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Abstract: Extractive distillation has great significance for the separation of ethylbenzene from C8

aromatic hydrocarbons. Herein, a distillation process for the separation of ethylbenzene was designed
using methyl phenylacetate as an extractant. A genetic algorithm (GA) was used to evaluate the
economic and environmental factors of the process, and Aspen Dynamic was used to assess the
dynamic performance. The sequential optimization method was used to obtain the initial process
parameters. Then, the total annual cost and CO2 emissions were minimized by NSGA-III to increase
the economic and environmental benefits. To enhance the search performance of GA, the mutation
probability and crossover probability were studied and adjusted. The optimal total annual cost and
CO2 emissions were 11.7% and 23.7% lower than those of the initial process. Based on a steady
process, two control strategies, which were the flow rate of the recycling solvent controlled by
entrainer makeup flow rate (CS1) and the bottom flow rate of the extractant recovery column (CS2),
were designed. The results showed that the temperature deviation of CS2 was smaller than that of
CS1, and the temperature of the process was more stable under the control of CS2.

Keywords: C8 aromatic hydrocarbons; extractive distillation; genetic algorithm; TAC;
dynamic simulation

1. Introduction

The petrochemical industry produces a large amount of aromatic as by-products. The
main components of aromatics are benzene, toluene, ethylbenzene, and xylene mixtures.
Benzene and toluene can be easily separated by distillation. However, ethylbenzene and
xylene mixtures are difficult to separate with distillation because their relative volatility is
close to 1.

In general, extractive distillation is a promising method to separate ethylbenzene and
xylene mixtures by adding extractants to increase the relative volatility. Our previous
studies have reported on some potential extractants, such as methyl phenylacetate and
ethyl benzoate. In the extractive distillation process, economic and environmental factors
should be evaluated. Due to the process being nonlinear, a heuristic search algorithm is
needed. A genetic algorithm is an algorithm for the directional search of the optimal value
based on computer coding, which has been widely used in chemical process optimization.
Shubham R. Pandit et al. used the second generation of a genetic algorithm to optimize
and separate the adjacent column of BTX [1], which saved 23% of the total cost, 45% of the
operation cost, and 45% of the CO2 emissions of the system. You et al. used NSGA-II to
optimize the extractive distillation process of acetonitrile and water–ethylene glycol and
reduced the annual total cost by 20% [2]. Gu et al. used NSGA-II to optimize the ternary
azeotropic distillation process of water–methanol–tetrahydrofuran, which reduced the TAC
by 25.1% and CO2 emissions by 30.4% [3]. Han studied the extractive distillation process
of isopropanol and water, and optimized the total annual cost (TAC) and CO2 emissions
by NSGA-II; the TAC and CO2 emissions decreased by 23.83 and 23.43% [4], respectively.
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Yang used NSGA-II; to evaluate the TAC and CO2 emissions of a tetrahydrofuran–ethyl
acetate extractive distillation system, which reduced the TAC by 33% and CO2 emissions
by 26% [5]. Shi used NSGA-II to study the TAC and CO2 emissions of EtOAc lateral line
extractive distillation and found that the TAC and CO2 emissions of the optimized process
were reduced by 7.78% and 9.28%, respectively, compared with the initial process [6]. In
this paper, NSGA-III was used as a multi-objective optimization algorithm. Compared
with NSGA-II and NSGA-I, the reference plane method of NSGA-III has a better global
search ability and makes the total group diversity better [7].

In the actual operation of the industrial process, the purity of the product will be
affected by the fluctuation of operating conditions. So, it is necessary to add a control struc-
ture to eliminate bias. PID control strategies have been widely used in chemical process
control. Jesus A. Jaime et al. introduced an entraining agent flow rate to control the liquid
level at the bottom of the recovery column and an entraining agent feed flow rate at the
bottom of the column in the conventional control strategy of extractive distillation to im-
prove the product concentration and reduce energy consumption [8]. Qin changed the fixed
reflux ratio of conventional rectification control to a feedforward control structure, short-
ening the process stabilization time and reducing the temperature fluctuation [9]. Hesam
Ahmadian Behrooz found that a fixed reflux ratio could make the distillation process of a
benzene/acetonitrile azeotropic mixture unaffected by feed composition fluctuations [10].

Because the components in the mixture of ethylbenzene and xylene have similar
boiling points, it was difficult to separate the system using ordinary distillation. In order
to solve the problem of separating ethylbenzene from the xylene mixture, an extractive
distillation process using methyl phenylacetate as an extractant was designed, and the
optimization and control of the process were fully studied. Firstly, the separation sequence
of ethylbenzene was designed, and the initial process parameters of the process were
determined by sequence optimization [11]. NSGA-III was used for the multi-objective
optimization of the TAC and CO2 emissions of the process because the sequential opti-
mization could not comprehensively consider environmental and economic indicators. In
addition, the effects of different algorithm parameters on the optimization process were
investigated [12]. Aiming at the problem that the traditional control structure had a poor
ability to resist flow disturbance, this paper proposed a new flow control strategy, which
was to adjust the circulating flowrate of the extractant by supplementing the flowrate of
the extractant.

2. Process Simulation and Optimization Method

Aspen Plus was used to build a steady-state process for the separation of ethyl benzene
from C8 aromatic hydrocarbons because AspenPlus has a large physical property database
and the Radfrac module to accurately simulate the distillation process. The multi-objective
optimization algorithm was derived from the geatpy framework using the Active X plugin
to connect Aspen Plus and Python and perform the multi-objective optimization of the
process [13,14].

2.1. Steady-State Process

The feed flow was 4000 kg/h with mass concentrations of 0.15, 0.2, 0.45, and 0.2
for ethylene, o-xylene, m-xylene, and p-xylene, respectively. The feed temperature was
30 ◦C, and the pressure was 200 kPa. Column B1 was used to separate o-xylene from the
bottom of the column. The purity of o-xylene was 0.999 (wt.). Column B2 was an extractive
distillation, which was used to separate ethylbenzene from the top of the column. The
purity of ethylbenzene was 0.995 (wt.). Column B3 was an extractant recovery column,
which was used to separate methyl phenylacetate from the bottom of the column. The
purity of methyl phenylacetate was 0.999 (wt.) [15,16].
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2.2. Optimization Methods
2.2.1. Process Evaluation Indexes

As a common indicator to evaluate the cost of a process, the TAC includes the cost of
equipment and utilities. The calculation formula of TAC is as Formula (1) [17]:

TAC = CC/Pay pack Period + OC (1)

where CC is the capital cost, which includes the cost of column shells, column trays, reboiler,
condenser, and vessels. OC is the cost of steam and cooling water. The operation time was
8000 h/year, and the payback period was 3 years. The cost of the distillation column was
estimated using Guthrie’s equation [18–21], as shown in Table 1.

Table 1. The formulas and parameters of TAC.

Category Formula Unit

Column diameter Aspen tray sizing m
Column height H = 0.125 × (N − 2) m

Column shell cost shell = 141,320 × D1.066 × H0.802 $
Column stage cost packing = 12,000 × 3.14/4 × D2 × H $

Exchanger area Area = Q/K/∆Tln m2

Heat exchanger cost Exchanger = 6.2 × (8500 + 409 × Area0.85) $
Capital investment CC = (shell + packing + Exchanger) × 2 $

Heat transfer coefficient KCB1 = 1864.6 kW/(K ×m2)
KCB2 = 304.7
KCB3 = 789.2
KRB1 = 605.58
KRB2 = 862.74
KRB3 = 613.53

Utilities cost Cooling water: 0.03 $
HP steam (527 K, 1.5 MPa): 25 $

The indicator of environmental performance was CO2 emissions. The CO2 emissions
in the distillation process mainly came from the reboiler at the bottom of the column, which
was calculated using Formula (2).

[CO2]emission= Q Fuel × Fuel Fact. (2)

where Q Fuel represents the total heat of fuel combustion in the heating device, kW. This
was calculated by Formula (3). Fuel Fact is the amount of carbon dioxide emitted per unit
of energy [22], as defined by Formula (4).

Q Fuel =
Qproc

λproc
(hproc − 419)

TFTB− T0

TFTB− Tstack
(3)

where λProc and hproc represent the latent heat and enthalpy of steam gasification, re-
spectively, kJ/kg. QProc represents the heat duty of the rectifying column, kW. TFTB is
the flame temperature of the boiler and Tstack is the chimney temperature, K. T0 is the
ambient temperature, K. The flame temperature was 2073.15 K, the chimney temperature
was 433.15 K, and the ambient temjperature was 298.15 K.

Fuel Fact = (
α

NHV
)(

C%
100

) (4)

where α represents the ratio of the molar molecular mass of CO2, and its value was 3.67.
NHV is the net calorific value generated by the fuel with C% carbon content. The NHV
and C% values of the process were 39,771 kJ/kg and 86.5%, respectively.

2.2.2. Process Optimization Method

Optimization algorithms are usually divided into two categories. One is a heuristic
algorithm that performs optimization calculations based on the information of the problem
itself, and the other is a meta-heuristic algorithm that does not use the information of the



Processes 2022, 10, 2237 4 of 21

problem, but searches through algorithm rules. Since the process information could not be
obtained in the optimization process of the chemical process, a meta-heuristic algorithm
was selected [23]. NSGA-III is a meta-heuristic that does not require explicit information
about the mathematical model and its derivatives. The algorithm was suitable for the
multi-objective optimization of the chemical process.

A sequential optimization method was used to determine the initial values of the
process parameters before the multi-objective optimization. The applied optimization
procedure is presented in Figure 1. A random number generator was used to generate the
initial population in the search space, and the labeled generation was 0. The initial popula-
tion was passed into Aspen Plus to obtain the process condition data for the calculation of
the fitness function value, and the population was ranked non-dominated according to the
calculated fitness function value. A part of the individuals was selected from the sorted
population set to perform crossover mutation according to a certain probability. Then, the
offspring population was obtained. At this time, the number of generations was added to 1.
If the number of iterations reached the set value, the search ended. If not, it was merged
with the parent and searched again as a new population [24]. When the search ended, the
Pareto front was computed. The ideal point distance method was used as the final solution
to calculate the distance between each point in the Pareto front and the ideal point. The
point with the smallest distance was selected as the final solution.

Figure 1. Process diagram of C8 aromatics extractive distillation.

The TAC and CO2 emissions were chosen as the two indicators for the non-dominated
ranking. Herein, the TAC and CO2 emissions were minimized by GA optimization [25,26],
which could be simplified in Formula (5).

Objective function
{

min TAC
min ECO2

(5)

Subject to:
X O-XYL-01 ≥ 0.999

X EB ≥ 0.995

X BEM ≥ 0.999



Processes 2022, 10, 2237 5 of 21

where ECO2 is the CO2 emissions, XO-XYL-01 is the mass purity of o-xylene, the mass
purity of ethyl benzene is denoted as XEB, and XBEM represents the mass purity of methyl
phenylacetate. The decision variables were the number of trays and the feed stage of the
three columns.

The search results could be affected by mutation probability and crossover probability.
It was necessary to adjust the mutation probability and crossover probability to improve
the algorithm’s search performance. In this paper, the performance of the algorithm was
evaluated by HV (supervolume index (Formula (6))) and spacing (standard deviation of
spatial point distance (Formula (7))).

HV(P) =
⋃

x∈P
vol(x) (6)

where P is the Pareto front, x is the point in the Pareto front, and vol(x) represents the
topological measure value formed by x points in a real Pareto before clicking on P.

Spacing =

√
1

|P| − 1 ∑|P|
I=1

(
di− d

)2
(7)

where |P| represents the number of points in the Pareto front, di is the distance from point
i to the other points, and d is the average of all distances.

2.3. Dynamic Simulation Method

During the process, the disturbance of actual operation variables would cause the
fluctuation of product concentration. From the steady state to dynamic calculation, it
was necessary to calculate the size of the equipment. The tray spacing was 0.125 m. The
liquid residence time was 5 min as the benchmark and a 50% margin was left. The height–
diameter ratio of the tank was set to 2:1, and the diameter of the tank was calculated with
the following Formula (8).

V =
π

4
D2 × (2D) (8)

where V is the volume of the tank and D is the diameter of the tank.
The temperature-sensitive tray of the rectifying column was calculated with the open-

loop gain method. Introducing a 0.1% reboiler heat load fluctuation while keeping other
operation variables constant, a new tray temperature profile could be obtained. Using the
difference of the temperature distribution of the tray before and after the reboiler heat load
disturbance, the steady-state gain value K was obtained through dividing the temperature
distribution difference by the reboiler heat load disturbance value, which could be defined
as Formula (9).

K = ∆TS/∆R (9)

where K is the steady state gain value, ∆TS represents the temperature difference of the
tray, and ∆R is the heat duty difference of reboiler.

The integral absolute error (IAE) value and response time were used as the evaluation
indexes of the control performance of the distillation column. The control performance was
better when the IAE value was smaller and the response time was shorter. The IAE was
defined as Formula (10).

IAE =
∫ T

0
|e(t)|dt (10)

where e represents the deviation between the measured value and the set value and T is
dynamic simulation time.

3. Results and Discussion
3.1. Sequence Optimization

The sequence optimization method was used to determine the initial process parame-
ters of the process. The main parameters of the process included the number of stages of
B1 (NS1), the feed location of B1 (FS1), the number of stages of B2 (NS2), the flowrate of
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the extraction agent (EF), the feed location of extracting agent (ES), the number of stages
of B3 (NS3), and the feed location of B3 (FS3). The total stage number of the column was
determined by the minimum TAC. The extractant dosage was determined by the purity of
ethylbenzene. The optimum feed location was determined by the maximum product mass
flow rate.

The constraint condition of column B1 was that the quality purity of o-xylene at the
bottom of the column was greater than 0.999. As shown in Figure 2, the optimum process
conditions for column B1 were NS1 = 146 and FS1 = 83. Under optimum conditions, the
TAC was the smallest, the mass flow rate of o-xylene was the largest, and the reflux ratio
was 15.83.

Figure 2. Optimization procedures of NSGA for ED process.

In column B2, the constraint condition was that the purity of ethylbenzene at the top
of the column was greater than 0.995. Figure 3c,d shows that the optimal tray number was
248, and the optimal feed location was at the 128th tray. As shown in Figure 3e, when
the extractant flow rate was 4025 kg/h, and the mass purity of ethylbenzene just reached
0.995. In order to ensure the mass purity of ethylbenzene, the extraction agent flow rate
was selected as 4500 kg/h. As shown in Figure 3f, the optimal feed location of extractant
was at the fourth tray.

Column B3 was the extractant recovery column, and the constraint condition was that
the mass purity of methyl benzoate at the bottom of the column was greater than 0.999.
Figure 3g,h shows that the TAC value was the smallest when the number of trays in column
B3 was nineteen, and the best feed location was at the ninth tray.

Table 2 shows the detailed comparisons of all the processes. The lowest TACs of the
three columns were 0.553 × 107 USD/year, 1.015 × 107 USD/year, and 0.04 × 107 USD/year,
respectively. Column B2 had the largest TAC and column B1 had the largest CO2 emissions.
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Figure 3. Optimization of NS1 (a), FS1 (b), NS2 (c), FS2 (d), EF (e), ES (f), NS3 (g), and FS3 (h).
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Table 2. The result of sequence optimization.

B1 B2 B3 Total

NS 146 248 19 \
FS 83 4/128 9 \

Reflux ratio 15.83 64.5 0.49 \
TAC (107 $/year) 0.553 1.015 0.040 1.608

[CO2]emissions (ton/year) 10,056.96 7082.08 676.56 17,815.60

In this section, sequence optimization method was used to obtain the initial process
parameters of the extractive distillation process. The results showed that column B2 had
the highest cost among the three columns, and column B1 had the largest CO2 emissions.

3.2. Optimization of Genetic Algorithm Parameter

In the optimization process of the genetic algorithm, the setting of the mutation
probability and crossover probability affected the final result of the algorithm.

The crossover probability pc was fixed at 0.7, and the mutation probability pm was set
as 0.05, 0.1, and 0.15. The influence of the mutation probability pm on HV and spacing was
discussed. The results are shown in Figure 4. When the mutation probability pm was 0.1,
HV converged the fastest and reached the true Pareto frontier at the 30th generation. The
standard deviation of the distance between the spatial points near the Pareto frontier was
the smallest. Therefore, the mutation probability was selected as 0.1.

Figure 4. Effect of mutation probability on HV and spacing: (a) HV with different mutation probabil-
ity, (b) Spacing with different mutation probability.

The mutation probability pm was fixed at 0.1, and the crossover probability pc was
set as 0.7, 0.8, and 0.9. The influence of the crossover probability pc on HV and spacing
was studied. The results are shown in Figure 5. When the crossover probability was 0.8,
HV converged the fastest in the 24th generation, reaching the true Pareto frontier. The
standard deviation of the distance between the spatial points near the Pareto frontier was
the smallest. Therefore, the crossover probability was determined to be 0.8.
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Figure 5. Effect of crossover probability on HV and spacing: (a) HV with different mutation probabil-
ity, (b) Spacing with different mutation probability.

The influences of the mutation probability and crossover probability on the opti-
mization results under different iterations are shown in Figure 6. It could be seen from
Figure 6a–c that when the crossover probability was 0.8, the algorithm converged the fastest
and converged to the 24th generation Pareto frontier. When the crossover probability was
0.7 and 0.9, both converged in the 36th generation. As shown in Figure 6a,d,e, when the
mutation probability was 0.1, the search performance was the best. When the mutation
probability was 0.05, the number of pre-Pareto solutions was the least. When the mutation
probability was 0.15, the convergence was the slowest.

Finally, the Pareto frontier with a mutation probability of 0.1 and a crossover probabil-
ity of 0.8 was selected as the final solution set, which had a total of 36 non-inferior solutions.

This subsection investigated the influence of different settings of the parameters of
NSGA-III on the searching process. The results showed that the best mutation probability
was 0.1, the best crossover probability was 0.8, and the suitable numbers of generations of
the algorithm was 60.

3.3. The Global Optimal Solution

Figure 7 shows the Pareto optimal boundaries of the TAC and ECO2 after 60 iterations.
The solution set consisted of 36 solutions, each of which was a Pareto optimal solution. In
Figure 7a, Opt point 1 was the minimum point of the TAC, and was the maximum point of
CO2 emissions. Conversely, Opt point 2 was the maximum point of the TAC, and was the
minimum point of CO2 emissions. Therefore, it was necessary to choose a point among
them as the optimal solution. The ideal point distance method is a common method used to
calculate the global optimal value. A straight line was made perpendicular to the horizontal
axis through Opt point1, and a straight line was made perpendicular to the vertical axis
through Opt point 2. The intersection of two lines was the ideal point of the solution set.
The distance from each point in the solution set to the ideal point was calculated, and the
results are shown in Figure 7b. It could be seen from Figure 7b that the 32nd scheme was
the optimal scheme. The TAC value of this scheme was 1.420 × 107 USD/year, and the
CO2 emissions value was 13,588.6 kg/h.
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Figure 6. Influence of mutation probability and crossover probability on optimization results under
different iteration times.
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Figure 7. Pareto front of the optimal solution: (a) The calculation diagram of the global optimal
solution; (b) the number of the ideal point distance of the solution.

As shown in Table 3, under the optimization of the NSGA algorithm, the total TAC
and CO2 emissions both decreased. The number of trays in column B1 increased from 146
to 180, and the reflux ratio decreased from 15.83 to 9.48. The number of trays in column B2
increased from 248 to 252, and the reflux ratio decreased from 64.5 to 56.15. The number of
trays in column B3 was reduced from 19 to 15, and the reflux ratio was reduced from 0.49
to 0.47. The total TAC dropped by 11.7%, and total CO2 emissions dropped by 23.7%.

Table 3. The result of multiple-objective optimization.

B1 B2 B3 Total

NS 180 252 15 \
FS 101 4/128 6 \

Reflux ratio 9.48 56.15 0.47 \
TAC (107 $/year) 0.432 0.950 0.038 1.420

[CO2]emissions (kg/h) 6294.4 6646.4 647.8 13,588.6

Based on the final Pareto front, this subsection used the ideal point distance method to
find the global optimal solution. The results showed that the TAC of the final solution de-
creased by 11.7% and the CO2 emissions of the final solution decreased by 23.7% compared
with the initial value.

4. Dynamic Control

According to the optimization results in Table 2, the process flow shown in Figure 8
was obtained. When a steady state model was switched to a dynamic model, the dimensions
of the device were be calculated first. The diameter and height of the reflux tanks of column
B1 were 1.8 m and 3.6 m, respectively. Similarly, the diameters of the reflux tanks of column
B2 and B3 were 1.7 m and 1.0 m respectively, and the height of reflux tanks of column B2
and B3 were 3.4 m and 2.0 m, respectively.
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Figure 8. Process flow chart of C8 aromatics extractive distillation.

4.1. Determination of Temperature-Sensitive Tray

During the dynamic operation of the distillation column, the disturbance would lead
to a rapid temperature change in some trays, which would affect the purity of products.
Therefore, the temperature-sensitive tray should be determined before designing control
structure. Herein, the position of the temperature-sensitive tray was determined by the
open-loop gain method. When the heat duty of the reboiler increased by 0.1%, the tempera-
ture distribution before and after the increase was different and divided by the open-loop
gain of the reboiler heat load disturbance for the column temperature, as shown in Figure 9.
According to Figure 9a, column B1 had two sensitive trays, which were the 74th stage and
the 124th stage. According to Figure 9b, the 85th sensitive tray was the sensitive tray of
column B2. Similarly, Figure 9c shows that the sensitive tray of column B3 was the 8th tray.

Figure 9. The open-loop sensitivity plots for +0.1% increase in reboiler duty of three columns.

4.2. Basic Control Structure for Circulating Flow Rate of Extractant (CS1)

First of all, a conventional extractant circulation flow control structure is shown in
Figure 10. To stabilize the purity of the product, some control strategies were added in CS1.
The overall basic control loops are illustrated as below [27–29]:

1. The feed flow rate was controlled by a throughput valve (reverse action).
2. The liquid level of the reflux tank was manipulated by the distilled flow rates

(positive action).
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3. The sump level of the column of B1 and B2 was manipulated by the bottom flowrate
(positive action).

4. The sump level of the column of B3 was controlled by the flow of entrainer makeup
(reverse action).

5. All pressure in the three columns were controlled by manipulating the top
condenser duties.

6. The reflux ratios in the three columns were fixed.
7. The temperature of the recycling solvent was controlled by a heat exchanger

(reverse action).
8. The recycled solvent flowrate was rationed to the distilled flow rates of column B1

and controlled by a throughput valve (reverse action).
9. The temperature of the sensitive tray of the column of B1 was controlled by component

controller to manipulate the reboiler duty of column B1 (reverse action).
10. The temperatures of the sensitive trays of the columns of B2 and B3 were controlled

by changing the reboiler heat duty (reverse action).

Figure 10. Control structure 1 (CS1).

All controllers were PI controllers. The parameters of the liquid level controller
were set as Kc = 2 and τI = 9999 min. The top pressure control loop parameters of the
three columns were set as Kc =20 and τI =12 min. The feed flow controller was set as
Kc = 0.5 and τI = 0.3 min. The missing parameters of the temperature and component
controller were obtained by the Tyreus–Luyben tuning method. Table 4 shows the controller
tuning parameters:

Table 4. Controller gain and integration time.

CS1 CS2

Gain Integral Time (min) Gain Integral Time (min)

CC 5675 28 5297 30.1
TC1 3.1 13.2 3.7 13.2
TC2 8.9 76.7 8.9 76
TC3 2.1 18.5 1.1 23.8
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Flow and composition disturbances were added to examine the dynamic response
to the process. After adding the concentration controller, the o-xylene product of column
B1 stabilized at 0.99935, so it will not be discussed further. The dynamic responses of CS1
at a ±10% feed flow rate disturbance are shown in Figure 11. The first sensitive plate of
B1 was stabilized in 5 h with a temperature fluctuation of 1.7 ◦C, and the second sensitive
plate was equilibrated in 4 h with a temperature fluctuation of 3.2 ◦C. The temperature
of the sensitive tray of B2 was stabilized within 17 h, and the fluctuation range of the
temperature was 0.1 ◦C. The temperature of the sensitive tray of B3 was stable within 10 h,
and the fluctuation range of the temperature was 15 ◦C. The EB concentration of B2 was
stable within 13 h, and the fluctuation range of the concentration was 0.001. The BEM
concentration of B3 was stable within 10 h, and the fluctuation range of the concentration
was 0.0004.

Figure 11. Dynamic responses for CS1 with ±10% feed flow rate disturbance: (a) the temperature of
the first sensitive tray in column B1, (b) the temperature of the second sensitive tray in column B1,
(c) the temperature of the sensitive tray in column B2, (d) mass concentration of EB at the top of the
column B2, (e) the temperature of the sensitive tray in column B3, (f) mass concentration of BEM at
the bottom of the column B3.
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The dynamic responses of the CS1 structure to the concentration disturbance are
shown in Figure 12. The first sensitive plate of B1 reached a stable state within 20 h with a
temperature fluctuation of 0.548 ◦C, and the second sensitive plate reached a stable state
within 16 h with a temperature fluctuation of 0.031 ◦C. The sensitive plate of B2 was stable
within 16 h with a temperature fluctuation of 0.007 ◦C, and the sensitive plate of B3 was
stable within 8 h with a temperature fluctuation of 0.000002 ◦C. The EB concentration of B2
was stable within 20 h, and the fluctuation range of the concentration was 0.0001. The BEM
concentration of B3 was stable within 8 h, and the fluctuation range of the concentration
was 0.0000002.

Figure 12. Dynamic responses for CS1 with feed composition disturbances: (a) the temperature of
the first sensitive tray in column B1, (b) the temperature of the second sensitive tray in column B1,
(c) the temperature of the sensitive tray in column B2, (d) mass concentration of EB at the top of the
column B2, (e) the temperature of the sensitive tray in column B3, (f) mass concentration of BEM at
the bottom of the column B3.
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4.3. An Improved Control Structure (CS2)

In order to stabilize the sensitive tray temperature of column B3, the control structure
of CS1 was improved. The liquid level of the column bottom was controlled by controlling
the flow of the column bottom, and the circulation flow of extractant was maintained
by controlling the make-up amount of extractant. The reflux flow of column B1 was
determined by the feed flow. The improved structure is shown in Figure 13.

Figure 13. Control structure 2 (CS2).

A ±10% feed flow rate disturbance was added to the CS2 control structure. The
results are shown in Figure 14. The temperature of the first sensitive plate of column B1
was stable within 15 h with a temperature fluctuation of 1.8 ◦C, and the second sensitive
plate was balanced within 15 h with a temperature fluctuation of 3 ◦C. The temperature
of the sensitive plate of column B2 was stable within 15 h with a temperature fluctuation
amplitude of 0.014 ◦C. The EB concentration of B2 was stable within 21 h, and the fluctuation
range of the concentration was 0.0001. The temperature of column B3 was stable within
14 h with a temperature fluctuation amplitude of 1 ◦C. The BEM concentration of B3 was
stable within 12 h, and the fluctuation range of the concentration was 0.00002. Compared
with CS1, the temperature fluctuation of the sensitive plate of column B3 under the control
of CS2 was significantly reduced.

The dynamic responses of the CS2 structure to the concentration disturbance are shown
in Figure 15. The first sensitive tray was stable within 12 h with a temperature fluctuation of
0.554 ◦C, and the second sensitive tray was stable within 25 h with a temperature fluctuation
of 0.055 ◦C. The sensitive plate of B2 was stable within 15 h with a temperature fluctuation of
0.014 ◦C, and the sensitive plate of B3 was stable within 17 h with a temperature fluctuation
of 0.15 ◦C. The EB concentration of B2 was stable within 21 h, and the fluctuation range of
the concentration was 0.0001. The BEM concentration of B3 was stable within 8 h, and the
fluctuation range of the concentration was 0.000004. Under the concentration disturbance,
the performance of the two control strategies was similar.
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Figure 14. Dynamic responses for CS2 with ±10% feed flow rate disturbance: (a) the temperature of
the first sensitive tray in column B1, (b) the temperature of the second sensitive tray in column B1,
(c) the temperature of the sensitive tray in column B2, (d) mass concentration of EB at the top of the
column B2, (e) the temperature of the sensitive tray in column B3, (f) mass concentration of BEM at
the bottom of the column B3.
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Figure 15. Dynamic responses for CS2 with feed composition disturbances: (a) the temperature of
the first sensitive tray in column B1, (b) the temperature of the second sensitive tray in column B1,
(c) the temperature of the sensitive tray in column B2, (d) mass concentration of EB at the top of the
column B2, (e) the temperature of the sensitive tray in column B3, (f) mass concentration of BEM at
the bottom of the column B3.
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In this section, two control strategies were designed, namely, the flowrate of the
entraining agent (CS1) and the flowrate of the extractant recovery column (CS2) to control
the flowrate of solvent recovery. The results showed that two control strategies had similar
performances in resisting the concentration disturbance, but CS2 had a better performance
against flow disturbance. To sum up, the CS2 control strategy should be selected for
this process.

5. Conclusions

An extractive distillation process was proposed for the separation of ethylbenzene
from a C8 aromatic hydrocarbon mixture species. The TAC and CO2 emissions of the
process were optimized by NSGA-III. A new control strategy for the extractive distillation
process was designed.

A distillation process for the separation of ethylbenzene was designed using methyl
phenylacetate as an extractant. The economic and environmental effects of the process
were studied with a sequence optimization method and a genetic algorithm. The sequential
optimization method was used to obtain the initial process parameters. Then, the total
annual cost and CO2 emissions were minimized by NSGA-III. When the mutation proba-
bility was 0.1 and the crossover probability was 0.8, the genetic algorithm had the largest
hypervolume index value and the smallest spatial point distance variance. The optimal
total annual cost and CO2 emissions were 11.7% and 23.7% lower than those of the initial
process. Based on the steady process, Aspen Dynamic was used to assess the dynamic
performance. Two control strategies, which were the flow rate of the recycling solvent
controlled by entrainer makeup flowrate (CS1) and the bottom flow rate of the extractant
recovery column (CS2), were established. The calculation results showed that the CS2
structure was more stable in terms of process parameters than CS1, especially in terms of
the temperature control of the extractant recovery column.

The future work of this paper will focus on the extension of the existing processes and
in-depth research on more advanced control strategies, and we will apply the results of this
research to industrialization.
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Nomenclature
α The ratio of the molar molecular mass
B1 The first column
B2 The second column
B3 The third column
CC Capital cost [$/year]
[CO2] emissions The CO2 emissions [kg/h]
d The average of all distances in the Pareto front
EB Ethylbenzene
ED Extractive distillation
EF The flowrate of the extraction agent
ES The feed location of extracting agent
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FS The feed stage
FuelFact The amount of CO2 emitted per unit of energy
GA Genetic algorithm
hproc The enthalpy of steam gasification [kJ/kg]
HV The hypervolume index
IAE The integral absolute error
K The steady state gain
MOO Multiple objective optimization
MX M-Xylene
NHV The net calorific value
NS The number of stages
NSGA Nondominated sorting genetic algorithm
OC Operating cost [$/year]
OX O-Xylene
|P| The number of points in the Pareto front
PX P-Xylene
pc The crossover probability
pm The mutation probability
QFuel The total heat of fuel combustion [kW]
QProc The heat duty of the rectifying column [kJ/h]
∆R The heat duty of reboiler [kW]
T0 The ambient temperature [K]
TAC Total annual cost [$/year]
TFTB The flame temperature of boiler [K]
Tstack The chimney temperature [K]
∆TS The temperature difference of the tray [K]
vol(x) The topological measure value formed by x points
λProc The lantent heat [kJ/kg]
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