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The design and optimization of pressure-swing distillation (PSD) have a critical impact on its economics.
An optimization method based on simulated annealing algorithm (SAA) was proposed. The move gener-
ator and cooling schedule of the SAA were discussed, and suitable parameter settings were investigated.
Two cases of PSD with and without heat integration were optimized by the SAA-based optimization
method using procedures of pressure specified and pressure optimized. The results of the process without
heatintegration were compared with conventional optimization methods. For the acetone-methanol sys-
tem, the total annual cost (TAC) shows a 5.69% decrease with the pressure specified and a 17.32% decrease
with the pressure optimized. For the methanol-chloroform system, the TAC shows a 1.79% decrease with
the pressure specified and a 9.04% decrease with the pressure optimized. The SAA-based optimization
method has the advantages of a high probability to obtain the global optimum, automatic calculation,
and less computing time.

Keywords:

Pressure-swing distillation
Simulated annealing algorithm
Optimization method
Azeotropic mixtures

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

There are several mixtures that need to be separated in a chem-
ical process industry. Azeotropic mixtures cannot be separated
efficiently by conventional distillation (An et al., 2015; Bastos et al.,
2015; Mahdi et al., 2014; Skiborowski et al., 2015). To solve this
problem, special distillation methods have been proposed, includ-
ing pressure-swing distillation (PSD) (Lladosa et al.,2011; Luo etal.,
2014; Luyben, 2014; Modla et al., 2010; Wang et al., 2015), extrac-
tive distillation (Liang et al., 2014; Quijada-Maldonado et al., 2014),
and azeotropic distillation (Kunnakorn et al., 2013). PSD is an effi-
cient method to separate pressure-sensitive azeotropic mixtures,
whose azeotropic composition clearly changes as the system’s pres-
sure changes. PSD has attracted the attention of researchers as it
has the advantage of no third component being introduced. Energy
consumption and capital investment account for most of the total
cost of the PSD process, and the optimization and design of the
PSD process have a critical impact on the economics of the entire
process (Lladosa et al., 2011).

There are nine design variables to be optimized for a PSD
process, including the number of stages (Nt;), feed stage loca-
tion (Ngp), recycle stage location (Nggc), reflux ratio (RRy) and
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pressure (P;) of column T1; and the number of stages (Nr»),
feed stage location (Npy), reflux ratio (RRy), and pressure (P)
of the column T2. Among them, RRy, RRy, P; and P, are con-
tinuous variables, while the others are discrete variables. The
optimization of a PSD process is a multiple variable combinato-
rial optimization problem in which the objective function is the
total annual cost (TAC). This type of optimization problem can
be formulated as a mixed integer nonlinear programming prob-
lem (Garcia-Herreros et al., 2011; Silva and Salcedo, 2011). A
sequential iterative method and a heuristic optimization method
are commonly used to optimize a PSD in the open literature. For
example, Hosgor et al. (2014) optimized a methanol/chloroform
system using a sequential iterative method. Luo et al. (2014)
optimized an isopropyl alcohol/diisopropyl ether system using
a sequential iterative method. Luyben (2008, 2014) optimized a
methanol/trimethoxysilane system and an acetone/methanol sys-
tem using a heuristic optimization method.

Intelligent optimization algorithms, including the simulated
annealing algorithm (SAA) (Cheng et al., 2009; Gutiérrez-Antonio
et al., 2014; Li et al., 2015; Ochoa-Estopier et al., 2015; Sudibyo
et al., 2015; Wang et al., 2012; An and Yuan, 2009), genetic algo-
rithm (Limetal.,2014; Modla and Lang, 2012), tabu search (Martins
and Costa, 2010) and particle swarm optimization (Lahiri, 2014;
Liu and Zhao, 2012), have successfully been used in the process
design and optimization. SAA is widely used in multi-component
distillation sequences (An and Yuan, 2009), heat exchanger net-
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Notation

E Energy state

E(Xp), E(X;) Energy state of Xg, X;

i Counter variable of movement

imin Value of the counter i for the minimum
TAC state

K Ratio of the TAC to the energy state func-
tion

L Length of the Markov chain

n Counter variable of temperature

Np1, N2 Feed stage location of the column T1, T2

NRec Recycle stage location of the column T1

N1, N2 Total stage of the column T1, T2

P, Py Pressure of the column T1, T2

PSD Pressure-swing distillation

RR1, RR; Reflux ratio of the column T1, T2

SA Simulated annealing

SAA Simulated annealing algorithm

SAAPSDO SAA-based pressure-swing distillation
optimization

STEP Maximum step size for each move

To Initial temperature

T Freezing temperature

TAC Total annual cost [$/y]

VB Visual basic

Xo Initial design variables

Xa, Xc, Xm Purity of acetone, chloroform, and
methanol

X Design variables of movement i

a Temperature decrement factor

work designs (Li et al., 2015; Ochoa-Estopier et al., 2015), phase
equilibrium calculations (Zhu et al., 2000), batch distillation pro-
cess optimizations (Hanke and Li, 2000; Wang et al., 2012), reactive
distillation process optimizations (Cardoso et al.,2000; Cheng et al.,
2009), azeotropic distillations (Gutiérrez-Antonio et al., 2014), and
extractive distillations (Garcia-Herreros et al., 2011). Modla and
Lang (2012) optimized a PSD process with a genetic algorithm by
minimizing the total annual cost. Simulation-optimization (Chan
and Srinivasan, 2016; Silva and Salcedo, 2011) is a special type
of optimization technique that makes the use of a simulation to
replace deterministic mathematical formulations. The aim of this
study is to apply a simulation-optimization technique to the opti-
mization of a PSD by the SAA. The simulation of a PSD process was
carried out in Aspen Plus. The simulation-optimization technique
was implemented by Visual Basic (VB) interface with Aspen Plus
based on the user guide (Aspen Plus User Guide, 2007). To obtain
the global optimum of the PSD process, the move generator and
the cooling schedule of the SAA will be discussed. Two cases will
be studied and different settings for the initial SAA parameters will
be attempted until suitable parameters are obtained.

2. Optimal PSD using the SAA
2.1. Simulated annealing

Simulated annealing (SA) (Kirkpatrick et al., 1983) was origi-
nally motivated by the process of physical annealing in metal work
and successfully used in optimization. SA uses a Metropolis crite-
rion (Metropolis et al., 1953) to have a better chance to obtain the
global minimum and escape from being trapped in a local minimum
energy state. The flowchart of the simulated annealing algorithm is
described in Fig. 1. The energy state (E) is equivalent to the objec-

‘ ITuLoa, X, E(Xo) ‘

[ i=1, j=1,T=To |

Perturb Xi randomly

l
—'{ From Neighllmhood of Xo

Calculate E(X:)
Calculate AE=E(X;)-E(Xo)

Fig. 1. Flowchart of the simulated annealing algorithm.

tive function. The parameter settings of the SAA include the initial
temperature (Ty), the freezing temperature (Ty), the length of the
Markov chain (L), the design variables (Xp), the energy state of Xg
(E(Xp)), and the temperature decrement factor (o).

The SA generates a random perturbation that displaces a “par-
ticle” (moving the configuration of X to the other configuration,
X;). If the new configuration has a lower energy state, the move is
accepted (Xg =X;, E(X;)=E(Xp)). Otherwise, the move is accepted,
with the acceptance probability of the Metropolis criterion shown
as Formula (1).

P =exp (—W) =exp (—%) (1)

The counter (i) adds one when the inner loop is executed. The outer
loop is executed when the counter (i) is larger than the length of
the Markov chain (L). If the temperature (T) reaches the freezing
temperature (T¢), then the optimal design (Xp) and the energy state
(E(Xp)) are obtained.

2.2. Parameters of the SAA

To obtain the global optimum of the PSD process, the move gen-
erator and cooling schedule should be determined. Hanke and Li
(2000), Zhu et al. (2000), and Cheng et al. (2009) discussed the
cooling schedule of the SAA, which includes the initial tempera-
ture (Tp), temperature decrement, length of the Markov chain (L)
and termination criterion.

2.2.1. Move generator
(a) Discrete variables: X; =Xq+Int{[2U(0,1) — 1] x STEP}, where
MinVal <X; < MaxVal
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(b) Continuous variables: X; = Xy + Round{[2U(0,1) — 1] x STEP,2},
where MinVal < X; < MaxVal

STEP means the maximum step sizes for each move, Int indi-
cates that the number is rounded off, Round (X, 2) means rounded
x to two decimal places, U(0,1) indicates a uniform distribution for
the interval (0, 1), MaxVal denotes the maximum value of X;, and
MinVal means the minimum value of X;.

The number of stage and feed stage locations of the distilla-
tion column are discrete variables that use move generator (a).
The design variables for pressure and reflux ratio are continuous
variables that use move generator (b).

2.2.2. Initial temperature (Ty)

The initial temperature should be large enough to find the global
optimum. However, a higher initial temperature results in a larger
computing time. The choice of the initial temperature value should
essentially be that all new configurations are accepted virtually
according to the Metropolis criterion for the initial temperature,
and the acceptance ratio (the ratio of the number of accepted con-
figurations to the total number of new configuration) decreases as
the temperature decreases. Before selecting the initial temperature,
a suitable value of K (the ratio of the TAC to the energy state func-
tion) must be specified first. The aim of setting the factor Kis to find
other cooling schedule parameters easily, and it is not affected by
the system of the PSD. The criterion for the determination of the
initial temperature is as following.

The temperature is set as 50 < Tg < 500, and the acceptance ratio
isapproximately 100% at a temperature of To. Three hundred moves
are attempted, and the number of accepted configurations and
acceptance ratio are calculated by the SAAPSDO software. If the
acceptance ratio is between 90% and 95%, Ty is suitable for the sys-
tem of the PSD. If not, the value of Ty is adjusted until the acceptance
ratio achieves the requirement.

2.2.3. Temperature decrement

The temperature decrement is crucial for the convergence and
performance of the SA method. If the cooling rate is too slow, the
computing time will become very large. If the cooling rate is too
fast, the SAA may escape from the global optimum, which results
in being trapped in a local optimum. The criterion of the geometry
temperature decrement (Kirkpatrick et al., 1983) is used to control
the speed of the temperature decrement.

Thi1= aTy,

where 0.80 <a<0.99 (a is temperature decrement factor and n is
the counter of the temperature).

2.2.4. Length of the Markov chain (L)

The number of new configurations (X;) attempted at any spe-
cific temperature (Ty) is the length of the Markov chain (L,). The
temperature, Ty, decreased after the L, step length adjustments,
completing a “Markov chain” in the outer loop. The length of the
Markov chain must be long enough for the system to reach a steady
quasi-equilibrium state at each temperature, which can be deter-
mined by the neighborhood configurations obtained in only one
movement starting from stage i in all directions (Zhu et al., 2000).
A movement of discrete variables results in TAC changes that are
significantly larger than the continuous variables, and the effect
of variable changes in a different system are different. For the opti-
mization of the PSD, there are nine design variables to be optimized,
and each variable has two directions (i.e., increase and decrease) at
each temperature. Therefore, the length of the Markov chain of each
temperature can be defined as a value of L, which can be assumed
to be a value of approximately eighteen based on instinct.

Initial
To, T a 0, E(Xo

=1, 7~1,1=To

Xamie=Xi
TAC(Xmin}=TAC(X:i)y
B(Xaia)=E(X)

Excel Save i, X, TAC(X),
E(Xi), TAC(Xumin),E(Xmin), T

Fig. 2. Flowchart of the SAA implementation for the optimization of the PSD process.

2.2.5. Termination criterion

The SAA termination criterion frequently uses the freezing tem-
perature (T¢), namely, the annealing process terminates when the
temperature comes to the freezing temperature. The tempera-
ture of the SAA must approach a value of zero as the algorithm
progresses. In practice, the temperature value is reduced to suf-
ficiently small values such that virtually no worse configurations
are accepted according to the Metropolis criterion and no further
significant improvement of the objective function is expected. The
temperature changed 138 times from 200 down to 0.0001, with an
a of 0.9, which is sufficient to obtain the optimal solution. There-
fore, the freezing temperature is set as a value of 0.0001.

2.3. Optimizing the PSD using the SAA

Three judgment modules and a data memory module are added
when implementing the SAA to optimize the PSD process. The algo-
rithm flowchart of the SAAPSDO software is shown in Fig. 2. A
repeated judgment module is added to avoid the same variable (X;)
calculations in the run of the SAAPSDO software. An Aspen Plus run
errors judgment module is added to warn of running errors or warn
of design variables that are generated randomly in a certain range.
The minimum judgment module is added such that the change in
the minimum TAC and the values of the design variables can be
easily found. The rules for changing the minimum configuration
as the temperature decreases can be investigated. A data memory
module is added by interfacing with Microsoft Office Excel to save
the data for the design variables, TAC values of the PSD, annealing
temperatures, and so on.

The present SAA-based optimization method was carried
out by the SAA-based Pressure-Swing Distillation Optimization
(SAAPSDO) software. The software is implemented by software
integration of VB interfaces with Aspen Plus and Microsoft Office
Excel. The main interface and the “Total Annual Cost Model” inter-
face were designed in a manner such that all necessary parameters
of the SAA, PSD, and TAC formulae can be specified, which are
shown in Figs. 3 and 4. Clicking the menu “TACModel” will go to
the “Total Annual Cost Model” interface, and the TAC model can be
specified in the “Total Annual Cost Model” interface. In this study,
the TAC model follows the basic economic model of Luyben (2013).
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Fig. 3. Main interface of the SAA-based pressure-swing distillation optimization
software.

[ Total Annual Cost Model =SHIEN X
Total Annual Cost Model
acl ‘qc1*1.055*2.54*10"6/ 3600 / 0.7457/((t1 - 310)*0.852)
arl ‘qr1*1.055*2.54*10"6/ 3600/ 0.7457/((433 - t2)*0.568)
ac2 ‘qc2*1.055*2.54*10"6 /3600 / 0.7457/((t3 - 310)*0.852)
ar2 ]qr2*1.055*2.54*10"6 /3600 / 0.7457/((433 - t4)*0.568)

energyl [qr1 * 3600 *24* 365* 4.7/1000
energy?2 [qr2 * 3600 *24* 365* 4.7/1000

11 |(nstage1 -2) *2*%1.2/3.281

12 ‘(nstagel -2) *2*1.2/3.281

shelll ]17640 * (d1 ” 1.066) * (11 " 0.802)

shell2 [17640 * (d2 " 1.066) * (12 ~ 0.802)

Hx1 ]7296*(ac1 ~ 0.65 +arl * 0.65)

Hx2 ‘7296*(ac2 " 0.65 +ar2 " 0.65)

TAC [(shelll + shell2 + Hx1+ Hx2) / 3 + energyl + energy2

Interpret of Variable Name
acl-Area of T1 condenser (m3) -
ac2-Area of T2 condenser (m3) <

Fig. 4. Interface of the “Total Annual Cost Model” of the SAAPSDO software.

Return

The optimization procedure of the SAA consists of the follow-
ing steps, as shown in Fig. 2. The initial values and constraints of
the nine PSD design variables, parameters of the SAA, path of Excel,
path of Aspen Plus and the TAC model were specified first. Then,
the values of the nine design variables were generated. The values
of N1, N12, Ngq, NRrec, and Ng, were randomly generated according
to the discrete variables move generator. The values of design vari-
ables RRy, RR;, Pq, and P, were randomly generated according to
the continuous variables move generator. The values of the design
variables were searched to avoid repetition and then transferred to
Aspen Plus for the process simulation. The process simulation run-
ning errors were judged by interfacing with the Aspen Plus running
history file. The results without errors or warnings were trans-
ferred back to the SAAPSDO software to calculate the TAC and the
energy state (1/K times of the TAC). Microsoft Office Excel was inter-
faced with to save the calculated results, including the optimized
results. The steps above were repeated until the SAA met the ter-
mination criterion. The optimum design and minimum TAC were

T1 T2

Fig. 5. Scheme of the pressure-swing distillation process with the design variables
optimized.

obtained after the procedure of optimization finished. A portion of
the SAAPSDO software code is listed in the Appendix A.

3. Case studies

Heuristic optimization and the sequential iterative optimiza-
tion method are widely used in the optimization of a PSD. Luyben
(2008) used a heuristic optimization method to design a PSD pro-
cess for separating acetone-methanol, and the minimal TAC of
the optimized system was calculated. Hosgor et al. (2014) used
a sequential iterative optimization method to find the optimal
design of a PSD for separating a methanol-chloroform azeotrope by
minimizing the TAC. In this paper, the above mentioned two PSD
processes for acetone-methanol and methanol-chloroform separa-
tion are re-optimized with the SAA optimization method to make
a comparison with the conventional optimization methods.

The design variables of the PSD process to be optimized are
shown in Fig. 5. These design variables are optimized by gener-
ating a random perturbation in their constraints based on the SAA
optimization method. The pressures in the two columns of the PSD
can obtain more precise optimum values using the SAA-based opti-
mization method compared with the conventional optimization
methods that are based on the T-xy curves of azeotropic mixtures
at different pressures. In studies of Luyben (2008) and Hosgor et al.
(2014), the distillate composition specification of columns gener-
ally set a fixed value that was lower or higher than the azeotropic
composition. The fixed value was specified in their studies but
was optimized in our studies, so the TAC calculated by the con-
ventional optimization methods in our studies is lower than the
paper’s TAC. For example, the TAC for separating acetone-methanol
(Luyben, 2008) based on the conventional optimization methods is
4,187,195 $/yrrather than 4,520,000 $/yr which was reported in the
cited paper.

3.1. Acetone-methanol system

3.1.1. No heat integration

The steady-state flowsheet of the PSD for separating the
acetone-methanol mixture can be found in the study of Luyben
(2008). The bottom purities (Xp =99.5mol% and Xa =99.4 mol%)
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Table 1

Test results using different initial temperatures for the acetone-methanol system.
To Acceptance ratio
100 83.8%
150 86.9%
200 89.4%
250 91.3%

Table 2

Initial values of the PSD design variables for the acetone-methanol system.
Run NTI N]:] NREC RR1 P1 NTZ N]:z RR2 P2 TAC
A 70 55 55 3.0 1 70 55 3.0 10 4,450,759
B 75 50 60 3.0 1 70 55 3.5 10 4,398,284
C 75 60 55 3.0 1 80 50 3.0 10 4,433,552

are achieved by adjusting the bottom rate using the “Design
Spec/Vary” feature of Aspen Plus. The constraints on the design vari-
ables were specified as 20 < Np <90, 10 <Ng; <70, 10 < Nggc <70,
0.01 <RR; <5.00, 20 <N <90, 10 <N, <70, 0.01 <RR, <5.00,
0.5<P;<1.5,and 8 <Py <12.

The published paper (Luyben, 2008) determined the pressures
in the two columns based on the T-xy curves of the azeotropic
mixtures at different pressures, which were not optimized. The
optimization of the PSD process by the conventional method usu-
ally contains seven design variables, except pressure. To compare
the SAA-based optimization method with the conventional method
and find the effect of pressure on the TAC of the PSD processes,
two procedures were executed for the optimization of the PSD pro-
cesses. One of them is pressure specified and the other is pressure
optimized; the procedure with the pressure specified was executed
first.

The acceptance ratios for different initial temperatures are
shown in Table 1. The acceptance ratio reaches 83.8% at Ty =100.
Setting a higher initial temperature (Ty) is helpful for the opti-
mization of the SAA to obtain the global optimal design. The initial
temperature (Tg) was determined to be 250 with an acceptance
ratio of 90% to 95%.

To obtain more general parameter settings for the SAA, three
different runs (Run A-C) with different initial values of the design
variables (X;) were tested (Table 2). The initial values of the design
variables (X;) were chosen randomly as long as the TAC of the
initial design was large enough. Four different subcases (subcases
1-4) were used to illustrate the choice of the SAA parameter set-
tings, such as a, L, and STEP. The optimization results with different
parameter settings for the SAA are shown in Table 3. The results
show that only by using the parameter settings of the SAA in sub-
case 4 Run A-C was able to obtain the global optimum TAC. The

Table 3
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Fig. 6. The result of the annealing process for the acetone-methanol system with
the initial settings of run B in subcase 4.

annealing process with different initial values of the PSD design
variables results in the same optimum design, which demonstrated
that the result is reliable. The STEP of 1 has a good performance
compared with the STEP of 2. The STEP of 1 generates a smaller
scale random perturbation and can generate a lower TAC when the
temperature is low. An « of 0.9 has a better performance com-
pared with an a of 0.8. Markov chain length of 15 is sufficient
for the cooling process to reach quasi-equilibrium at each tem-
perature. Therefore, the parameters of the SAA are determined as
STEP=1,Ty =250, «=0.9, L=15,T¢=0.0001, and K=3800.

The results of the annealing process with the initial settings of
run B in subcase 4 are shown in Fig. 6. To compare runs of different
initial design variables with each other, the TAC of each tempera-
ture is contrasted with the average TAC value of that temperature.
The results for subcase 4 with three different runs are shown in
Fig. 7(a). The results reveal that the TAC decreases and the global
optimum TAC is obtained as the temperature decreases. The design
variable parameters and economics of the optimum results based
on the conventional method and the SAA method are shown in
Table 4. The minimum TAC obtained by the SAA-based optimiza-
tion method with the pressure specified is 3,949,133 $/yr, which
is a decrease of 5.69% compared with the heuristic optimization
method (4,187,195 $/yr).

A similar procedure with nine design variables (including pres-
sure) of the PSD process is optimized after the optimum design with
the pressure specified was obtained. The initial design variable (X;)

The optimization results of the acetone-methanol system using different parameter settings for the SAA.

Subcase To Ty a L STEP Run TAC ($/y) Dev.? Computing time (h)"
1 250 0.0001 0.8 10 2 A 3,987,694 9.76%. 0.3
B 3,982,097 8.35%. 0.3
C 3,978,770 7.51%o 0.3
2 250 0.0001 0.8 10 1 A 3,956,189 1.79%0 0.3
B 3,960,948 2.99%. 0.3
C 3,965,264 4.09%0 0.3
3 250 0.0001 0.9 10 1 A 3,949,133 0%o 0.7
B 3,949,133 0%o 0.7
C 3,949,295 0.04%. 0.7
4 250 0.0001 0.9 15 1 A 3,949,133 0%o 1.0
B 3,949,133 0%o 1.0
C 3,949,133 0%o 1.0

a Deviation from the optimum TAC obtained (TAC =3,949,133 $/y).
b Microprocessor: Intel Core i7-3770 CPU @ 3.40 GHz.
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Fig. 7. The annealing processes for the acetone-methanol system: (a) No heat integration with the pressure specified. (b) No heat integration with the pressure optimized.
(c) Partial heat integration with the pressure specified. (d) Partial heat integration with the pressure optimized.

settings of the PSD process adopt the optimum design of the SAA-
based optimization method with the specified pressure. There are
nine design variables for the optimization procedure with the opti-
mized pressure, and the length of the Markov chain (L) and the
temperature decrement factor (o) of the SAA should be increased.
The parameters of L and « for the pressure optimized procedure
are altered to 20 and 0.95. The annealing process with the pres-
sure optimized is presented in Fig. 7(b) and shows that the TAC
decreases as the temperature decreases. The optimum design and
economics presented in Table 4 show that the TAC decreases to
3,461,941 $/yr, which is a decrease of 17.32% compared with the

Table 4

The optimum design and TAC of the PSD with no heat integration to separate

acetone-methanol.

Conventional SAA (pressure SAA (pressure
specified) optimized)
Nty 52 45 38
31 37 29 25
Ngrec 42 37 31
RR; 2.84 1.9 1.72
Py (atm) 1 1 0.62
N2 62 55 51
Np2 41 37 33
RR2 3.11 2.98 3.14
P, (atm) 10 10 11.11
TAC ($/y) 4,187,195 3,949,133 3,461,941
Decrease - 5.69% 17.32%
Computing time (h) - 1.0 2.75

heuristic optimization method (4,214,998 $/yr). The composition
profiles of the two distillation columns are shown in Fig. 8(a) and
(b).

3.1.2. Partial heat integration

The calculation of the TAC for the partial heat integration pro-
cess is determined for the condenser heat duty of the high-pressure
column and the reboiler heat duty of the low-pressure column. If
the former is higher than the latter, an auxiliary condenser will
be added. If the opposite, then an auxiliary reboiler will be added.
Therefore, a TAC calculation for these two different situations is set
and a judgment module is added.

Two procedures were executed for the optimization of the
partial heat integration process, where one of them is pressure
specified and the other is pressure optimized. The parameters of
the SAA with the pressure specified are set as: STEP=1, Ty =250,
a=0.9, L=20,T;=0.0001, and K=800. A solution without further
optimization was used as a comparison, which was the design
of the optimum value of the pressure specified process without
heat integration optimized by the SAA-based optimization method.
The optimum design and economics for the partial heat integra-
tion process are given in Table 5. The composition profiles of
the two distillation columns of the optimized solution with the
pressure optimized are shown in Fig. 8(c) and (d). The annealing
processes of these procedures are shown in Fig. 7(c) and (d). The
results reveal that the minimum TAC is obtained as the temperature
decreases. There are two trends for the optimization of the partial
heat integration process, as presented in Fig. 7(b): one decreases
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Fig. 8. Composition profiles for the acetone-methanol system: (a) Column T1 with no heat integration. (b) Column T2 with no heat integration. (c) Column T2 with partial

integration. (d) Column T2 with partial heat integration.

Table 5
The optimum design and TAC of the PSD with partial heat integration to separate
acetone-methanol.

Conventional SAA SAA
(pressure (pressure
specified) optimized)
Nty 45 30 26
N1 29 12 10
NRec 37 22 19
RRy 1.9 1.13 0.94
P; (atm) 1 1 0.66
N 55 46 41
Np2 37 32 27
RR3 2.98 33 3.12
P, (atm) 10 10 10.32
TAC ($/y) 2,948,466 2,683,013 2,490,877
Decrease - 9.00% 15.52%
Computing time (h) - 13 2.8

Table 6

Initial values of the PSD design variables for the methanol-chloroform system.
Run NT] NFI NREC RR] P] NTZ NFZ RR2 Pz TAC
A 34 22 22 1.2 1 33 25 1.4 10 890,273
B 36 30 30 1 1 36 30 1 10 967,082
C 28 20 17 0.6 1 31 26 1 10 853,094

to approximately 2,550,000 $/yr and the other one decreases to
approximately 2,500,000 $/yr. We assumed that this is caused by

the calculation of the TAC for the two different situations of the par-
tial heat integration process. This assumption was demonstrated to
be true by checking the original data in Fig. 7(d).

3.2. Methanol-chloroform system

3.2.1. No heat integration

The steady-state flowsheet of the PSD to separate the methanol-
chloroform mixture can be found in the study of Hosgor et al.
(2014). The bottom purities (X =99.5mol% and X¢=99.5 mol%)
are achieved by adjusting the bottom rate. The constraints on
the design variables are specified as 1 <Nt <50, 1<Ng; <40,
1 <Nggc <40, 0.01 <RR; <2.00, 1<Np; <50, 1<Np; <40, and
0.01 <RR; <2.00,0.5<P;<1.5,8<P, <12.

A procedure with the pressure specified is executed, and differ-
entinitial values for the design variables (X;) for the PSD process are
tested (Table 6). As with the previous example, different parame-
ter settings of the SAA were tested. The initial temperature (Tgp)
is determined to be 200, with an acceptance ratio between 90%
and 95%. The other settings for the SAA are: STEP=1, a=0.9,
L=18,Tf=0.0001, and K=500. The pressures in the two columns
are optimized based on the above optimum design. The annealing
processes of these procedures are shown in Fig. 9(a) and (b). The
optimum design and economics of these procedures are shown in
Table 7. The composition profiles for the two distillation columns
are shown in Fig. 10(a) and (b).
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Fig.9. The annealing processes for the methanol-chloroform system: (a) No heat integration with the pressure specified. (b) No heat integration with the pressure optimized.
(c) Full heat integration with the pressure specified. (d) Full heat integration with the pressure optimized.

3.2.2. Full heat integration

The steady-state flowsheet of the PSD with full heat integration
to separate a methanol-chloroform mixture can be found in the
study of Hosgor et al. (2014). A similar optimization procedure was
executed. The parameters of the SAA are set as: STEP=1,Ty =200,
a=0.9,L=20,Tf=0.0001, and K=500. The temperature decrement
factor () was set as 0.95 for the optimization procedure with the
pressure optimized. The annealing process and results are shown in
Fig. 9(c) and (d), and Table 8. The composition profiles for the two

Table 7
The optimum design and TAC of PSD with no heat integration to separate methanol-
chloroform.

distillation columns of the optimized solution with the pressure
optimized are shown in Fig. 10(c¢) and (d). The optimum values of
the design variables for the methanol-chloroform system are sub-
stantially smaller than those of the acetone-methanol system. For
the methanol-chloroform system, a larger TAC can be generated
with a small random perturbation of the optimum design. There-
fore, several larger TAC designs can be generated, and the data are
dispersed around the freezing temperature in Fig. 9(c) and (d).

Table 8
The optimum design and TAC of PSD with full heat integration to separate methanol-
chloroform.

Conventional SAA SAA Conventional SAA SAA
(pressure (pressure (pressure (pressure
specified) optimized) specified) optimized)
Nty 24 20 19 Nty 20 18 16
31 9 7 7 N1 7 9 8
Ngec 18 12 12 Ngec 12 11 11
RR; 0.55 0.46 0.43 RR; 0.46 0.81 0.74
Py (atm) 1 1 0.71 P; (atm) 1 1 0.79
N2 25 19 17 N2 19 17 17
Ngy 20 14 12 Np2 14 13 12
RR2 0.95 0.73 0.72 RR; 0.73 - -
P, (atm) 10 10 10.88 P, (atm) 10 10 10.89
TAC ($/y) 718,449 705,574 653,479 TAC ($/y) 448,954 447,161 430,779
Decrease - 1.79% 9.04% Decrease - 0.40% 4.05%
Computing time (h) - 1.2 2.7 Computing time (h) - 1.3 3.2
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Fig. 10. Composition profiles for the methanol-chloroform system: (a) Column T1 with no heat integration. (b) Column T2 with no heat integration. (¢) Column T2 with

partial integration. (d) Column T2 with partial heat integration.

3.3. Results and discussion

The separation of the azeotropic mixtures of acetone/methanol
and methanol/chloroform using the PSD was optimized by the
proposed SAA-based optimization method. The results of the PSD
process without heat integration optimized by the SAA-based opti-
mization method were compared with those of the conventional
optimization methods. For the acetone-methanol system, a 5.69%
decrease with the pressure specified and a 17.32% decrease with
the pressure optimized are shown. For the methanol-chloroform
system, a 1.79% decrease with the pressure specified and a 9.04%
decrease with the pressure optimized are shown. The results of
the PSD process without heat integration show that the SAA-based
optimization method can obtain a minor TAC and the even global
optimum TAC, as long as the parameter settings of the SAA are
reasonable.

For a general procedure for the SAA-based PSD optimization,
the computing time to determine the parameter settings mainly
depends on the choice of Tg and K, which takes approximately
0.3 h. The procedure with the pressure specified takes approxi-
mately 1.0h, and the procedure with pressure optimized takes
approximately 3.0 h. The computing time of the sequential itera-
tive optimization and the heuristic optimization method is mainly
dependent on the researcher and the initial design of the PSD to
a great extent. To make a comparison, we chose a range of time.
For the general optimization of the PSD with the pressure speci-
fied, the computing time of the sequential iterative optimization,

the heuristic optimization method and the SAA-based optimization
method are 10-30h, 2-10h, and 1-2h, respectively. The SAA-
based optimization method achieves automatic optimization with
less computing time compared with the conventional optimization
methods.

The optimum design of the heat-integrated process was
obtained using the SAA-based optimization method. The opti-
mum TACs optimized by the SAA-based optimization method
were compared with the optimum TACs of the solution without
further optimization. For the PSD process with partial heat integra-
tion separating the acetone-methanol mixture, a 9.00% decrease
with the pressure specified and a 15.52% decrease with the pres-
sure optimized were shown. For the PSD process with full heat
integration separating the methanol-chloroform mixture, a 0.40%
decrease with the pressure specified and a 4.05% decrease with the
pressure optimized were shown. The results show a minor TAC,
and an improved design of the heat integration processes can be
obtained by the SAA-based optimization method, revealing that it
is necessary to use the optimization of the PSD process with heat
integration rather than rely onresults based on the optimum design
without heat integration.

The pressures in the two columns of the PSD were optimized
based on the TAC using the SAA-based optimization method.
For the acetone-methanol system, the top temperature of the
optimum low-pressure column is 315.6K at 0.62atm. For the
methanol-chloroform system, the top temperature of the opti-
mum low-pressure column is 317.8 K at 0.71 atm. For the cases
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described in this paper, recycled cooling water with a temperature
of approximately 305.0 K was used as the cooling medium for the
low-pressure column condenser. In fact, if the top temperature of
the low-pressure column is lower than 315K, the cooling medium
should be replaced with refrigerated water or another expensive
cooling medium and the cost for cooling will increase. The results of
these cases show that the optimization with the pressure optimized
has a significant improvement over that of the pressure specified.
Therefore, it is important to optimize the precise pressures in the
two columns of the PSD process.

4. Conclusions

A method of design and optimization of the PSD process based
on the SAA was proposed in this paper. To handle the problem of
optimizing the PSD process with continuous variables and discrete
variables, the move generator and cooling schedule of the SAA were
discussed, and suitable parameter settings for the PSD were inves-
tigated. The cases of methanol-chloroform and acetone-methanol
systems were studied. The results show that the present method
can optimize the PSD process with no, partial, and full heat inte-
grations. A SAA-based optimization process starting with different
initial values of PSD design variables results in the same opti-
mum design, which demonstrated that the global optimal design
is obtained. The optimization results of the PSD process without
heat integration show that an improved optimum design with a
minor TAC is obtained by the SAA-based optimization method com-
pared with those of the conventional optimization methods. The
optimization results with the pressure optimized are substantially
improved compared with those of the pressure specified. Therefore,
this step is important for the optimization of the pressures in the
two columns of PSD. The SAA-based optimization method has the
advantages of automatic optimization, less computing time, and a
greater chance to obtain the global optimal design. This work will be
helpful to optimize the PSD processes for separating other systems.
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Appendix A. SAAPSDO software code

'start SAA
Public Sub SAA()
'Value(1) output to the specified Excel cells(i, 1)
x1Sheet.Cells(i, 1) = Value(1)
xISheet.Cells(i, 2) = Value(2)
...'Ellipsis of the others
'Calcalate TAC
TAC = CalcTAC(i)
TO = Val(Text1(38).Text):Tf = Val(Text1(39).Text)
alpha = Val(Text1(40).Text):L = Val(Text1(41).Text)
K = Text1(42).Text: j = 1: 1= 1.T=T0
Do
Do
'Generate new design variables
d_new = Gen_Vars(i)
'Calcalate TAC
TAC_new = CalcTAC(i)
delta = (TAC_new - TAC) /K
Randomize
'Metropolis Criterion
If delta <= 0 Or Rnd() < Exp(-delta / T) Then
TAC =TAC_new
Ford7=1To 9
VX(d7) = Value(d7)
Next d7
End If
'Aspen errors TAC_new=1E+18
If TAC new <> 1E+18 Then
Ftlii=i+l
End if
xISheet.Cells(i, 17) =T
"The row of local minimum value sets blue
xISheet.Rows(Min(9)).Interior.Color = vbBlue
Loop while j<=L
T=T * alpha
=1
Loop while T<= Tfreeze

... 'Ellipsis of the others
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