavy entrainer

The index Rcg proposed in this work is defined as the ratio of the flow rate of stream

C to stream B:

RCB: (1)

| O
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where C and B denote the molar flow rate of stream C (entrainer) and stream B (heavy
key), respectively, after optimization of the conventional sequence. As will be shown,
general trends in the data for the performance of energy-saving strategies can be stated in
terms of Rcs. Rcs should not be confused with Rgr, the entrainer to feed ratio [28], which
is used to quantify the effectiveness of an entrainer. Interpretations of Rcp are presented
in Chapter 3.
2.2  Extractive Distillation Sequences

The energy-intensified sequences considered in this work are shown in Figure 5. The
conventional sequence (CS) is taken to be the base case for each azeotrope. If the fresh
feed is not close to the azeotropic composition, a pre-concentrator is considered to
determine whether it can reduce cost, as shown in Figure 5(b). The dividing-wall column
with an upper partition (DWCU) [29] is shown in Figure 5(c). In the process simulator,
DWCU is represented with the thermodynamically equivalent flowsheet shown in Figure
6 because DWCs are not natively supported in the simulator. Figures 5(d) and 5(e) show
two liquid-side-stream sequences [4, 30] that are often studied because they are especially
effective at mitigating the remixing effect. Figures 5(f), 5(g), and 5(h) are sequences that
use column stacking [21, 31], a commonly-used method for heat integration. The
optimization variables for these sequences are provided in Appendix A. Red dashed

arrows in flowsheets indicates the heat exchange between condenser and reboiler, as
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shown in Figure 7.

Conventional Sequence Conventional Sequence - Pre-concentrator
(CS) (CS - PRE)

A

Makeup A B2
AB
Azeotrope B
C B1 C (entrainer)
(a) &, (b) &
Dividing-Wall Column (Upper partition) Double-Column Side-Stream Sequence Modified Side-Stream Sequence
(DWCU) (DCSSS) (MSSS)
A B
Makeup
AB
( C) C(entrainer)
Ordinary Stacked Sequence Stacked Double-Column Side-Stream Stacked Modified Side-Stream Sequence

(OSS) Sequence (SDCSSS) (SMSSS)

Figure 5. The extractive distillation sequences considered in this work: (a) the conventional sequence, (b)
the conventional sequence with a pre-concentrator, (c¢) the dividing-wall column with an upper partition, (d)
the double-column side-stream sequence, (¢) the modified side-stream sequence, (f) the ordinary stacked

sequence, (g) the stacked double-column side-stream sequence, and (h) the stacked modified side-stream

sequence

doi:10.6342/NTU202301003



Makeup

AB 1 - o

A cooLer
®4 C(entrainer) Q .

Figure 7. A simplified flowsheet for a stacked sequence

2.3  Azeotropes and Entrainers

The 17 azeotropic systems selected from the literature for this study are shown in
Table 1. These cases were selected primarily for two reasons. One is that column stacking
is feasible (there is a moderate temperature difference between the boiling points of B &
C), for example, cases No. 1-7, 9, 10, 12-14. The other reason is in order to ensure a wide
range of values of Rcg, such as cases No. 8, 11, 15-17. For azeotropes commonly studied
in the past, such as methanol/dimethyl carbonate, diisopropyl ether/isopropyl alcohol, and

10
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acetone/methanol, both equimolar and azeotropic feed compositions are considered in

this work. The feed quality of every case is set at saturated liquid and the recovery of

sensible heat by heat exchange with the feed is not considered. The feed rate is set to be

100 kmol/hr in cases 1-15 and 200 kmol/hr in cases 16 and 17. Table 2 shows the

thermodynamic models and the literature references for each case. The binary interaction

parameters are given in Appendix B.
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doi:10.6342/NTU202301003



Table 1. The azeotropic mixtures studied in this work

Case Components Boiling Point (B.P.) Azeotrope (at 1 atm) C CB.P. Fresh Feed

No. A (light key) B (heavy key) A B A/B (mole) B.P. (Entrainer) (mole)
1 Methanol Toluene 64.7°C 110.6°C 0.887/0.113 63.5°C Butyl butanoate 165.0°C 0.5/0.5
2 Methanol Toluene 64.8°C 110.6°C 0.887/0.113 63.5°C Butyl propanoate 145.1°C 0.5/0.5
3 Methanol Dimethyl carbonate ~ 64.7°C 90.3°C 0.8533/0.1467  63.8°C 4-methyl-2-pentanone 116.0°C 0.5/0.5
4 Methyl tert-butyl Ethanol 55.1°C 78.3°C 0.93/0.07 55.0°C Butanol 118.8°C 0.5/0.5

ether
5 Acetone Heptane 56.1°C 98.4°C 0.925/0.075 55.9°C Butyl propanoate 145.1°C 0.5/0.5
6 Diisopropyl ether Isopropyl alcohol 68.3°C 82.2°C 0.77/0.23 66.2°C Methoxyethanol 124.5°C 0.5/0.5
7 Methanol Vinyl acetate 64.7°C 72.5°C 0.59/0.41 58.9°C Allyl acetate 104.0°C 0.5/0.5
8 Ethanol Cyclohexane 78.3°C 80.7°C 0.44/0.56 64.8°C Butyl propanoate 145.1°C 0.4/0.6
9 Methanol Dimethyl carbonate ~ 64.7°C 90.3°C 0.8533/0.1467  63.8°C 4-methyl-2-pentanone 116.0°C 0.8533/0.1467
10 Acetone Methanol 56.1°C 64.7°C 0.775/0.225 55.7°C Water 100.0°C 0.5/0.5
11 Benzene Acetonitrile 80.1°C 81.7°C 0.52/0.47 73.0°C Dimethyl sulfoxide 190.9°C 0.5/0.5
12 Diisopropyl ether Isopropyl alcohol 68.3°C 82.2°C 0.77/0.23 66.2°C Methoxyethanol 124.5°C 0.75/0.25
13 Acetone Methanol 56.1°C 64.7°C 0.775/0.225 55.7°C Water 100.0°C 0.77/0.23
14 Ethyl acetate Heptane 77.1°C 98.4°C 0.87/0.13 76.9°C Xylene 138.4°C 0.85/0.15
15 Chloroform Methanol 61.2°C 64.7°C 0.65/0.35 53.4°C Propanol 97.2°C 0.5/0.5
16 Ethanol Water 78.3°C 100°C 0.89/0.11 78.2°C Ethylene glycol 197.2°C 0.88/0.12
17 Ethanol Water 78.3°C 100°C 0.89/0.11 78.2°C Ethylene glycol/Glycerol (0.6/0.4) 197.2°C/287.9°C 0.88/0.12
12
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Table 2. The thermodynamic model and references for each case

Case No. Model References
1 NRTL He et al. 2021 [32]
2 NRTL He et al. 2021 [32]
3 NRTL Matsuda et al. 2011 [33], Hu & Cheng 2017 [34]
4 NRTL Arce et al. 1999 [35]
5 UNIQUAC Zhang et al. 2021 [36]
6 NRTL Lladosa et al. 2007 [37], Luo et al. 2014 [38], Zhang et al. 2020 [22]
7 NRTL Resa et al. 2002 [39]
8 NRTL Zhang et al. 2020 [40]
9 NRTL Matsuda et al. 2011 [33], Hu & Cheng 2017 [34]
10 UNIQUAC Luyben 2008 [41], Wang et al. 2020 [42]
11 WILSON Yang et al. 2013 [43]
12 NRTL Lladosa et al. 2007 [37], Luo et al. 2014 [38], Zhang et al. 2020 [22]
13 NRTL Luyben 2008 [41], Wang et al. 2020 [42]
14 WILSON Diaz & Tojo 2002 [44], Liu et al. 2020 [45]
15 NRTL Hosgor et al. 2014 [46], Cao et al. 2017 [47]
16 NRTL Ravagnani et al. 2010 [48]
17 NRTL Gil et al. 2014 [49], Jaime et al. 2018 [50]

2.4  Process Optimization

In this work, all processes are simulated using Aspen Plus. A simulated annealing
(SA) algorithm is used to optimize the flowsheets [51]. The SA algorithm is written in
MATLAB and connected to Aspen Plus via the automation server.

Simulated annealing is a stochastic algorithm in which a change in the energy state
may occur in one of two ways. One is accepting the new energy state unconditionally,
and the other is accepting a new energy state conditionally. Unconditional acceptance

occurs when the new energy state is lower than the lowest energy state found since the

13
doi:10.6342/NTU202301003



procedure started. Conditional acceptance refers to accepting the new energy state that is

larger than the previous one. This happens based on the following criteria:

Pe_NEw Exgw — EoLp
Paccept = m = exp(T) (2)

where Engw and Eorp, and T represent the new energy state, the old energy state, and
annealing temperature, respectively. The acceptance of larger energy states can surmount

a barrier during optimization, escaping from the local minimum, as shown in Figure 8.

| at initial temperature |

accept conditionally if

4 Exgw > Envix

depend on the probability
Engw—E OLD)

P=el T
w2
3 \
s climb up
7 \ g
> N
it i
) e
= o8
m n )
Qs ‘ at final temperature |
accept unconditionally if moneidon \
>

Exgw < Enon

Number of Iterations

Figure 8. The concept of the simulated annealing algorithm

The objective function for optimization is the total annual cost (TAC) [52, 53] with

a payback period of three years, as shown below:

IAC — Oberating Cost (OC) 4 Capital Cost (CC) 3
= Operating Cost (OC) 3 (Payback Period) )

The capital costs include the column shell, reboilers, condensers, heat exchangers,

pumps, and vacuum equipment. The operating costs include hot utilities, cold utilities,
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and electricity. The pressure drop across each theoretical stage is taken to be 0.0068 atm.

The column diameter is calculated using the built-in tray sizing feature in Aspen Plus.

Details about the cost calculations are given in Appendix D. Since the objective function

is TAC, the energy states in the SA algorithm are replaced with TAC. A flowchart for the

SA algorithm with TAC as the objective function is shown in Figure 9, and a flowchart

for calculating parameters for the SA algorithm can be found in Appendix C.

Setup T, T;RN, ,T=T,, i=1

v

Set up initial variables (=15 Variablesgggr)
Run the simulation and calculate the TAC (=15 TACn)

v

Generate new variables randomly from
the neighborhood of Variablesgggr
Run the simulation to calculate TACygw

v

Produce a random number between 0~1

v

Is TACygw greater than TAC, 4y or the random
number greater than exp[-(TACxgw -TACorp)/T] ?

NO
1 YES
NO [ Set TACxgy as TACyy
3 Y [ 9 "NEW -MIN
Tsta nuifiple:oliNy: Set new variables as Variablesggqr

‘YES
T=R*T 4& Is T less than T, ?

‘YES

End optimization

7~

Figure 9. The flowchart for the simulated annealing algorithm
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2.5 Initial Guesses & Results Validation

The algorithm for optimization throughout this study is the Simulated Annealing,
with a two-phase optimization approach conducted to find out better initial guesses and
verify the correctness of the results. The first phase identifies multiple local minima using
different variable values that are difficult to determine initially (such as the entrainer flow
rate, side stream flow rate of the MSSS, and vapor split ratio of the DWCU). The second
phase takes the variables of these local minima as starting points for further optimization
to obtain the final results. For instance, in the conventional sequence for Case No. 5, the
design variables include the number of stages, feed stage, entrainer feed stage, column
pressure, and entrainer flow rate. To ensure the duty and the reflux ratio fall within a
reasonable range, a larger initial value for the number of stages is typically used. This can
be easily determined by checking the output (the reflux ratio and duty) in Aspen Plus

while building the process model, as shown in Figure 10.
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Figure 10. The number of stages of a distillation versus the reboiler duty with all other variables fixed (Case

No.5, the 2nd column)
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In extractive distillation sequences with a heavy entrainer, the entrainer feed stage should

be located at the upper part of the column, while the fresh feed stage should be at the

lower part [54]. The number of theoretical stages in each section (extractive, rectifying,

and stripping) of the extractive column can be verified by crosschecking the results. It is

important to confirm that the differences in the number of stages for each section between

alternatives are insignificant or justifiable, as demonstrated in Figure 11 and Table 3. In

this case, each sequence has the same size of the rectifying section. The optimized DWCU

has a smaller extractive section than the others since its optimum entrainer flow rate is

larger than the other sequences, which makes sense. The stripping sections of DWCU and

DCSSS are larger than the other two because the former recovers all entrainer with only

one column and the latter recovers some entrainer at the bottom of the extractive column,

requiring a larger stripping section naturally and inevitably.

Table 3. The size of each section in the extractive column after optimization

Sequence Number of Stages (NS) Entrainer

NS of the NS of the NS of the flow rate

rectifying section extractive section stripping section (kmol/hr)
CS 3 27 4 44.5
MSSS 3 25 6 46.6

DCSSS 3 26 13 45
DWCU 3 19 14 50.8
17
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Case No. 5 : R = 0.88
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(A =Acetone, B = Heptane, C = Butyl propanoate)

Figure 11. The detailed flowsheets for the optimized sequences for Case No.5
For the second column, the proper feed location can be determined by checking for a
small extent of feed mismatch between the feed stream and feed stage [7]. Regarding the
initial guess for column pressure, it is typically set to atmospheric pressure. At this point,
the only remaining initial guess for the conventional sequence is the entrainer flow rate.
Figure 12 shows the variation of TAC at different fixed entrainer flow rates, with all other
variables optimized during the first phase of optimization. The lower bound of the
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entrainer flow rate in Figure 12 is around 40 kmol/hr because the mixtures of A/B will

exhibit azeotropic behavior if the flow rate decreases further. A suitable initial guess for

the entrainer flow rate should be 45 kmol/hr, as a local minimum occurs in this region.

This local minimum serves as the initial variables for the second phase of optimization.

The variables of the local minimum are optimized again using a smaller step size in the

entrainer flow rate to obtain the final optimization results. After the second phase of

optimization, the trend in Figure 12 can be used to verify the result. The final optimized

entrainer flow rate should lie between 40 and 50 kmol/hr.

72 t t t t t t i
35 45 55 65 75 85 95 105

Entrainer Flow Rate (kmol/hr)

Figure 12. TAC versus the variation of the entrainer flow rate for the conventional sequence for Case No.

5, with other variables optimized.

The side stream flow rate of the MSSS is another critical variable that requires

careful consideration during the optimization process. This variable must be optimized at

different fixed entrainer flow rates and side stream flow rates, as demonstrated in Figure

13. Based on the results presented in Figure 13, suitable initial guesses for the entrainer
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flow rate should be around 45 kmol/hr and the side stream flow rate must be within the
ranges of 35-55 kmol/hr, respectively. These curves can also be utilized to verify the final

optimized values.

[
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Figure 13. The variation of TAC at different side stream flow rate and entrainer flow rate for MSSS for

Case No. 5, with other variables optimized.

The vapor split ratio of DWCU is another crucial variable that requires careful
consideration during optimization. Figure 14 shows the TAC of DWCU with varying
vapor split ratios while keeping other design variables fixed. The vapor split ratio has a
more significant impact on the objective function than other variables of DWCU;
therefore, the other variables are held constant during the first phase of optimization. In
this case, an appropriate initial guess for the vapor split ratio is around 0.8. By comparing
the optimized value of the vapor split ratio from the second phase of optimization with
the results from the first phase, the validity of the final results can be confirmed. It’s worth
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mentioning that not every case can produce such a complete curve as shown in Figure 14
because of convergence problems, which is why the example taken for the split ratio is

no longer Case No.5 but rather Case No.9.
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Figure 14. The variation of TAC at different vapor split ratios for Case No.9, with other variables fixed.

With the above-mentioned two-phase optimization, not only does the 2™ phase of
optimization have better initial guesses, but also the final optimized variables can be
verified by the results from the 1% phase, helping the optimization process converge more

easily and making the final results more reliable.
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Chapter 3 The Interpretation of Rcs

Rcs has multiple interpretations (it affects the tradeoff between energy saving
strategies in multiple ways). Five such interpretations are discussed in this chapter. The
value of Rcg for each chemical system is determined from the values of the flowrate of
species B (the heavy key) and C (the entrainer) in the optimized conventional sequence
(CS).

3.1  The 1* Interpretation of Rcs

The first interpretation is that Rcg is a measure of the effectiveness of the entrainer
similar to Rgr. Figure 15 illustrates the relation between Rgr and Rcg for six entrainers for
the separation of methanol (MeOH) and dimethyl carbonate (DMC). The data for
calculating Rerand Rcg is taken from Hu and Cheng [34], who optimized the conventional
sequence for separating MeOH/DMC with six different entrainers. In Figure 15, Rgr
decreases as the Rcp decreases, showing that a smaller value of Rcp indicates a more

effective entrainer.
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Figure 15. The relationship between the optimized entrainer-feed flow rate ratio (Rgr) and Rcg for the

mixture MeOH/DMC separated by six different entrainers using the conventional sequence. The data is

taken from Hu and Cheng [34].

3.2

The 2" Interpretation of Rcs

The second interpretation of Rcg is an indicator of the extent of the remixing, defined

as the maximum concentration of component B in the 1% column minus the composition

of component B at the bottom of the 1% column. Figure 16 shows the relationship between

Rca and the extent of the remixing. The extent of remixing increases with increasing Rcs.

The extent of the remixing effect
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Figure 16. The relation between the extent of the remixing effect (in the optimized conventional sequence)

and Rcp for chemical systems with effective entrainers where remixing is a concern (mixtures 1-14).
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This trend makes sense because as Rcp increases, there is more entrainer diluting
species B at the bottom of the extractive column. This lowers the concentration of species
B at the bottom of the column but has less effect on the peak concentration of B partway
down the column, as shown in Figure 17. Thus the remixing as quantified by the
difference between the peak concentration and the bottom concentration becomes worse.
A greater remixing effect usually makes side-stream sequences and the dividing-wall

column preferable since these design alternatives can mitigate the remixing effect.

0.9 18

0.8 'BC @ B-Bottom @ B-Maximum
0.7 + @ .

0.6 T w
o5+ @ ® .
04 + = - @ &
03 + 5) The extent of the remixing effect

0.2 + ®-9
0.1 + * -

Mole Fraction

Figure 17. The maximum and the bottom concentration of component B in the 1% column versus Rcp
3.3  The 3" Interpretation of Rcs
The third interpretation is a measure of the concentration of entrainer at the bottom
of the 1% column. As Rcp increases, the concentration of the entrainer at the bottom of the
extractive column (Xc) increases, making it easier to recover high-purity entrainer at the
bottom of the 1% column. Figure 18 shows the relation between Xc and Rcs. If Res is low,
then Xc is low and more energy is required to recover entrainer with high purity at the
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bottom of the 1% column. By contrast, if Rcp is high, then Xc is high and it is easier to
recover high-purity entrainer at the bottom of the 1% column. The value of Rcs gives an
indication of which of the alternatives shown in Figure 18 (MSS or DCSS) is likely to be

preferable.

The conventional sequence

Sloppy separation

if X¢ is low ( = low Rgg)

MSS
Sequence

DCSS
Sequence

(entrainer)
1

C2

(entrainer)

Figure 18. The concentration of the entrainer at the bottom of the 1% column (X¢) versus Rcs, where X,
refers to the entrainer composition at the bottom stream of the extractive column after optimization, as

shown in the figure.

3.4  The 4™ Interpretation of Rcs

The fourth interpretation of Rcs is as an indicator of the temperature difference
between the 1% reboiler and the 2™ condenser. This is the barrier that must be overcome
by adjusting the column pressures in order to implement column stacking. Two factors
determine whether column stacking is feasible or not. One is that the normal boiling point
of the entrainer cannot be too high compared to that of the heavy key, and the other is the
amount of entrainer at the bottom of the 1% column. Because one criteria for a good

entrainer is that it is easy to recover, the boiling point of the entrainer should never be too
25
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close to that of the heavy key. This means that the amount of the entrainer at the bottom
of the 1% column is the most crucial factor. Figure 19 shows the variation of the
temperature difference for different values of Rcg. As Rcp increases, the temperature of
the 1% reboiler becomes higher because the concentration of the entrainer at the bottom

rises, making stacking more difficult.
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Figure 19. The temperature difference AT that must be overcome to implement column stacking versus Rcg
for mixtures where column stacking is feasible (mixtures 1-7, 9,10, 12—14), where AT refers to the
temperature difference between the 1% reboiler and the 2" condenser of the optimized conventional

sequence.

3.5 The 5™ Interpretation of Rcs

The last physical meaning of Rcg is the difference in energy requirement between
the 1% reboiler and the 2" condenser. The duty difference in percentage here refers to the
duty of the 2™ condenser divided by that of the 1% reboiler. If it approaches 100%, the top
vapor can provide all of the energy for the 1% reboiler as long as the required driving force
for heat exchange is satisfied. By contrast, if the percentage approaches zero, column
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stacking is not attractive since the top vapor of the 2" column provides little energy to
the 1% reboiler. The duty difference is plotted vs. Rcp in Figure 20. The duty difference
increases with increasing Rcg. This can be understood for two reasons. First, for a given
chemical system, a relatively large value of Rcg may indicate that the entrainer in that
chemical system performs less well than the entrainers in other systems. This increases
the duty in the extractive column more than the recovery column. A large value of Rcp
may also be due to the fact that the concentration of B in the feed is relatively small. For
example, a chemical system with an equimolar feed (0.5/0.5) is expected to have a smaller
value of Rcp than the same system where the feed is enriched in species A (0.8/0.2)
because the flowrate of B (in the denominator of the ratio) is larger. If the concentration
of species B in the feed is small, this increases the duty of the extractive column and
decreases the duty of the recovery column. A few examples with detailed flowsheets are

provided in Appendix F.
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Figure 20. The duty difference as a percentage (the duty of the 2" condenser/the duty of the 1% reboiler) in
the optimized conventional sequence versus Rcp for mixtures for which column stacking is feasible

(mixtures 1-7, 9,10, 12—14)
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Chapter 4 Results

This chapter shows the best sequence of each case with and without considering
column stacking, and discusses the phenomena observed from the optimization results,
drawing several conclusions.

4.1 Results for Sequences with no Column Stacking

Results for sequences without column stacking, including CS, CS-PRE, DCSSS,
MSSS, and DWCU, are given in this section. Column stacking cannot be applied to
DWCU because it has only one shell, so the operating pressures of different sections
cannot be adjusted independently. Column stacking can be applied to the other sequences
and will be discussed in Chapter 4.2.

4.1.1 The Preferred Non-stacked Sequence for Each Case

Figure 21 shows the best non-stacked sequence on a number line indicating the value
of Rce. Each dot represents a different azeotropic system with a different value of Rcs,
where the numbers in black, green, and red represent the value of Rcg, cost savings (TAC),
and energy savings (reboiler duty Q), respectively. Percentages are calculated based on
the conventional sequence. The values of TAC and Q for every sequence without stacking
for each azeotropic system is given in Appendix E. Starting from small values of Rcs on
the left, MSSS is the preferred sequence without stacking for all azeotropic systems until
a transition somewhere between Rcg=8.2 and Rcp=9.3, after which DCSSS is preferred.
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The transition point is estimated to be approximately 8.4 as shown in Figure 22, where

TAC savings are plotted versus Rcs for both MSSS and DCSSS. DWCU 1is never

preferred. (MSSS or DCSSS performs better for all azeotropic systems considered.)
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Black numbers : Rqg

Green numbers : TAC savings (%) compared with the conventional sequence
Red numbers : Energy savings (%) compared with the conventional sequence

Figure 21. The best non-stacked sequence versus Rcg. Non-stacked sequences include CS-PRE, DCSSS,

MSSS, and DWCU. MSSS is preferred when Rcg is relatively small; DCSSS is preferred when Rcg is

relatively large. CS-PRE and DWCU are not preferred for any of the mixtures considered in this work.
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Figure 22. The trend of TAC savings % (sequences without stacking) versus Rcs

4.1.2 Examples with Detailed Flowsheets for Non-stacked Sequences

To understand the tradeoff between alternative sequences as Rcp changes, two
azeotropic systems are chosen for comparison, cases No. 7 (methanol/vinyl acetate/allyl
acetate, Rcg=1.68) and No. 14 (ethyl acetate/heptane/xylene, Rcg=9.3). Figure 23 shows
the conventional sequence and the best unstacked alternative, MSSS, for separating a
mixture of methanol and vinyl acetate using allyl acetate as the entrainer. Since Rcs is
small (1.68), a smaller extent of remixing is expected in the first column of the
conventional sequence. Furthermore, because the entrainer is not expected to be in
substantial excess at the bottom of the entrainer column, it is likely not a suitable strategy
to recover high-purity entrainer at the bottom of the 1% column. Instead, the bottom stream
(rich in the entrainer allyl acetate) and the side stream (rich in the heavy key vinyl acetate)
should both be routed to stages in the entrainer recovery column with similar
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compositions. In this way the remixing effect is mitigated.

Case No. 7 : R = 1.68

CD=1.97m CD=1.00m CD=1.22m CD=0.86m

RR=2.31 RR=1.74 RR=2.29 RR=1.03
64.5C 72.7C 64.5C 72.7C
-1638.9 kW -1230.4 kW -1630.2 kW -911.7 kW

50.4545 kmol/hr 50.3795 kmol/hr 50.4545 kmol/hr

A:0.99 A:0.001 A:0.99
B:0.0025 B:0.99 B :0.0023
e €:0.0075 = €:0.009 s €:0.0077
il A B (o] A B
0.389 kmol/h
0.834 kmol/hr 0.8435 kmol/hr 69 kmol/he .
Makeup | . Makeup 46 B:0.99
> 135.2143 kmol/hr Y i e
A:0.0004 Vapor fraction = 0 &
Vapor fraction =0 B:0.3695 Fee >
Feed »--86 €:0.6301 11C 100 kmol/hr 111.9C
100 kmol/hr 1186.3kW A:0.5 856.7 kW
A58 B:05 70.8284 kmol/hr
B:05
4 s0C A trace
. 103.6C C(E oo 115.9C B:0.0962 C(E)
v 1987.7 kW 84.8348 kmol/hr i 2009 kW €:0.9038 89.4394 kmol/h
264.9 kW
A :trace A :trace
B:0.001 8:0.001
€:0.999 €:0.999
‘ Conventional Sequence (CS) ‘ | Modified Side-Stream Sequence (MSSS)

(A =Methanol, B = Vinyl acetate, C = Allyl acetate)

Figure 23. The conventional sequence (left) and the best alternative (right) for case No. 7

By contrast, for case No. 14, DCSSS is preferred. The different outcome can be
understood in terms of Rcp. Figure 24 shows the optimized conventional sequence and
the optimized best sidestream sequence, DCSSS, for azeotropic mixture No. 14 (Ethyl
acetate/heptane/p-xylene). Because the value of Rcp is large, it is expected that the
remixing effect will be substantial and that the bottom stream will consist mostly of
entrainer. Therefore, recovering some of the entrainer at the bottom of the 1% column at
high purity is a reasonable strategy. Because most of the entrainer leaves at the bottom of
the 1% column and only a small amount of entrainer flows into the 2" column, the
throughput of the 2™ column decreases drastically, reducing the duty and the column
diameter.

Another interesting phenomenon is that the entrainer flow rate in the optimized
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DCSSS flowsheet is even greater than that of the conventional sequence. The higher

entrainer flow rate contributes to the lower duty of the extractive column because the

relative volatility of the light key over the heavy key becomes higher. However, an

increase in the entrainer flow rate also causes the duty of the recovery column to be higher.

Therefore, when the entrainer flow rate is increased or decreased, a tradeoff between the

heat duty of the extractive column and the recovery column arises [55]. By removing

most of the entrainer from the bottom of the extractive column, DCSSS can achieve a

lower duty in the extractive column by raising the entrainer flow rate without increasing

the duty of the recovery column. For these reasons DCSSS performs the best for this

mixture.

Case No. 14 : Rz =9.3

CD=1.6m CD=0.94m
RR=1.79 RR=5.57
77.1C 97.9C
-2137.7 kW -831.9 kW
85.7727 kmol/hr 14.2923 kmol/hr
A:0.99 A :0.006
B:0.01 B:0.99
0.065 kmol/hr (" 1atm C:trace €:0.004
Makeup |2 A B Makeup
AT A
147.0353 kmol/hr,
A:0.001 Vapor fraction =0
Vapor fraction = 0 B:0.096 Feed
Feed »|---49 €:0.903 150.1C 100 kmol/hr
100 kmol/hr --60- 827.9kw A:0.85
A:0.85 B:0.15
B:0.15

60C

7236 ka

143.7C C(E)
2866.2 kW 132.743 kmol/hr
A :trace

B :0.0001
€:0.9999

’ Conventional Sequence (CS) |

0.0704 kmol/hr

CD=1.64m
RR=1.61

77.1C
-1994.4 kW

K

60C
-884.9 kW

?

A

Ye

85.7727 kmol/hr
A:0.99
B:0.009
C:0.001

A

152.6C

@ ~ 2888.6 kW

141.391 kmol/hr
A :trace

C1(E) B :0.0001
€:0.9999

CD=0.55m
RR=1.35

97.9C

-297.8 kW

A:0.006
B:0.99
C:0.004

145.2C

17.5533 kmol/%rz(E)

A :trace

B :0.0001
C:0.9999

| Double-Column Side-stream Sequence (DCSSS) ‘

(A = Ethyl acetate, B = Heptane, C = p-Xylene)

Figure 24. The conventional sequence (left) and the best alternative (right) for case No. 14

Even though side-stream sequences can mitigate the remixing effect, they are not
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always beneficial because of another important factor, the relative volatility of B (heavy
key) to C (entrainer). In this work, apc refers to the average relative volatility of B/C
over all the stages in the recovery column. The higher the value of agpc, the easier it is to
separate Band C. As apc increases, a sidestream is less beneficial because the separation
of B and C is easier. At the same time, there is a disadvantage of implementing
sidestreams, which is that the reboiler temperature in the first column increases because
there is less of species B at the bottom of the column. As a result, there is a tradeoff
between lessening the remixing effect and increasing the operating temperature of the 1
reboiler.

As shown in Table 4, Rcg for cases No. 16 and No. 17 are 5.19 and 4.09, indicating
that the remixing effect is significant. However, the values of ap¢ in these two cases are
32.01 and 36.54, respectively. The high value of agc makes a sidestream ineffective at
reducing cost and energy consumption for these mixtures. A side stream doesn’t
significantly reduce the heat duty of the recovery column but does increases the
temperature of the reboiler in the 1% column. Therefore, the side-stream sequences

perform worse than the conventional sequence.
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Table 4. The best sequence for different Rcg and agc

Case No. Rcg  Average TAC savings % of the The best sequence
apc best side-stream sequence

1 0.17 5.00 0.3% MSSS
2 0.18 2.87 0.8% MSSS
3 0.44 2.13 0.9% MSSS
4 0.86 4.44 2.9% MSSS
5 0.88 3.95 1.1% MSSS
6 1.59 4.89 3.0% MSSS
7 1.68 2.71 6.3% MSSS
8 2.21 6.24 4.6% MSSS
9 2.70 2.34 1.5% MSSS
10 3.10 4.85 2.8% MSSS
11 3.60  20.02 5.1% MSSS
17 409 3654 -5.8% CS

12 4.60 5.34 4.2% MSSS
16 519  32.01 -0.6% CS

13 8.20 5.49 6.6% MSSS
14 9.30 327 14.0% DCSSS
15 1280  3.12 26.0% DCSSS

The TAC savings of the best side-stream sequence with different Rcg and apc can

be estimated by regression, as shown in Figure 25. A higher value of Rcs and a smaller

value of apc lead to a higher TAC savings by side-stream sequences, but this also

indicates that the entrainer is less effective. In contrast, a smaller Rcg and a larger apc

lead to lower TAC savings, suggesting that the entrainer performs well. As a result, both

Rcs and agc should be considered when predicting whether side-stream sequences are

likely to be attractive.
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Figure 25. The variation of TAC savings for different Rcg and apc
In summary, the data collected in this work show that for sequences without column
stacking, sequence MSSS is preferred for small values of Rcs (less than about 8.4) and
DCSSS is preferred for larger values of Rcg (greater than about 8.4). However, the relative
volatility of the heavy key and the entrainer (agc) is also a factor. If apc is very large,
side-stream sequences may not be attractive.
4.2  Results for Sequences with Column Stacking
In this section, three stacked sequences, OSS, SMSSS, and SDCSSS are compared,

and the conventional sequence is again taken as the base case.
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4.2.1 The Preferred Stacked Sequence for Each Case

Figure 26 shows the preferred stacked sequence on a number line indicating the
value of Rcg. The black number is Rcp. The green and red percentages represent the
improvement of TAC and energy consumption compared to the conventional sequence.
Values of TAC and Q (the reboiler duty) for each stacked sequence are given in Appendix
E. From Figure 26, the value of Rcs above which SDCSSS outperforms OSS is between
1.68 and 2.7. This point can be estimated more precisely by comparing the trend of TAC
savings percentage of the two sequences, as shown in Figure 27. The transition point
where the orange and blue lines cross is approximately 2.2. The gray line shows the
difference in savings (on a percentage basis) between OSS and SDCSSS, plotted versus
Rcg. Tututi et al. [21] also compared OSS, SDCSSS and CS for separating acetone and
methanol with water as an entrainer (case No. 10, Rcg=3.1). Their results are consistent

with the findings presented here.
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Figure 26. The best stacked sequences versus Rcg
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Figure 27. The trend of TAC savings % (Stacked sequences) versus Rcs

4.2.2 Examples with Detailed Flowsheets for Stacked Sequences

To explore the effect of Rce on the choice between OSS and SDCSSS, two
representative cases are selected, case No. 1 (methanol/toluene/butyl propanoate) for
which OSS is preferred and case No. 13 (acetone/methanol/water) for which SDCSSS is
preferred. Figure 28 shows the optimized base case conventional sequence (CS) and the
best optimized stacked sequence OSS for separating methanol and toluene with butyl
butanoate as entrainer (case No. 1). The value of Rcg for this mixture is 0.17. The small
value of Rcp suggests that the entrainer is very effective, the remixing effect is minor, the

39
doi:10.6342/NTU202301003



temperature barrier for implementing column stacking is small, and the heat duty
difference between the 2" condenser and the 1% reboiler is not large. Because the
remixing effect is minor, the benefit from a side stream is limited. A small temperature
difference between the 1 reboiler and the 2" condenser indicates that only a small change
in column pressures will be required to achieve the necessary driving force for heat
transfer. Furthermore, a small difference in heat duty means that most of the energy
required for the 1% reboiler can be provided by the 2™ condenser, making column stacking
attractive. For these reasons, OSS performs well for this chemical system with a small

value of Rcs.

Case No. 1 : Rcp =0.17

CD=0.77m CD=0.78m CD=0.77m CD=0.77m
RR=0.29 RR=0.25 RR=0.28 RR=1.03
64.4C 109.9C 64.4C 134.1C
-634.9 kKW -588.3 kW -633.2 kW 0kw
50.4545 kmol/hr 50.0465 kmol/hr 50.4545 kmol/hr
A:0.99 A:0.001 A:0.99 B
B:0.009 B:0.99 oo : :
-0, €:0.009 €:0.001 i
0,501 kmol/hr (T 3 X°°1 B 05032kmol/hr ((Tm . (T B
Makeup Makeup ¢
x 6 Y S o 50.0487 kmol/hr
+Q=600.5 kW A:0.001
58.5468 kmol/hr |64 B:0.99
A :0.0008 C:0.009
Vapor fraction =0 B:0.8463 Vapor fraction =0 / 59.3496 kmol/hr
Feed 27- M C-O:328 | 1689C Feed {19 / : : g'gggg 103.7C
100 kmol/hr 24— 603.9kw 100 kmol/hr 20 711.8 kW
b A :0.1643
B:0.5 B:05
o 1202C C(E) 50C 12 C(E)
-89.7 kW 795 kW 8.5003 kmol/hr -121.8 kW 196.3 kW 9,3009 kmol/hr
A :trace A :trace
B:0.0001 8:0.0001
€:0.9999 €:0.9999
| Conventional Sequence (CS) ‘ Ordinary Stacked Sequence(OSS)

(A = Methanol, B = Toluene, C = Butyl Butanoate)

Figure 28. The conventional sequence (left) and the best alternative (right) for case No. 1
In contrast with case No.1, case No.13 has a much higher value of Rcg, Rcp=8.2.
The larger value of Rcp suggests a more pronounced remixing effect, a high entrainer
concentration at the bottom of the 1% column, a larger temperature difference to overcome,
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and a larger difference between the condenser duty and the reboiler duty. The situation is
not ideal for implementing column stacking, but stacking can still reduce energy
consumption without a prohibitive increase in the pressure of the 2" column. As shown
in Figure 29, SDCSSS saves 512.1 kW compared to the conventional sequence with
acceptable increases in the duty of the cooler and the temperature of the 2™ reboiler. The
increased cooler duty is due to the increased entrainer flow rate and the increased
temperature of the 2™ reboiler. Increased entrainer flowrate is a characteristic and an
advantage of SDCSSS (and DCSSS), as mentioned in the discussion of Figure 24 in
Section 4.1.2. As for the increased temperature of the 2" reboiler, it is an inevitable
consequence of implementing column stacking. Increasing the pressure of the 2™ column
also increases its column temperature, which further increases the duty of the cooler.
Fortunately, this problem can be solved by another heat integration strategy, preheating,
in which the sensible heat in the recycled entrainer is used to preheat the fresh feed.
Although preheating is beyond the scope of this work, it should be considered for this
flowsheet alternative.

As discussed in Chapter 4.1 the attractiveness of side-streams depends not only on
the value of Rcp but also the value of agc. However, a large difference in the boiling
points of B and C will make stacking infeasible. A moderate temperature difference
between the boiling points of B and C generally corresponds to a moderate value of agc,

41
doi:10.6342/NTU202301003



which is why relative volatility is often not a great concern if stacking is feasible. It is
advantageous to combine column stacking with a side-stream sequence because both
stacking and the side stream reduce energy consumption at this value of Rcs, which

explains why SDCSSS outperforms all other alternatives.

Case No. 13: Rcg =8.2

CD=1.19m CD=0.58m CD=1.18m CD=0.34m
RR=2.05 RR=2.13 RR=2 RR=1.6
56.1C 64.7C 56.1C 123.7C
-1956.5 kW -708.3 kW -1296.1 kW 0 kW
77.77 kmol/hr 23.0301 kmol/hr 77.77 kmol/hr

A:0.99 A :trace A:0.99
B:0.003 8:0.99 R
€:0.007 €:0.01 P oo
A £k B
0.8001 kmol/hr 048’\2/‘933k§r:o|/hr "Q=512.1kW 23.0593 kmol/hr
Maketp R Sl 6 37 66,2038 kmol/hr it
r 211.1071 kmol/hr 7 i B:0.99
: A itrace Vapor fraction =0 ¢ B:0.3454 €:0.0099
il 802088 Feed 60 © 06545
Feed > €:0.8911 1038C 100kmolhr | |--72-] 166.2°C
ll\qook;;"'/hr g2akw A:077 | [+77 —' 633.7 kW
oy B:0.23 - Y
Bl 17561 kW
& 180.866 kmol/hr .
40C 99.1C C(E 40C A :trace CZ(E)
2621 kw@ 2217.4kW 15807 km&hz 4137 kW C1(E) & 0.001 43,1445 kmol /R
T 3 :0.999 A:0.0001
B:0.001 B10.008
€:0.999 e
» Stacked Double-Column Side-stream Sequence
Conventional Sequence (CS) (SDCSSS)

(A = Acetone, B = Methanol, C = Water)

Figure 29. The conventional sequence (left) and the best alternative (right) for case No. 13
In summary, applying column stacking to a side-stream sequence is sometimes
beneficial and sometimes not. The data suggest that if column stacking is feasible and

Rcp<2.2, OSS is recommended; if column stacking is feasible and Rcg>2.2, SDCSSS is

recommended.
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4.3  Overall Evaluation

In this section, all strategies are compared to present an overall view of the results.
4.3.1 The Dividing Wall versus Side Streams

Figure 30 shows the performance of the side stream sequences and the thermally
coupled sequence in terms of cost reduction and energy savings versus Rcp. The
conventional sequence still serves as the base case for each case. When Rcg is high,
indicating that the remixing effect is severe, DWCU becomes economical as shown in
Figure 30(a). This is consistent with the results of Wu et al. [56]. Figure 30 (b) shows that
DWCU is more effective at decreasing energy consumption than cost, which is consistent
with the findings of Cordeiro et al. [57]. The data collected in this work indicates that the
best side-stream sequence in each case is always better than DWCU for both cost
reduction and energy conservation unless Rcs is very high. However, a very large value
of Rce suggests that the entrainer performs poorly. In this case it may be preferable to

seek a better entrainer or a different method of breaking the azeotrope.
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Figure 30. The side-stream sequences and the thermally coupled sequence versus Rcg (a) TAC savings and

(b) reboiler duty Q savings

The finding that DWCU is less attractive than other options is somewhat at odds
with the findings of Anokhina and Timoshenko [27], who found that the partially
thermally coupled sequence, (PCEDS) which is the parent sequence of DWCU, can save
energy when the reflux ratio in the extractive distillation sequence is greater than 1. The
most likely reason for the discrepancy is that Anokhina and Timoshenko optimized their
processes using energy consumption as the objective function, whearas in this work the
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total annual cost (including both capital and operating costs) is used as the objective
function. As stated previously, DWCU and other thermally coupled sequences are more
effective at reducing energy consumption than cost.
4.3.2 Column Stacking versus Side Streams

Although stacked side-stream sequences usually perform better than the ordinary
sequence, they are not always the best choice. In Figure 31, the blue, orange, and gray
lines represent the cost savings from side-stream sequences, column stacking, and stacked
side-stream sequences respectively for different values of Rcp. Column stacking (the
stacked-only sequence OSS) has the lowest cost when Rcp is low, whereas the side-stream
sequence (no stacking) is less expensive when Rcg is high. The performance of column
stacking (the orange line) is nearly the same as the best stacked side-stream sequence (the
gray line) for small Rc. Conversely, the performance of the best side-stream sequence
(the blue line) is almost the same as the best stacked side-stream sequence when Rcg is
large. This suggests that combining column stacking and a side stream is effective only
for an intermediate range of values of Rcs. This range can be estimated from the
intersections labeled in Figure 31. The lower bound is approximately Rcg=2.6 and the
upper bound is approximately Rcg=8.4. Within this range, the combination of column
stacking and a side-stream is likely to be most cost-effective. Below this range, the benefit
of a side-stream is small and above this range the benefit of column stacking is small.
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Chapter 5 Conclusions

Three process intensification strategies for extractive distillation with a heavy
entrainer are studied in this work, including thermal coupling, side streams, and column
stacking. These three strategies are represented by six intensified sequences. A novel
index Rcg is proposed for understanding the tradeoff between these alternatives. The data
for the relative cost of design alternatives can be understood in terms of this index. The
following conclusions can be drawn for the mixtures studied in this work based on the
data: (1) Without column stacking, if Rcg is less than about 8.4, the modified side-stream
sequence (MSSS) performs better; if Rcp is greater than 8.4, the double-column side-
stream sequence (DCSSS) performs better. (2) Even if the remixing effect is severe (Rcs
is high), the side-stream sequences may still be uneconomical if the relative volatility of
the heavy key (B) and the entrainer (C) is too high. (3) With regard to column stacking,
if Rcg is less than about 2.2, the ordinary stacked sequence (OSS) performs better; if Rcg
is greater than about 2.2, the stacked double-column side-stream sequence (SDCSSS)
performs best. (4) Column stacking is more effective when Rcg is small, and side-stream
sequences are more effective when Rcg is large. (5) There is a range of values with Rcg
greater than about 2.6 and less than about 8.4 where stacked side-stream sequences are
recommended. When Rcg is less than about 2.6, the benefit of a side-stream is minimal
and a sequence with only stacking is likely to be preferred for simplicity. Conversely,
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when Rcgp is greater than about 8.4, the benefit of stacking is usually minimal and a

sequence with only a side-stream is likely to be preferred for simplicity. (6) The dividing-

wall column with an upper partition (DWCU) is not economical when Rcg is small and is

economical but less attractive than side-stream sequences when Rcg is large.
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Appendix A. Optimization Variables

The optimization variables for each sequence are shown on process flow diagrams in
Figure A-1 and are listed in Table A-1. The meaning of each optimization variable is given
in Table A-2. Numbers 1, 2 and 3 in variables (e.g. NS1, FS2, etc.) refer to the column
number. In sequences DCSSS and SDCSSS, the side-stream flowrate is not an
optimization variable because it is manipulated to achieve the desired entrainer purity at

the bottom of the extractive column (using the feature Design Spec feature in Aspen Plus).

Conventional Sequence Conventional Sequence - Pre-concentrator
(CS) (CS - PRE)

(b)

Dividing-Wall Column (Upper partition) Double-Column Side-Stream Sequence
(DWCU) (DCSSS) (MSSS)
A £ MK 8
s
Makeup
EF
PEE e
( C) C(entrainer)
Ordinary Stacked Sequence Stacked Double-Column Side-Stream Stacked Modified Side-Stream Sequence

(0SS) Sequence (SDCSSS) (SMSSS)

Figure A-1. Sequences labeled with optimization variables
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Table A-1. The optimization variables for each sequence

Sequence Optimization variables
CS NS1, FS1, P1, NS2, FS2, P2, ES, EF
CS-PRE NS1, FS1, P1, NS2, FS2, P2, ES, EF, NS3, FS3, P3
DWCU NSU, NSL, FS,ES, P, 4, EF
DCSSSS NS1, FS1, SS, P1, NS2, SFS, P2, ES, EF
MSSS NS1, FS1, SS, P1, NS2, FS2, SFS, P2, SF, ES, EF
(ORN NS1, FS1, P1, NS2, FS2, P2, ES, EF
SDCSSS NS1, FS1, SS, P1, NS2, SFS, P2, ES, EF
SMSSS NS1, FS1, SS, P1, NS2, FS2, SFS, P2, SF, ES, EF

Table A-2. Meaning of optimization variables labeled in Figure A-1

variable meaning
NS number of stages
ES entrainer feed stage
FS feed stage
SS side stream withdraw stage
SFS side stream feed stage
P pressure
SF side stream flowrate
EF entrainer flowrate
NSU number of stages of the upper section of DWCU
NSL number of stages of the low section of DWCU
0 vapor split ratio
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Appendix B. Binary Interaction Parameters

Table B-1. Binary interaction parameters for each case

(Ij\?se Model Comppnent Comppnent Aij Aji Bij Bji Gij
0. i i
1 NRTL A B 0 0 371.0837 446.8746 0.3
A C 0 0 422.264432 165.055855 0.3
B C 0 0 -472.685429  743.671394 0.3
2 NRTL A B 0 0 371.0837 446.8746 0.3
A C 0 0 354.057657 187.54339 0.3
B C 0 0 -447.326056  696.596957 0.3
3 NRTL A C 0 0 520.4172 -81.3518 0.3
C B 3.9884 -2.9678 -1165.8684 934.0338 0.3
A B -1.7369 -0.899 903.214 442.4486 0.3
4 NRTL B C 0 0 -85.2188 128.5015 0.3
A B 1.89221 -0.711609 -0.0431461 6.33667 0.1
A C -1.50415 -0.396552 758.949 136.021 0.5
5 UNIQUAC A B 0 0 39.0511 -280.377 0
A C 0 0 107.496708  -218.565883 0
B C 0 0 -47.6702671 12.8075994 0
6 NRTL A B 0 0 419.8083 40.004 0.3
A C 0 0 248.157164 307.945164 0.3
B C 0 0 -328.921683  592.477808 0.3
7 NRTL C B 0 0 -225.0495 315.849 0.3
A B 0.783184 0.907431 0 0 0.5
A C 4.07242 0.196083 -1244.66 341.63 0.5
8 NRTL A B -0.156 1.6271 459.8772 214.0758 0.45
A C 9.62547 -5.70134 -2370.19 1427.36 0.104156
B C -2.40877 1.37311 959.52 -478.48 0.3
9 NRTL A C 0 0 520.4172 -81.3518 0.3
C B 3.9884 -2.9678 -1165.8684 934.0338 0.3
A B -1.7369 -0.899 903.214 442.4486 0.3
10 UNIQUAC A B 0 0 -225.1533 52.7705 0
A C 8.6051 -4.8338 -3122.5818 1612.1963 0
B C -1.0662 0.6437 432.8785 -322.1312 0
11 WILSON A B 0 0 -154.103 -217.9322 0
A C 0 0 -138.4803 -370.594 0
B C 0 0 111.452764  -111.016394 0
12 NRTL A B 0 0 419.8083 40.004 0.3
A C 0 0 248.157164 307.945164 0.3
B C 0 0 -328.921683  592.477808 0.3
13 UNIQUAC A B 0 0 -225.1533 52.7705 0
A C 8.6051 -4.8338 -3122.5818 1612.1963 0
B C -1.0662 0.6437 432.8785 -322.1312 0
14 WILSON A B 1.00741 1.03185 -485.608 -586.376 0
A C -1.0367 0.1258 375.8305 -225.4925 0
B C 0.7975 -0.3312 -414.0103 140.9931 0
15 NRTL A B -2.28748 1.3212 1431.82 -471.749 0.322401
A C -3.06839 0.661605 1635.33 -385.763 0.318373
B C 1.2971 -1.48426 -386.394 451.806 0.5
16 NRTL A B -0.8009 3.4578 246.18 -586.0809 0.3
A C 14.8422 -0.1115 -4664.4058 157.5937 0.47
B C 0.3479 -0.0567 34.8234 -147.1373 0.3
17 NRTL A B -0.8009 3.4578 246.18 -586.0809 0.3
A Cl 14.8422 -0.1115 -4664.4058 157.5937 0.47
B C1 0.3479 -0.0567 34.8234 -147.1373 0.3
A C2 0 0 442.713 36.139 0.3
B C2 -1.2515 -0.7318 272.6075 170.9167 0.3
Cl C2 0 0 298.1435 -347.5824 0.3

Table B-1 shows the binary interaction parameters for each chemical system.
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Appendix C. Parameters for SA Algorithm

Figure C-1 shows how the parameters for SA are determined, including initial

temperature (To), finial temperature (Tr), decrement rate (R), and iteration time (Nj).

Set up initial variables and run the simulation to calculate the TAC

v

Set T, = -[(TAC*0.02)/In(0.8)] ,R=0.8
N; = the number of design variables * 3

v

Run Simulated Annealing Algorithm for 300 iterations
Record the TACygw and TAC, gy in each iteration

v

[ Calculate TACygw = TACyqx for each iteration ]

v

TACxpy - TACypx > 02
&YES NO

Record the positive values Abandon the negative values

v

Sort the values from small to large

v

Take the fifth value as Differenceyy
Take the third quartile as Differencey x

v

T, = - Difference,;,x / In(0.8)
T; = - Differencey / In(0.2)
N; = the number of design variables * 4

v

R = (T, /T, ) (N,/ 1000)

ifR<0.8,R=0.8 N
[ ifR>0.9,R=0.9 ]T PE<R<0.92
I ‘YES

Finish determining parameters

Figure C-1. The flowchart for calculating parameters for the simulated annealing (SA) algorithm
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Appendix D. Economic Evaluation

Methods and equations for cost calculations are presented in this section This material is
based on the work of Douglas[52], Luyben [58], Seider et al. [59], and Turton et al [53].

1. Column Capital Cost
Column Capital Cost = 3015 x (2.18 + 3.67 x F,) X CD*06¢ x {0802
CD[m] = column diameter
H[m] = column height = 0.73152 X (NS — 1)
NS = number of stages

F, = pressure factor

Pressure (atm) < 3.4 6.9 13.8 20.5
Fp 1 1.05 1.15 1.2

For DWCU:

CD = sqrt(max([CD172+CD3"2, CD4"2])) = Shell diameter
CD1 = pre-fractionator column diameter

CD3 = side column diameter

CD4 = stripping column diameter

2. Reboiler Cost
Reboiler Capital Cost = 7296 x A%%5

Qr
URXATR

Ar[m?] = heat transfer area =

Qr (kW) = reboiler duty
Ur (kW/m?K) = heat transfer coefficient = 0.568

A Tr = Tsteam — Treboiler
The minimum temperature difference is set to be 10°C.

Table D-1. Prices of hot utilities

Steam Pressure Temperature Price ($/GJ)
High pressure stream 42 bar 254°C 9.88
Middle pressure stream 11 bar 184°C 8.22
Low pressure stream 6 bar 160°C 7.78

a. Treboiler < 150°C.

uUSD
8000hr

Operating Cost [—=o_| = 7.78*RD/10"6*3600%8000
Temperature of low pressure stream = 160°C.
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b. Trepoiler < 174°C.

USD
8000hr

Operating Cost [——2_| = 8.22*RD/10"6*3600*8000

Temperature of middle pressure stream = 184°C
C. Treboiler < 244°C.

USD
8000hr

Operating Cost [——2_| = 9.88*RD/10"6*3600*8000

Temperature of high pressure stream = 254°C

3. Condenser Cost
Condenser Capital Cost = 7296 x A%%®

Qc
UcXATc

Ac [m?] = heat transfer area =

Qc (kW) = condenser duty

Uc (kW/m?K) = heat transfer coefficient = 0.852

AT, = temperature difference between condenser and coolant
The minimum temperature difference is set to be 10°C.

Table D-2. Prices of cold utilities

Coolant Temperature Price ($/GJ)
Cooling water 41.85°C 0.354
Chilled water 5°C 4.43
Refrigerant —20°C 7.89
Refrigerant =50°C 13.11

a. Teondenser > 51.85°C
AT¢ = Teondenser — 41.85

USD
8000hr
Temperature of cooling water = 41.85°C
b. Tcondenser > 25°C

ATC = 10/ ln((Tcondenser - 5)/(Tcondenser - 15))

UsSD
: | = _ A
Operating Cost [8000hr] 4.43 * (—ConD) /1076 * 3600 * 8000

Operating Cost [ ] = 0.354 * (—ConD) /1076 * 3600 * 8000

Temperature of chilled water = 5°C, returned at 15°C
C. Teondenser > —10°C
ATc = Teondenser T 20

UsSD
. B _ A
Operating Cost [8000hr] 7.89 x (—ConD) /1076 * 3600 * 8000
Temperature of refrigerant = —20°C
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d. Tcondenser > —50°C
ATc = Teondenser T 50

USD
8000hr

Temperature of refrigerant = —50°C

Operating Cost [ ] = 13.11 * (—ConD1)/1076 * 3600 * 8000

4. Heat Exchanger Cost

Heat exchanger Capital Cost = 7296 x A%%>
Anx[m?] = heat transfer area = — 21X
UyxXATyx

Qr (kW) = heat exchanger duty
Unx (kW/m?K) = heat transfer coefficient = 0.852
A Tyx = Thot — Teold

5. Vacuum Cost
Two types of vacuum systems are considered when the column pressure is lower than

atmosphere, and the one with the lower TAC would be selected.

5.1. Steam-Jet Ejector
Steam cost of the ejector = 10 X Mg X S;p X 8000

Ib
Mg [—| = mass flowrate of outlet vapor from precondenser
hr

Sip [%] = low pressure stream cost = 0.004

Mg
P x 760

P [atm] = Column Pressure

S = size factor =

100
a. P> P (One-stage)

21665700
Capital cost of the ejector = 0.1%41 x —
s
2 100
b. 760 = P < P (Two-stage)

21665700

Capital cost of the ejector = 1.8 x §%41 x v
s

2
c. P< ~eo (Three-stage)
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_ _ 21665700 .7
Capital cost of the ejector = 2.1 X §S%*1 x —— X [ceil(=—=)]*>°
My 100
5.2. Liquid-Ring Pumps
Operating cost of the pump = 0.04 X NW x 8000

t3
Vs [%] = volume flow rate of vapor from precondenser
NW [kW] = compressor power

P [atm] = column Pressure

a. ;<50
_ 10588500
Capital cost of the pump = 503> x v
s
b. 50 <V, < 350
_ 055 10588500
Capital cost of the pump = Vg > X M.
s
c. V, > 350
10588500 \Y/
Capital cost of the pump = Vg% x ——— x [ceil(—x)] 15
My 100

6. Liquid Pump Cost

Capital cost = 1,0(3:3892+0.0536x10810(PP)+0.1538x10g1 (PP)?)

Electricity cost = 0.0674 x PP x 8000
PP [KW] = power of the pump
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Example of cost and energy consumption calculations
An example of how TAC and energy consumption Q are calculated is given below. Taking
the ordinary stacked sequence (OSS) of Case No.5 for instance, Table D-3 shows the
required information for calculating TAC. The word “original” refers to the raw data from
Aspen Plus, and the word “real” means the real duty of the condenser and the reboiler
after stacking. For non-stacked sequences, the real duty equals the original duty, whereas
for stacked sequences, the calculation of the real duty follows the formula below. If the
original reboiler duty is larger than the original condenser duty:

Real Reboiler Duty = Orginal Reboiler Duty — |Original Condenser Duty|

Real Condenser Duty = 0

Heat Exchanger Duty = |Original Condenser Duty]|
If the original reboiler duty is smaller than the original condenser duty:

Real Reboiler Duty = 0

Real Condenser Duty = |Orginal Condenser Duty| — Original reboielr Duty

Heat Exchanger Duty = Original Reboiler Duty

Table D-3. The required information for calculating TAC (Ordinary Stacked Sequence, Case No.5)

Variables Extractive Column Recovery Column
Number of Stages 36 23
Column Diameter (m) 1.07 0.95
Column Pressure (atm) 1 23
Original Condenser Duty (kW) =741 -877
Real Condenser Duty (kW) =741 0
Original Reboiler Duty (kW) 1197 1155
Real Reboiler Duty (kW) 319 1155
Condenser Temperature (°C) 56 129.3
Reboiler Temperature (°C) 118 179.9
Cooler Duty (kW) -497
Heat Exchanger Duty (kW) 877

Energy consumption Q is the total reboiler duty, which is 319 plus 1155 kW. The column
capital cost is:
Column Capital Cost = 3015 x (2.18 + 3.67 x F,) x CD*%% x 0.73152 x (NS — 1)%:8¢?
As the pressure is lower than 3.4 atm, the pressure factor F, remains to be one. The column
cost will be:
The 1st column = 3015 x (2.18 + 3.67 X 1) x 1.0719%¢ x 0.73152 x (36 — 1)0:802
The 2nd column = 3015 X (2.18 + 3.67 x 1) X 0.9519%¢ x 0.73152 x (23 — 1)0:802
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The capital cost of the reboiler, condenser, cooler, and heat exchanger is:

QR 0.65 319 )0.65

Reboiler Cost (1st =7296x<—> = 7296><<
eboiler Cost (1st U XA Tq 0.568 x (160 — 118)

Reboiler Cost (2nd) = 7296 x (L)O.GS = 7296 X ( 1155 )0.65
Up XA Tg 0.568 x (254 — 179.9)

Condenser Cost (1st) = 7296 x (Lyms = 7296 x ( 741 )0'65
Uc XA Te 0.852 x (56 — 41.85)

0.65
065 / 497 \

3 Qc _
Cooler Cost = 7296 X <m> = 7296 X (179.9—5) — (50 — 5)
0.852 X ( )
1799 — 5
InC55—=5)
Qnx 000 877 o
Esch =729 (—) = 729 x( )
xchanger Cost 6 U X Tonx 6 0.852 x (129.3 — 118)

where Qr is the reboiler duty (kW), Qc is the condenser duty (kW), Ur is the heat transfer
coefficient (kW/m?k) for reboilers, Uc is the heat transfer coefficient (kW/m?’k) for
condensers, A Tgr is the temperature difference between the reboiler and the steam, A
Tc is the temperature difference between the cold utilities and the condenser, and A Tyx
is the temperature difference between the 2" condenser and the 1% reboiler. The operating

cost of the reboiler, condenser, and cooler is:

319 x 3600

Reboiler Operating Cost (1st) = 7.78 ($/G]) % 106 (GJ/hr) x 8000 (hr)

1155 x 3600

Reboiler Operating Cost (2nd) = 9.88 ($/G]) X 106 (GJ/hr) x 8000 (hr)

741 x 3600

Condenser Operating Cost (1st) = 0.354 ($/G]) % 106 (GJ/hr) x 8000 (hr)

497 x 3600

Cooler Operating Cost (1st) = 4.43 ($/G]) X 106 (GJ/hr) x 8000 (hr)

With these costs determined, TAC can be caluclated through the formula:

Capital Cost (CC)
3 (Payback Period)

TAC = Operating Cost (OC) +
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Appendix E. TAC and Reboiler Duty of Each Sequence

Table E-1 shows the TAC and reboiler duty in absolute and percentage terms for
sequences without stacking. The pre-concentrator sequence CS-PRE is considered only
when the feed is far from the azeotropic composition. Table E-2 shows the TAC and

reboiler duty in absolute and percentage terms for sequences with stacking.
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Table E-1. The TAC and reboiler duty of the non-stacked sequences for each case

Case  Rcs Total Annual Cost (TAC*10%) Reboiler Duty Q(kW)
No. CS MSSS DCSSS DWCU CS-PRE CS MSSS DCSSS DWCU  CS-PRE
1 0.17 | TAC% 100%  99.7% 107.5% 108.1% 148.0% | Q% 100% 94.1% 96.2% 97.6% 142.4%
TAC $514 $512 $552 $555 $760 Q 1399 1317 1345 1366 1992
2 0.18 | TAC% 100%  99.2% 101.3% 102.9% 128.1% | Q% 100% 94.0% 94.8% 101.5% 123.4%
TAC $572 $568 $580 $589 $733 Q 1558 1464 1477 1581 1923
3 0.44 | TAC% 100%  99.1% 102.0% 105.6% 108.5% | Q% 100% 96.6% 97.5% 100.7% 105.8%
TAC $873 $865 $891 $922 $947 Q 2350 2269 2290 2366 2486
4 0.86 | TAC% 100%  97.1%  98.9% 100.8% 149.6% | Q% 100% 96.0% 95.3% 97.0% 149.6%
TAC $774 $752 $766 $781 $1,159 |1 Q 2173 2086 2070 2108 3251
5 0.88 | TAC% 100%  98.9% 102.2% 103.8% 133.0% | Q% 100% 96.7% 96.5% 99.1% 135.3%
TAC $734 $727 $751 $762 $977 Q 2,033 1966 1962 2016 2654
6 1.59 | TAC% 100%  97.0%  99.0% 101.3% 127.2% | Q% 100% 94.3% 94.4% 96.2% 125.6%
TAC $830 $805 $822 $840 $1,055 | Q 2425 2286 2288 2333 3046
7 1.68 | TAC% 100%  93.7%  95.0% 102.6% - Q% 100% 90.3% 93.0% 95.7% -
TAC $1,158 $1,085  $1,100  $1,188 - Q 3174 2866 2951 3039 -
8 221 | TAC% 100%  954% 102.7% 113.0% - Q% 100% 91.6% 99.4% 112.5% -
TAC $1,273  $1,215  $1,308  $1,439 - Q 3193 2925 3175 3593 -
9 2.70 | TAC% 100%  98.5%  99.1% 110.3% - Q% 100% 94.0% 94.4% 104.0% -
TAC $891 $878 $883 $983 - Q 2387 2244 2253 2483 -
10 3.10 | TAC% 100%  97.2%  98.2% 102.1% - Q% 100% 94.9% 95.2% 97.2% -
TAC $920 $894 $904 $940 - Q 2600 2468 2476 2528 -
11 3.60 | TAC% 100%  94.9% 103.4% 107.6% - Q% 100% 94.6% 96.4% 98.7% -
TAC $982 $932 $1,015  $1,057 - Q 2724 2577 2627 2690 -
12 4.60 | TAC% 100%  95.8% 97.0%  99.0% - Q% 100% 91.5% 92.5% 93.1% -
TAC $883 $847 $857 $875 - Q 2587 2367 2393 2408 -
13 820 | TAC% 100%  93.4%  94.0% 108.5% - Q% 100% 90.7% 92.2% 103.3% -
TAC $1,047 $978 $984 $1,136 - Q 2930 2656 2700 3025 -
14 9.30 | TAC% 100%  86.4%  86.0%  88.0% - Q% 100% 84.3% 86.1% 87.8% -
TAC $1,358 $1,174  $1,168  $1,195 - Q 3692 3113 3177 3243 -
15 12.85 | TAC% 100% 101.1% 74.0%  76.6% - Q% 100% 101.2% 69.5% 70.5% -
TAC $3,318  $3,353  $2.454 $2,542 - Q 10438 10565 7257 7356 -
16 52 | TAC% 100.0% 100.6% 106.9% 108.0% - Q%  100.0% 99.5% 101.5% 102.5% -
TAC $1,269  $1,277 $1,356  $1,371 - Q 3711 3693 3768 3803 -
17 4.1 | TAC% 100.0% 105.8% 112.2% 110.8% - Q%  100.0% 98.1% 102.5% 104.2% -
TAC $1,239  $1,311  $1,391  $1,373 - Q 3575 3507 3663 3726 -
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Table E-2. The TAC and reboiler dut

of the stacked sequences

Case Rcs Total Annual Cost (TAC*10%) Reboiler duty Q(kW)
No. CS 0SS SMSSS  SDCSSS CS OSS SMSSS SDCSSS
1 0.17 | TAC%  100% 80.1% 81.2% - Q% 100% 64.9% 81.2% -
TAC $514 $411 $417 - Q 1399 908 923 -
2 0.18 | TAC%  100% 75.9% 78.3% 86.2% | Q% 100% 57.6% 59.2% 64.8%
TAC $572 $434 $448 $493 Q 1558 897 923 1010
3 044 | TAC%  100% 71.8% 71.6% 79.4% | Q% 100% 55.6% 55.1% 57.7%
TAC $873 $627 $626 $693 Q 2350 1306 1294 1357
4  0.86 | TAC% 100% 81.7% 82.0% 89.8% | Q% 100% 68.2% 68.4% 71.1%
TAC $774 $633 $635 $695 Q 2173 1482 1486 1545
5 088 | TAC% 100% 90.3% 92.2% 101.4% | Q% 100% 72.5% 73.9% 80.0%
TAC $734 $664 $677 $745 Q 2034 1474 1504 1627
6 1.59 | TAC% 100% 83.9% 85.1% 90.2% | Q% 100% 67.9% 69.2% 73.1%
TAC $830 $696 $706 $749 Q 2425 1646 1678 1772
7 1.68 | TAC% 100% 84.5% 85.7% 86.9% | Q% 100% 73.0% 73.2% 73.6%
TAC $1,158 $979 $992 $1,007 | Q 3174 2317 2323 2335
9 270 | TAC% 100% 92.0% 92.4% 91.8% | Q% 100% 83.8% 84.0% 82.6%
TAC $891 $820 $823 $818 Q 2387 2001 2005 1972
10 3.10 | TAC%  100% 89.0% - 80.4% | Q% 100% 76.5% - 68.1%
TAC $4,020 $3,579* - $3,2332 | Q 13858 10600* - 94402
12 460 | TAC%  100% 98.3% 98.6% 93.5% | Q% 100% 88.1% 88.2% 82.7%
TAC $883 $868 $871 $826 Q 2587 2279 2282 2140
13 820 | TAC%  100% 96.4% 93.4% 89.1% | Q% 100% 65.5% 85.8% 81.6%
TAC $1,047 $1,009 $978 $933 Q 2930 1919 2515 2390
14 930 | TAC%  100% 98.6% 99.3% 852% | Q% 100% 92.7% 93.3% 82.4%
TAC $1,358 $1,340 $1,349 $1,158 | Q 3692 3422 3445 3043

8 The TAC and the reboiler duty of OSS and SDCSSS for Case No. 10 are taken from Tututi et al. [21].
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Appendix F. Flowsheets for the 5™ Interpretation

Case No. 3 =|ch = 0.44:

CD=0.9m
RR=1.04

64.5C
-1008.7 kW

1.A higher value of R¢g '-RCB 4

CD=1.18m
RR=0.97

3. The duty of 2" colymn decreases

50.4545 kmol/hr
A:0.99

B:0.005
C€:0.005

A
»>A

0.7113 kmol/hr
Makeup >3

1atm

56

.62}

116.7C
1141 kW

72.5092 kmol/hr

CD=1.03m
RR=1.62

90.2C

A

§c

-1656.53 kW'
50.2568 kmol/hr

:0.001

) B:0.99

86.1057 kmol/hr
A:0.99
B:0.004
€:0.006

>A

:0.009 0.5455 kmol/hr
B Makeup

116.2
1842.3 kW

53.8046 kmol/hr

CD=0.69m
RR=3.01

14.4398 kmol/hr
A :0.006
) B:0.99
€:0.004

B

A:0.001
B:0.266
C:0.733

39.3645 kmol/hr

A:trace

8:0001 2, The duty of 15t column increases

C:0.9999

| Conventional Sequence (CS) |

A trace
B:0.0001
€:0.9999

| Conventional Sequence (CS) |

A=methanol, B=dimethyl carbonate, C= methyl pentanone
4. So the duty difference between the condenser and the reboiler gets larger

Figure F-1. The increase in duty difference between the 1% reboiler and the 2™ condenser caused by the

decreased concentration of species B in the feed (Cases No.3 and No.9).

Case No. 6 :lRCB = 1.59'L Case N "-
1.A higher value of R¢g

CD=0.82m

CD=1.05m
RR=1.54

68.3C
-1059.6 kW

0.6109 kmol/hr [
Makeup  JJ77357
1atm
Feed 35
100 kmol/hr|
- £

50.4545 kmol/hr
A:0.99
B:0.007
€:0.003

A

129.9144 kmol/hr

RR=0..85

82.1C

A:0.001
B:0.382
C:0.617

79.758 kmol/hr |

CD=1.23m
RR=1.32

3. The duty of 2"! column decreases

50.1564 kmol/hr
A:0.001

68.3C

145258 kW

0.99
E 0'309 D,H(rvl:ollhr
akeup
A

75.6818 kmol/hi
A:0.99
B:0.007
C:0.003

A

138.386 kmol/hr

r
A :0.003

113.667 kmol/hr

A trace

B : 0.000:

2. The duty of 15t column increases
€:0.9999

Conventional Sequence (CS) |

A :trace
B:0.0001
€:0.9999

Conventional Sequence (CS) |

A=diisopropyl ether, B=isopropyl alcohol, C=methoxyethanol
4. So the duty difference between the condenser and the reboiler gets larger

Figure F-2. The increase in duty difference between the 1% reboiler and the 2™ condenser caused by the

decreased concentration of species B in the feed (Cases No.6 and No.12).
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Case No. 10 :

CD=0.97m
RR=2.14

56.2C
-1305.5 kW

50.5 kmol/hr

1.A higher value of R¢g

enseNortdn{iy =32

CD=1.19m
RR=2.05

3. The duty of 2" colymn decreases

-1956.5 kW

CD=0.71m CD=0.58m

RR=1.16 RR=2.13

50.4383 kmol/hr 77.77 kmol/hr 23.0301 kmol/hr

A:0.99 A :trace A:0.99 A :trace
B:0.001 B:0.99 B:0.003 B:0.99
o C:0.009 C€:0.01 = €:0.007 €:0.01
2 A B -2 A B

0.9383 kmol/hr
Makeup

Vapor fraction =0
Feed

100 kmol/hr
o

0.8001 kmol/hr
Makeup

N

211.1071 kmol/hr

Vapor fraction =0
Feed
100 kmol/hr

C(E)
188.077 kmol/hr

40C

99.1C
-262.1 kw 2217.4 kW

C(E)
154:466 Kmol/hr

A :trace
8:0.001
C€:0.999

A :trace

o 2. The duty of 15t column increases

| Conventional Sequence (CS) I

| Conventional Sequence (CS) }

A=acetone, B=methanol, C= water

4. So the duty difference between the condenser and the reboiler gets larger

Figure F-3. The increase in duty difference between the 1% reboiler and the 2" condenser caused by the

decreased concentration of species B in the feed (Cases No.6 and No.12).

Figures F-1, F-2, and F-3 show three comparisons which illustrate the 5™ interpretation

of Rcg. An increased value of Rcp caused by the decreased concentration of B in the feed

indicates that the feed is closer to the azeotropic composition, meaning that the extractive

column separates a larger amount of the azeotropic mixture, so the duty of the 1% column

increases. At the same time, the decreased concentration of B in the feed also indicates

that the production rate of the heavy key in the recovery column is smaller, and a smaller

amount of the heavy key needs to be vaporized from the feed of the recovery column, so

the duty of the 2" column decreases.
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Appendix G. The transition points of Rce

Each trend line in this work is determined by fitting the data to a polynomial. The degree
of the polynomial was determined by considering the tradeoff between accuracy and
overfitting. In Figure 22, the polynomials are as follows:

DCSSS TAC savings% = 0.0016R%; + 0.0007R.g — 0.0163

MSSS TAC savings% = —0.0003R2; + 0.004R%; — 0.002Rg + 0.0165
The two curves cross at Rcg=8.4631%8.4, so the boundary was taken to be 8.4. The data
show some scatter. The values of the coefficient of determination (R?) for the two curves
are 0.867 and 0.659 for DCSSS and MSSS, respectively. The trend lines do generally
describe the relative attractiveness of the two sequences. When Rcp<8.4, as the data
shows, MSSS is better than DCSSS; when Rcp>8.4, DCSSS is better than MSSS. The
curves in Figures 27 and 31 are determined the same way. In Figure 27, the polynomials
are as follows:

0SS TAC savings% = —0.00009R%;+0.0013R3; — 0.00009R%; — 0.0615R g + 0.2381

SDCSSS TAC savings% = 0.0002R%;—0.0028R3; + 0.0161R25 — 0.045R g + 0.1659

0SS-SDCSSS TAC savings% = —0.0008R3; + 0.0134R2; — 0.0876Rcp + 0.1385
The curve (OSS-SDCSSS) crosses the horizontal axis where the difference is zero at
Rcp=2.2532~2.2. In Figure 31, the polynomials are as follows:

Stacking = —0.0002R%;+0.0028R3; — 0.0087R%; — 0.0454R 5 + 0.2457
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Side streams = 0.0107e%2731RcB

Stacking + Side Streams= 0.0043R&g — 0.0476R¢g + 0.2159

The lower bound (where the trend line of stacking crosses the trend line of stacking + side

streams) and the upper bound (where the trend line of side streams crosses the trend line

of stacking + side streams) are 2.0619 and 10.7079, respectively. If the minimum

contribution (TAC saving%) from side streams or stacking is set to be 1.3%, the lower

bound and the upper bound become Rcp=2.6315~2.6 and Rcg=8.4399~8 4.
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