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ABSTRACT: Trichlorosilane (TCS) is a crucial intermediate product in the
polysilicon manufacturing process, and its purification consumes a significant
amount of energy. The design and control of the TCS heat integration
pressure-swing distillation (HIPSD) process was investigated using Aspen Plus
V8.4 and Aspen dynamics in this study. Three partial processes and one full
HIPSD process were investigated by adjusting the operating conditions and
rationally configuring the material flow. Compared with the conventional
distillation process, the partial and full HIPSD can reduce total annual cost by
15.75 and 27.39%, respectively. The aforementioned process was controlled
robustly by adding the ratio of reboiler heat duty to feed (QR/F) feedforward
control structure and the ratio of recycle to feed (FREC/F) control structure. In
addition, the performance of the control structure was evaluated by introducing
±10% disturbances of the feed flowrate and composition. To compare the
performance of the control structure, the integral squared error value is combined with the dynamic response curve. The full HIPSD
scheme can resist ±10% disturbances of flow and composition with the best economic performance. This study has certain reference
significance for the distillation process and control strategy design of TCS in the polysilicon manufacturing process.

1. INTRODUCTION
Polysilicon is the main raw material for solar cells and
semiconductor equipment, and it plays an extremely important
role in the development of the photovoltaic industry.1,2 In
recent years, as many countries have successively established
carbon neutrality goals and guided economic green and low-
carbon development, the demand for polysilicon has grown
rapidly.3−5 The improved Siemens process is the mainstream
polysilicon production process in the world today.6 The
processes include trichlorosilane (TCS) synthesis, TCS
distillation and purification, TCS decomposition, and hydro-
gen reduction in the chemical vapor deposition reactor.7 TCS
purity has a direct impact on polysilicon quality; hence, TCS
purification is an important stage in the polysilicon
manufacturing process.
Among all separation technologies, distillation is currently

the most widely used mixture separation technology in
industrial processes, and distillation consumes about 95% of
the total energy in the chemical separation industry.8 Despite
its high energy consumption, distillation remains the preferred
method due to its processing advantages in operation and
control, as well as a wealth of theoretical and practical
knowledge. There are many advanced process intensification
and integration techniques that can overcome the short-
comings of energy-intensive distillation, such as thermally
coupled distillation,9−12 dividing-wall columns (DWCs),13−16

side-stream distillation,17−20 or heat-integrated distilla-
tion.21−25

Diéz et al.26 studied the heat pump (HP)-assisted distillation
to obtain TCS with a purity higher than 99.999% mol fraction.
The double HP-assisted system reduced the total annual cost
(TAC) by 29% compared with the conventional two-column
distillation process and reached the goal of saving energy
consumption. Wang et al. studied the use of Kaibel Dividing
Wall Column (Kaibel DWC) to improve the performance of
the TCS purification process.27 The results showed that the
Kaibel DWC saved 26.43% on energy and had a lower
equipment cost when compared to the conventional
configuration. Qie et al.28 compared a series of energy-saving
technologies to purify TCS, including the conventional
process, the conventional process coupled with HP, the
multi-effect distillation process, and the DWC process. The
results demonstrated that the conventional process coupled
with the HP technology has advantages over other distillation
schemes for TCS purification in terms of the energy saving and
economic effects. Huang et al.29 developed heat integration
pressure-swing distillation (HIPSD) for high-purity TCS to
achieve heat integration and process optimization. The results
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show that in the three-column high-purity TCS HIPSD
process, the primary yield of TCS is 92%, and the theoretical
energy savings is 66.7%.
Although heat integration distillation reduces energy

consumption and improves efficiency, it is more complex
than conventional distillation processes, making operability
and controllability more difficult. The dynamic control of the
heat integration distillation process is extensively investigated
in many articles.30−33 Liang et al.34 reviewed the research
development of pressure-swing distillation (PSD) by studying
thermodynamic analysis, quantitative structure property
relationship, process design, process intensification, and
dynamic control. Cao et al.33 compared the economy and
dynamic controllability between extractive distillation and PSD
of the azeotrope system. The investigation shows PSD is easier
to control. Luyben35,36 presented in detail the dynamic control
of the partially HIPSD and full HIPSD for separating a
tetrahydrofuran and water azeotrope and suggested some
control schemes of the PSD for separating a maximum-boiling
azeotropic mixture of methanol/trimethoxysilane. Li et al.37

explored an improved control structure of pressure-swing heat
integration reactive distillation for the hydrolysis of methyl
acetate. The improved control structure can keep the system
running smoothly and effectively handle large feed flow
disturbances. However, very little study has been carried out
on the dynamic control of high-purity chemical distillation, let
alone the TCS distillation process. A robust and stable control
system is essential to ensure high purity and safe operation.
In this manuscript, the design and parameter optimization of

the HIPSD process with different heat integrations were
studied. The sequential iteration method is used to achieve the
optimal design parameters with the purpose of minimizing the
TAC. For different TCS distillation schemes, corresponding
control strategies are established to deal with the disturbances
caused by changes in the feed flowrate and composition. Then,
the value of the integral squared error (ISE) and the dynamic
response curve as the standard were selected for evaluating the
stability of the system.

2. STEADY-STATE SIMULATION
The accuracy of the simulation results mainly depends on the
thermodynamic model used in simulation. In this work, the
deviations between the NRTL, PENG-ROB, and RK-SOAVE
thermodynamic model were compared according to the
vapor−liquid equilibrium data reported by Zanta and
Laskafeld;38 the NRTL thermodynamic model resulted in
the smallest deviation (Tables S1). The comparison between
experimental and predicted data is shown in Figure 1 to
validate the reliability of the thermodynamic model. Therefore,
the NRTL thermodynamic method is reliable and can be used
for subsequent simulations. Table 1 shows the binary
interaction parameters used.
2.1. Conventional Distillation Process. Software Aspen

Plus V8.4 were used to simulate the TCS distillation steady-
state processes. Figure 2 show the flowsheet of the CD process.
The feed flowrate is 40,000 kg/h with the compositions of 92.0
wt % TCS 4.0 wt % DCS and 4.0 wt % STC, which comes
from actual industrial production.
First, the raw materials enter the light-removing column T1,

product DCS (99.87 wt %) is taken out in the top (D1) of
column T1. The bottom stream (95.8 wt % TCS) of column
T1 is fed into heavy-removing column T2. Product STC
(99.90 wt %) is removed out in the bottoms (B2) of column

T2. The distillate stream (99.9 wt % TCS) of column T2 is fed
into column T3 to further purify, and product TCS (99.99 wt
%) is removed out in the bottom (B3) of column T3. Another
end is the recycle stream (89.70 wt % TCS) fed into column
T1.
The operating pressure of the columns is determined based

on the reflux temperature being sufficient to use cooling water
(310 K) as cold utility. The appropriate pressures for T1, T2,
and T3 are 0.45, 0.2, and 0.3 MPa, respectively. The optimal
design parameters were determined with the minimum TAC as
the objective function. Table S2 shows the economic basis for
TAC calculation. In this table, the equipment calculation
formula references to a study by Douglas,39 and the utility
price references to a study by Turton et al.40 The equipment
costs mainly include columns and heat exchangers, and other
equipment such as pumps, valves, and vessels are ignored
because their costs are much lower than the costs of columns
and heat exchangers. In addition, the annual operating time
was set to 8000 h, and the equipment payback period was set
to 3 years.
The sequential iteration method17 was used in the parameter

optimization process, as shown in Figure 3. The parameters
expected to be optimized include the number of stages in the
T1, T2, and T3 columns (NT1, NT2, and NT3), the feed
locations (NF1, NF2, and NF3), the recycle stream flowrate
(FREC), and the recycle location (NREC). The “Design Spec/
Vary” feature in Aspen Plus was used to ensure product
specifications by adjusting reflux ratios (RR1, RR2, and RR3).

Figure 1. Pseudo-binary Y−X diagram for SiCl3 (1)-SiCl4 (2) system
at P = 0.987 bar, compared to the experimental data reported by
Zanta and Laskafeld reproduced from ref 38. Reprinted with
permission from Nelson, W. M.; Naidoo, P.; Ramjugernath, D.
Phase equilibrium data for potentially hazardous binary mixtures
involving dichlorosilane, trichlorosilane and silicon-tetrachloride. J.
Chem. Thermodyn. 2015, 91, 420−426. Copyright 2015 Elsevier.

Table 1. Binary Interaction Parameters

parameter DCS(i) + TCS(j) DCS(i) + STC(j) TCS(i) + STC(j)

Aij 3.7408 2.7286 0.1118
Aji −0.1731 1.6205 0.2302
Bij −1152.52 0 −42.8361
Bji −36.3936 0 0.2446
Cij 0.3 0.3 0.3
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Finally, the minimum TAC is obtained through continuous
iteration. Figure S1 shows the changes in TAC with the
variables of the CD process. The optimized information of
streams (D1, D2, and D3; B1, B2, and B3), columns (T1, T2,
and T3), and operating parameters (pressure, temperature, and
heat duty) are shown in Figure 2.
2.2. PSHID with Partial Heat Integration. The PSHID

process involves heat transfer from the condenser of the high-
pressure column (HPC) to the reboiler of the low-pressure
column (LPC). The energy consumption of the condenser and
reboiler of each column in the CD process is observed. The
column with higher energy consumption is the heavy-removing
column T2, and its energy consumption is basically the sum of

the energy of the light-removing tower T1 and the secondary
light-removing column T3. Therefore, it can be considered to
appropriately change the operating pressure of each column
and use the overhead stream of T2 to heat the reboiler of T1
and T3 to make full use of the heat.
There are three cases of the PSHID process with partial heat

integration. (1) Heat integration between the condenser of T2
and the reboiler of T1, where the load of T2 condenser is
greater than the load of T1 reboiler. As a result, an auxiliary
condenser may be required to remove the excess heat. (2)
Heat integration between T2 condenser and T3 reboiler,
which is similar to the case 1, an auxiliary condenser is
required. (3) Heat integration between T3 condenser and T1

Figure 2. Flowsheet of the CD process.

Figure 3. Sequential iterative optimization process of the separation process.
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reboiler and their energy consumption are similar. In Aspen
Plus V8.4, by adjusting the operating pressure in T3, the duty
of T1 reboiler was equal to that of T3 condenser. Meanwhile,
the pressure of T2 can be slightly reduced to reduce energy
consumption.
In conclusion, the PSHID is implemented with partial

thermal integration between the three columns. The detailed
flowsheet of the partially heat integration PSHID process is
shown in Figure S2.
2.3. PSHID with Full Heat Integration. For full heat

integration, the condenser heat load of T2 exactly matches to
the heat requirement of T1 and T3. The strategy of adjusting
the T2 reflux ratio is a viable option for achieving this goal.

Since the reboiler duty in the T2 (QR2) is the only heat input, a
“neat” configuration can make the sum of reboiler duties of the
T1 (QR1) and T3 (QR3) equal to the condenser duty of the T2
(QC2) using the “flowsheet design spec” function in Aspen
Plus. In addition, Figure S3 shows the flowsheet of the PSHID
process with full heat integration.
The important parameters of various processes are included

in Table 2. As far as our simulation results are concerned, due
to the use of the partial and full heat integration technology,
compared with the CD configuration, the TAC can be reduced
by 15.75 and 27.39%, respectively. However, the lack or
increase in degrees of freedom will inevitably lead to more
complicated and difficult dynamic control problems as energy

Table 2. Parameters of Different Distillation Processes

PSHID with partial heat integration

variable conventional distillation case 1 case 2 case 3 PSHID with full heat integration

Number of Stages
NT1 59 59 59 59 59
NT2 49 60 60 56 60
NT3 62 62 62 62 62

Number of Feed/Recycle Locations
NF1/NREC 25/16 25/16 25/16 25/16 25/16
NF2 32 36 36 32 36
NF3 12 12 12 12 12

Reflux Ratio
RR1 20.98 22.21 22.21 20.71 22.21
RR2 1.29 1.93 1.93 1.26 1.93
RR3 51.26 61.99 61.99 66.23 61.99

Column Diameter
ID1 (m) 1.33 1.35 1.35 1.32 1.35
ID2 (m) 1.81 1.82 1.82 1.78 1.82
ID3 (m) 1.32 1.29 1.29 1.43 1.29
TAC ($/y) 2886623 2616706 2585632 2431875 2095988
optimization rate of TAC 0 −9.35% −10.43% −15.75% −27.39%

Figure 4. Temperature and temperature difference profiles: (a) T1, (b) T2, and (c) T3.
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efficiency improves. To deal with the feed flowrate and feed
composition disturbances, simple and feasible control
structures of the three proposed alternative designs (CD,
PSHID with partial and full heat integration) will be further
developed and established.

3. DYNAMIC CONTROL

More important than steady-state design is research into the
operability and dynamic controllability of high-efficiency
separation configurations. By introducing the same feed
flowrate and composition disturbance, the control structure
of the above three alternative separation schemes is
constructed and tested in this section.
The steady-state design flowsheet carried out in Aspen Plus

V8.4 is exported to Aspen Plus Dynamics for dynamic
simulation after dynamic parameters are specified. In this
work, the tray pressure drop was 0.0068 atm, which ensures
that the steady-state file can be exported to the dynamic state.
The “Tray sizing” function in Aspen Plus V8.4 is used to
determine the specifications of the column. The reflux drums,
as well as the column bases, have been sized to allow for a 10
min residence time with the vessels half full. Furthermore, the
reflux drums and column bases are roughly cylindrical, and the
height is assumed to be double the diameter throughout the
calculation.
3.1. Control of the CD Process. The determination of

temperature-sensitive trays is an important step in the
construction of control structures.41 The temperature-sensitive
trays were chosen using a slope criterion. Figure 4 shows the
temperature and temperature difference profiles for the TCS
CD process. The temperatures of stage 14 in T1 and stage 39
in T2 can be controlled by manipulating the corresponding

reboiler duties. For T3, stage 20 is selected as the temperature-
sensitive tray.
The control structure of the CD process is shown in Figure

5. The behavior of the controllers is as follows: (1) the
pressures of both columns are controlled by manipulating the
condenser duty. (2) The liquid level at the bottom of each
column was controlled by the bottom material flowrate. (3)
The liquid level of T1 and T2 reflux drums is controlled by
manipulating the two distillate flows; the liquid level of T3
reflux drums is controlled by manipulating the reflux flow. (4)
The heat duty of the reboiler of each column was used to
control the temperature of the temperature-sensitive tray. (5)
The set value of the temperature controller was based on the
output of the product purity controller, forming a cascade
control.
The usual tuning rules are applied to regular control loops

with tuning constants of flow loops at Kc = 0.5 and τI = 0.3
min; level loops at Kc = 2.0 and τI = 9999 min; and pressure
loops at Kc = 10.0 and τI = 20 min. Relay feedback testing and
Tyreus−Luyben tuning rules are used to obtain the Kc and τI
for temperature and composition controllers. A dead time of 1
min and 3 min was inserted into the temperature and
composition control loop to allow for measurement delays.
The control performance of the control strategy was tested

by adding flowrate and composition disturbance. For the feed
flowrate disturbance, according to the actual fluctuation of the
stream in the industrial production process, the feed flowrate
was changed from 40,000 to 44,000 and 36,000 kg/h,
respectively. When the composition disturbance was added,
the feed composition changed to 0.02/0.96/0.02 (DCS/TCS/
STC) and 0.06/0.88/0.06 (DCS/TCS/STC). The disturbance
added in this work is relatively large for actual production and
sufficient for theoretical research. Disturbance is added when

Figure 5. Control strategy CS1 for the conventional distillation process.
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Figure 6. Closed-loop dynamic responses of the control strategy for CD: (a) feed flowrate disturbance and (b) feed composition disturbance.
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the simulation runs for 1 h, and the entire test process will last
for 20 h. Figure 6 shows the closed-loop dynamic responses of
the control strategy for the conventional distillation process:
(a) feed flowrate disturbance and (b) feed composition
disturbance.
The purity of the key component TCS is stable in the system

within 7 h after the feed flow is impeded, and the deviation of
the stable value of other variables from the set value is small.
The steady-state deviation increased slightly when the feed
composition was changed. The purity of the key component
TCS was not affected due to the strong effect of the
temperature-composition cascade control.
3.2. Control of the PSHID with Partial Heat

Integration. Table 2 shows that, among the three partial
heat integration methods, case 3 has the smallest TAC.
Therefore, a control strategy was designed based on the best
economic process in case 3. In Aspen dynamics, the
“Flowsheet equations” function was utilized to achieve partial
heat integration. The flowsheet equations for the PSHID with
partial heat integration is shown in Figure 7. For the
calculation, the heat-transfer coefficient, heat-transfer area,
T3 condenser temperature, and T1 reboiler temperature are all
required. The heat-transfer coefficient is 0.0020448 GJ/(h m2

K), the heat-transfer area is 250.97 m2, and the temperature

can be calculated using Aspen dynamics directly. The first
equation is used to calculate the heat removal rate of T3
condenser. The second equation is used to calculate the heat
input to T1 reboiler.
The control strategy for case 3 is shown in Figure 8. The

partial heat integrated control strategy and the conventional
distillation control strategy have some differences. This is due
to the fact that the partial heat integration process reduces the
degree of freedom of the control process. The main
distinctions are as follows: (1) The “flowsheet equations” are
used to calculate the load on the T3 condenser. As a result, T3
pressure will no longer be a free variable that can be controlled.
(2) Because the flowsheet equations calculate the T1 reboiler
load, the cascade control structure of T1 component-
temperature control is modified to control the T1
distillation/reflux (D1/R1) ratio. (3) To improve the control
structure’s ability to handle feed disturbances, a new ratio
control loop of reboiler duty to fresh flowrates (QR3/F3) is
being considered. The temperature controller now controls the
ratio of reboiler duty to fresh flowrates rather than the reboiler
duty. All liquid level controllers have KC of 2 and τI of 9999.
The feed flow controller parameters remain unchanged; KC is
0.5, and τI is 0.3. The temperature and component controller
parameters are shown in Table S4.

Figure 7. Equations for PSHID with partial heat integration.

Figure 8. Control strategy CS2 for case 3 with partial heat integration.
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Figure 9. Closed-loop dynamic responses of the control strategy for case 3: (a) feed flowrate disturbance and (b) feed composition disturbance.
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Then, the dynamic response of the control strategy is tested.
The feed flowrate and composition disturbance were added,
just like in conventional distillation. The disturbance was
introduced during the first hour of the simulation, which lasted
20 h in total. The dynamic response of the control structure in
case 3 is shown in Figure 9. Observing the control
performances indicates that within 6 h, they are all returned
to the value of the setpoint. With regard to the purity of three
products, despite the disturbances in the feed composition,
they are all kept at high purity. This demonstrates how well
this control structure can resist disturbance.
3.3. Control of the PSHID with Full Heat Integration.

As mentioned in Section 2.3, since T2 undertakes the main
separation task, its heat load is roughly equal to the sum of the
heat loads of T1 and T3. In order to achieve full heat
integration in this case, the steady-state parameters of the
distillation column need to be adjusted and optimized with the
goal of minimum TAC. The related design parameter results
are shown in Table 2. The greater the degree of heat
integration, the greater the economic advantages. At the same
time, the degree of freedom of control of the distillation
column decreases and the difficulty of control increases.

The flowsheet equations for the PSHID with full heat
integration are shown in Figure 10. The first equation is to
calculate the heat load of the reboiler for T1. The second
equation is to calculate the heat load of the reboiler for T3.
The third equation is to make the T2 condenser load equal to
the sum of the T1 and T3 reboiler loads to achieve full heat
integration. The heat exchange area is 257.23 and 154.63 m2,
respectively.
The PSHID control strategy with full heat integration is

shown in Figure 11. The parameters of the liquid level and
pressure control are the same as those in partial heat
integration control structure. The parameters for temperature
and composition control are shown in Table S5. It is worth
mentioning that, compared with conventional distillation and
partial heat integrated distillation, the control scheme of full
heat integration has the following differences: (1) a feed-
forward QR2/F structure is added to T2. The molar flowrate of
the feed and the ratio of the reboiler duty to feed flow are the
two input signals for this ratio control. (2) The control degree
of freedom of T3 is reduced from two to zero. The recycle
flowrate is set by the recycle-to-fresh feed flowrate (FREC/F)
ratio for column T3. Another degree of freedom is occupied by
the heat integration between the columns.

Figure 10. Equations for PSHID with full heat integration.

Figure 11. Control strategy CS3 of PSHID with full heat integration.
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Figure 12. Closed-loop dynamic responses of the control strategy for PSHID with full heat integration: (a) feed flowrate disturbance and (b) feed
composition disturbance.
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Figure 12 gives the dynamic responses of the control
strategy for PSHID with the full heat integration process: (a)
feed flowrate disturbance and (b) feed composition
disturbance, set up at 1 h. Both temperature control points
can swiftly revert to their set points, as shown in the
illustration. The purity of the product is maintained at a high
level, and the purity fluctuation of each column is controlled
within an acceptable range.

4. RESULTS AND DISCUSSION
The ISE is used to depict the dynamic performance of various
control systems since it is an effective indicator that can reflect
process variability.42,43 The ISE value is calculated using eq 1.

y y tISE ( ) d
t

t
sp 2

0

∫= −
(1)

In eq 1, t0 represents the initial time of the dynamic simulation,
t represents the final time, ysp represents the set value of
product purity, and y represents the actual purity of the
product during operation. According to the definition of ISE,
the smaller the value, the better the dynamic characteristics
and the stronger the anti-interference ability.
Table 3 shows the ISE indicators of the three products in the

face of different interferences for the three control structures.

Comparing the ISE values of the three different processes, it is
found that the ISE value of the CD process is the smallest, and
the ISE value of PSHID with full heat integration process is the
largest. This demonstrates that as the heat integration process
improves, the controllability of the system deteriorates, which
is consistent with our traditional thinking.
The time required for the three control strategies to restore

product purity was compared to the design value in the face of
feed flow disturbances. The conventional process, partial heat
integration, and full heat integration control structures took 7,
7, and 4 h, respectively. From an economic point of view, the
full heat integration process is economically optimal, and its
TAC is reduced by 27.39% when compared to the CD process,
as shown in Table 2. Combining the above two aspects, the full
heat integration control structure has the best dynamic
controllability and economy.

5. CONCLUSIONS
In this manuscript, the steady-state simulation and dynamic
performance of the TCS distillation process are investigated
under different heat integration processes. The sequential
iteration method is used to obtain the best design parameters
with the minimum TAC as the optimization goal. By adjusting
the operating parameters and rationally arranging the material
flow, three partial and one full PSHID processes were studied.
The PSHID with full and partial heat integration process can
reduce TAC by about 27.39% and 15.75%, as compared with
the CD process, respectively. For the CD process, a robust
cascade control strategy was developed, which can resist the
flowrate and composition disturbances. It is worth mentioning
that the snowball effect is eliminated or decreased by adding a
FREC/F ratio controller. Three partial heat integration
processes have been developed by investigating heat
integration between different distillation columns. In the
TAC comparison, case 3 had the best economic performance
and was chosen to design the control structure. After adding
QR/F feedforward control to T3, it can better deal with
disturbances. Full heat integration between the three columns
is achieved by adjusting the reflux ratio and operating pressure
of T2. Furthermore, after adding QR/F control, the full heat
integration process achieves a stable control effect. Finally, by
introducing the ISE evaluation index to analyze the anti-
interference ability of the control structure, the study found
that the ISE value of each control structure is very small,
indicating that they can resist the disturbance caused by the
feed flow and composition. The control strategy of full heat
integration is the most economic and does not increase the
difficulty of control when compared to other processes. This
research has implications for the purification of TCS and the
design of TCS control strategies in the polysilicon manufactur-
ing process.
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