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ABSTRACT: Process economy and dynamic controllability are critical for DMC/MeOH separation via the PSD process. In this
paper, rigorous steady-state and dynamic simulations of atmospheric-pressurized process for DMC/MeOH separation with no,
partial, and full heat integration have been carried out with Aspen Plus and Aspen Dynamics. Further investigations have been
conducted into the economic design and dynamic controllability of the three neat systems. Simulation results indicated that: the
separation process via full and partial heat integration provided TAC savings of 39.2 and 36.2%, respectively, compared to that of no
heat integration; the non-heat-integrated system displays good dynamic performance, critical dynamic penalties were demonstrated
for both partial and full heat integration processes, while the partial one exhibited a more robust control except for precisely
maintaining Xg,(DMC); a PCTC scheme with a CC/TC cascade control was proposed to precisely maintain the product
concentration for the fully heat-integrated PSD process. A comparison of the economy between atmospheric-pressurized and
pressurized-atmospheric sequences indicated that the former is more energy efficient. Further, a comparison of the economy
between atmospheric-pressurized and pressurized-atmospheric sequences indicated that the former is more energy efficient. This
study will provide new insights into the energy efficiency and has some implications for design and control of DMC/MeOH
separation in the industrialization process.

1. INTRODUCTION

A “green” chemical agent, dimethyl carbonate (DMC), is
widely used because of its excellent properties,”” is a building
block for its superior biodegradability and low toxicity, and
also an important methylating and carbonylating agent.
Synthesizing DMC through the urea methanolysis method is

the effective ways to solve the energy crisis with the utilization
of green separation process.

Several enhanced distillation techniques had been developed
to separate azeotropic mixtures, such as azeotropic, extractive,
pressure swing, and salt-addition distillation. Pressure-swing
distillation (PSD), a contamination-free and environmentally

friendly separation method,”~"* which avoids the disadvantage

a green route with numerous advantages: the raw materials

(urea and methanol) are cheap and easy to obtain, main
products are of high-quality DMC, and less impurity content
(byproduct ammonia).>~ Especially, higher reaction activities
and higher product selectivity of this reaction route make it a
safe and simple process and thus, the cost of production of
DMC could be significantly lowered. However, for a
minimum-boiling homogenous azeotrope DMC/MeOH gen-
erated under atmospheric pressure, it is difficult to achieve
effective separation using traditional distillation. Under the
double pressure of the environment and resources, it is one of

© 2023 The Authors. Published by
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of addition of an entrainer compared with extractive
distillation, is superior to other methods due to various
advantages, such as low operating costs, shortened process,
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easy control, simplicity of operation, and so on. This
technology displays remarkable separation performance for
azeotrope separation.

Recently, several schemes have been proposed in a large
collection of literature studies to develop the DMC/MeOH
separation strategy via PSD. Li et al.'* proposed an
atmospheric-pressured rectification process and regressed the
binary interaction parameters of the UNQUAC model
between MeOH and DMC. Zhang et al.” investigated an
atmospheric-pressured separation method for separating the
azeotrope produced via a urea methanolysis process, optimal
parameters were also proposed. In our previous research,'® an
atmospheric-pressured process based on the Wilson coefficient
model was proposed and global economic analysis was used to
develop a rigorous steady-state simulation.

Huang et al.'” developed an innovative transesterification
process for synthesizing DMC, which integrated reactive
distillation and PSD technologies, the results indicate that the
improved process can cut 18.6% of energy loss and 99.9%
conversion rate of propylene carbonate can be achieved. An et
al."® proposed an intensified reactive PSD process that could
achieve a total energy cost saving of 46.0%, a total annual cost
(TAC) saving of 34.3%, and a reduction of 45.0% in CO,
emissions, compared to the traditional heat-integrated PSD
process. It is found to be an eflicient and environmentally
friendly technology.

In the current study, there are still weaknesses in PSD
technologies, most notably a high energy consumption and low
thermodynamic efficiency. A growing number of scholars have
been interested in improving the thermodynamic efficiency of
PSD process, and numerous studies have now found that
remarkable energy savings can be achieved through the PSD
process with heat integration.'”~* These findings indicate that
the heat integration process has a higher thermal efficiency, less
energy consumption, greater economic advantages, and
environmental benefits than the conventional ones. However,
this energy-saving and eflicient technology makes the process
complex and difficult to control. Thus, effective control of
heat-integrated PSD process has become a key bottleneck
preventing its further improvement. Recently, many scholars
have conducted a considerable amount of research on control
of heat-integrated PSD process. Luyben® investigated the
dynamic performance of the fully and the partially heat-
integrated systems for THF/water separation, and the results
showed that only small disturbance can be accommodated.
Yu™ presented several fully heat-integrated control systems for
methyl/MeOH separation and proposed a pressure-compen-
sated temperature control (PCTC), which works fairly well for
the fully heat-integrated process in terms of large feed
disturbances. Zhu et al.”* explored three PSD schemes for
separating acetonitrile/methanol/benzene with no, partial, and
full heat integration, the fully heat-integrated process was
found to be more efficient and economical than others, but its
dynamic performance is inferior to that without heat
integration. Shan et al.*® developed three partial and one full
integration processes for THF/ethanol/water separation and
compared their control and economy, the results showed that
the controllability of the full integration process was slightly
inferior to the ones without heat integration. These studies®”*"
could accelerate the advance in the control strategy of heat-
integrated PSD processes and broaden the applications of
process design and control in industries.
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In recent years, a little attention was paid to improving the
thermodynamic efficiency and dynamic controllability of PSD
systems for DMC/MeOH separation. In previous studies, we
proposed a pressured-atmospheric distillation process for
DMC/MeOH azeotrope separation and a dual-temperature
control strategy to effectively handle 20% feed disturbances.
However, there were few recommendations in this study in
terms of the design and control strategy for the energy-saving
process. Zhang et al.*’ proposed a pressured-atmospheric
distillation system via partial heat integration for DMC/MeOH
azeotrope separation, which could reduce 20.01% TAC than
the one without heat integration, and a composition/
temperature cascade control structure exhibited robust
dynamic performance when 20% feed disturbances are
introduced. However, most of this work has studied the
design and control of the process with partial heat integration,
the controllability and economy of the process with and
without heat integration was not systematically discussed.

In this article, the economy and controllability of the DMC/
MeOH separation process with no, partial, and full heat
integration were systematically explored. Initially, an atmos-
pheric-pressurized process was presented, rigorous steady-state
optimization of the atmospheric-pressurized process with and
without heat integration were carried out via sequential
iteration optimization algorithm. Further, the controllability
of the with and without heat-integrated processes were
investigated in detail. A PCTC scheme with a CC/TC cascade
control was proposed to precisely maintain the product
concentration for the fully heat-integrated PSD process.
Finally, the two sequences of atmospheric-pressurized process
and pressurized-atmospheric'® process was compared in terms
of economy. This study will provide some implications for
design and control of DMC/MeOH separation in the
industrialization process.

2. STEADY-STATE DESIGN

2.1. DMC—MeOH System. Process data for atmospheric-
pressured conditions are as follows: 10.963 kmol/h fresh

Table 1. Binary Interaction Parameters of the Equations”

parameter by b; G
Wilson —333.61 —159.07 0
“Where i and j represent the DMC and MeOH, respectively.
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Figure 1. Experimental data of DMC and MeOH mixtures at different
pressures and its prediction with the Wilson model.

https://doi.org/10.1021/acsomega.3c00656
ACS Omega 2023, 8, 20450—20470


https://pubs.acs.org/doi/10.1021/acsomega.3c00656?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00656?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00656?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00656?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

&—

0.2 MPa
339K
-960.31 kW

1.2 MPa
417K
-576.86 kW

- PS -
|} : ; (] VL []
D2
1.2 MPa
37.636 kmol/h
61 RR=16 | 7 DMC 0.26
D=0.7m ST RrR=12 McOH 0.74
Fresh Feed D=05m 417K
0.1 MPa
10.963 kmol/h
DMC 0.11 LPC HPC
MeOH 0.89
385 K
B2
B1 LP Stream 1.2MPa HP
0.2 MPa 0.443 kmolh Stream
10.520 kmol/h DMC 0.995
DMC 0.005 MeOH 0.005
MeOH 0.995 735.37 kW 462K 690.41 KW
o 343K o~ 463 K
Figure 2. LP-HP flowsheet with the feed conditions, heat duty, and reflux ratio.
Table 2. Design Variables and TAC of the System with Heat Integration
no heat integration partial heat integration full heat integration
LP HP LP HP LP HP
Nstage 24 11 24 11 24 11
feed stage 6 7 6 7 6 7
D (m) 0.7 0.5 0.7 0.5 0.7 0.6
Qg, (kW) 735.3684 690.4104 —918.7280 —880.25
Qc, (kw) —960.3080 —576.8637 82.3626 724.9670 768.86
Ag (m?) 10.0455 6.0344 9.6106 9.2081
Ay, (mz) 14.8034 13.8984 1.6580 14.5940 15.4776
shell, (106$) 0.1076 0.0364 0.1050 0.0374 0.1026 0.0387
HX, (10°§) 0.0747 0.0638 0.0419 0.0417 0.0301 0.0433
energy, (106$/y) 0.1090 0.1023 0.0122 0.1075 0.1140
capital, (106$) 0.1842 0.1003 0.1469 0.0791 0.1335 0.0820
TAC, (106$/y) 0.1698 0.1385 0.0612 0.1338 0.0445 0.1413
total capital (10°8) 0.2827 0.2260 02155
total energy (10°$/y) 0.2113 0.1197 0.1140
TAC (10°§/y) 0.3056 0.1950 0.1858

flowrate with 89.1 wt % MeOH and 10.9 wt % DMC and a
small amount of NH; and CO,. The Wilson physical property
package in Aspen Plus is used to perform rigorous steady-state
simulations. The Wilson equation is given below

== Y| - )

j j

Gi%j

Zk T (1)
whereln 7; = a; + % +¢In T + d;T

The estimated regression parameters are shown in Tablel:

The mixture of DMC/MeOH forms a minimum binary
azeotropic mixture at 64 °C with 70 MeOH:30 DMC wt %
under atmospheric pressure. As shown in Figure 1, the
experimental data of DMC and MeOH mixtures at different
pressures and its prediction with the Wilson model is
compared, and the consistency between the measured values
and calculated values is good. The DMC concentration
gradually decreases as pressure increases. It is quite clear that
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a PSD process should be feasible and the pressure of the
pressured column is selected to be 1.2 MPa. The desired
product concentration in this binary system is assumed to be
99.5 wt % DMC and 99.5 wt % MeOH at the bottom of LP
and HP columns, respectively. Useful information for using
these simulators is obtained from Luyben."’

2.2. No Heat Integration in the Steady-State
Simulation. Flowsheet for atmospheric(LP)-pressurized (HP)
flowsheets with no heat integration is shown in Figure 2. The
fresh feed is sent to T1 at near 0.2 MPa, high purity MeOH
(>99.5 wt %) is then run off from the bottom of T1, and a
composition close to a new azeotrope(74 wt % MeOH and 26
wt % DMC) is distilled from the top. The overhead product
then flows into T2 (operated at 1.2 MPa), a high-
concentration DMC runs off from the bottom of T2, and
the overhead distillate is recycled back to T1.

The “Design Spec/Vary” function in Aspen Plus is used to
achieve the product concentration required in each column.

https://doi.org/10.1021/acsomega.3c00656
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Figure 3. LP-HP distillation flowsheet with partial heat integration.
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Several design degrees of freedom exist in this LP-HP
distillation system: the number of trays (Ny), the feed tray
location (Nj), the distillate flowrate D, and the reflux ratio RR.
By minimizing the TAC of the whole system, the optimal
operating conditions were determined. Traditionally, TAC has
been adopted as the objective function to be minimized by
adjusting parameters (N7, Ny, etc.) in the design. “Tray sizing”
function in Aspen Plus was used to determine the size of the
two columns, and sieve plate was selected. Condenser and
reboiler heat-transfer areas are calculated by the overall heat-
transfer coeflicient and condenser/reboiler temperature differ-
ence. After optimization of the parameters, the optimal design
variables and the minimum TAC of the LP-HP distillation
system with no heat integration are shown in Table 2.

The flowsheet with detailed simulation results is shown in
Figure 2. The reboiler heat input is 735.37 kW for the LP
column and 690.41 kW for the HP column, respectively. The
condenser heat removal is 960.31 kW for the LP column and
576.86 kW for the HP column, respectively. Notably, the reflux
drum temperature of the HP column (417 K at 1.2 MPa) is
higher than the bottom temperature of the LP column (339 K
at 0.2 MPa); thus, heat integration should be considered to
decrease the energy consumption.

2.3. Partial Heat Integration in the Steady-State
Simulation. Achieving partial heat integration in this system
requires that Q, not be completely equal to Qy,, that is, an
auxiliary reboiler is required. As shown in Figure 3, Qc, is used
as a portion of Qg;, with a steam-heated auxiliary reboiler
heated by the LP stream providing the remaining heat. The
reboiler in the HP column was driven by the HP stream.

Partial heat integration optimization using the sum of the LP
column auxiliary reboiler duty Q.. and the HP column
reboiler duty Qg, as the total energy consumption. Based on
the no integration optimization results, optimization proce-
dures for partial heat integration are as follows:
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By manipulating the flowrates of the two streams at the
bottom, two product purities are maintained by the Aspen
“Design Spec/Vary” function. In both columns, reflux ratios
are the variables for design optimization, which are varied until
the reboiler energy consumption (the sum of Qg; and Qg,) is
minimized. The optimization results are RR; = 1.6 and RR, =
1.2.

The optimized operating parameters of the partial heat
integration system are shown in Figure 2, and the total energy
consumption is 807.33 kW (Qg; = 82.36 and 724.97 kW). In
this case, the HP column condenser’s heat load is —611.14 kW.
The partially heat-integrated process could be recommended
here for energy saving, which has been widely investigated in
the open literature.

A condenser could transfer 918.73 kW of energy into the
column and a stream-heated auxiliary reboiler could supply the
remaining energy requirement of 693.50—611.14 = 82.36 kW.
The heat-transfer coefficient is chosen to be 3.06 X 107> GJ
h™ m™ °C (0.85 kW/(K-m?)), and the area of the auxiliary
reboiler is 1.6580 m?.

The optimal system parameters and various cost data of this
system with partial heat integration are revealed in Table 2.
Figure 3 demonstrates the partially heat-integrated process
with detailed stream information, operating conditions,
equipment sizes, and heat duties under steady-state conditions.

2.4, Full Heat Integration in the Steady-State
Simulation. In this part, the LP-HP flowsheet with full heat
integration is studied. The heat input Qg, in the HP column is
the only energy input. The “Design spec/Vary” feature in
Aspen Plus is used to adjust the bottom flowrates to achieve
the product concentration (99.5 wt % MeOH in the LP
column and 99.5 wt % DMC in the HP column).

To achieve full heat integration, the sum of the condenser
heat removal Q, in the HP column (a negative value here)
and the reboiler heat input Qg, in the LP column must equal 0;

https://doi.org/10.1021/acsomega.3c00656
ACS Omega 2023, 8, 20450—20470
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Figure 4. Optimal sequence for the fully heat-integrated PSD process.

that is, it reaches a minimum for total energy consumption
though this “neat” configuration. Meanwhile, the requirement
that the reboiler heat input Qg be equal to the condenser heat
removal rate Qc, results in a loss of degrees of freedom. Figure
4 illustrates a sequential iterative optimization sequence for the
fully heat-integrated PSD process.

In addition, the full optimization is guided by the following
optimization procedures: (1) in Aspen Plus, the “Design Spec/
Vary” features was used to adjust the bottom flowrate in each
column block to meet the desired purity level. It is the same
specification for the product purities in all cases. (2) In order
to run steady-state simulations in Aspen Plus that rigorously
capture the neat heat integration, the “flowsheet design
specification” was used to make “Qg; = —Q¢,”. RR; in the
HP column was chosen as the manipulated variable. Thus, RR,
was varied by the flowsheet design spec to make “Qg; = —Qc,”.
(3) Fixing the reflux ratio RR; in the LP column, three
variables (B;, B,, and RR,) were used to achieve the two
product compositions and to make the magnitude of the heat
duties equal while the sign is opposite. (4) Next, varied RR, to
minimize the heat input to the reboiler of the HP column Qg,.

The reflux ratio in the HP column RR, was selected to be
the manipulated variable, which was varied in the “flowsheet
design spec” to make Qg; equal to —Q,. As shown in Figure S,
the optimum reflux ratio RR; is 1.5, the corresponding total
heat input Qg, is 139.61 kW, Q, is —612.3 kW, and RR, is
1.30.

The detailed simulation results of the fully integrated system
are illustrated in Table 3 and the design conditions and cost
data for the LP-HP distillation system with full heat integration
are illustrated in Table 2; overall estimates of equipment sizing
and capital costs are borrowed from Luyben and Turton."'
The economizers are sized with the selection of a minimum
range of temperatures from 10 to 15 °C. The total heat-transfer
coefficient is chosen to be 3.06 X 107 GJ h™ m™ °C (0.85
kWm™ °C). The temperature difference in the condenser of
the LP/HP column and a suitable total heat-transfer coefficient
can be used to calculate the heat-transfer area; the calculated
heat-transfer area of the heat exchanger is 10.45 m?

The steady-state flowsheet with full heat integration is
illustrated in Figure 6, which includes details of the operating

RR,

1.0 1.5 2.0 2.5 3.0
RR,
1200
1000
= 800
1
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O 400
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0
1.0 5 2.0 2.5 3.0
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Figure S. Effect of RR; on Qg Qc, and RR,.
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Table 3. Simulation Results of the Process with Full Heat Integration
F D, B, D, B,
temperature, (K) 385.1 341.4 453.7 339.1 343.3
pressure, (MPa) 0.493 0.118 091 0.109 0.124
mole flow, (kmol/h) 10.963 32.877 0.449 33.326 10.512
mass flow, (kg/s) 0.105 0.343 0.011 0351 10.094
enthalpy, (MMBtu/h) —2.204 —7.984 —0243 —8.569 -2.335
density, (Ib/cuft) 0.336 0.327 14.420 49918 46.348
mass flow, (kg/s)
DMC 0.012 0.074 0.011 0.085 0.001
MeOH 0.093 0.266 5.56 x 107° 0.266 0.093
mass frac
DMC 0.11 0.217 0.995 0.242 0.005
MeOH 0.89 0.783 0.005 0.758 0.995
! : ik g
0.2 MPa 1.2 MPa H o
-880.25 kW -654.71 kKW o
am - - D2
¢ -t Pitam a— 1.2 MPa
D1 39.718 kmol/h
0.2 MPa DMC 0.22
33.329 kmol/h McOH 0.78
DMC 0.26 341 K
— — = - - - - [} —
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Figure 6. LP-HP distillation flowsheet with full heat integration.

HP Stream
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conditions, stream information, thermal load, and equipment
sizing.

Using TAC as the objective function, a detailed comparison
economic is obtained (Table 2). The TAC of the overall
process with full heat integration is 0.1858*10°/y, the TAC
with no heat integration is 0.3056*10°$/y, and the TAC of the
overall process with partial heat integration is 0.1950%10°$ /y.
These results show that separation via full heat integration can
cut the TAC by as much as 39.2% and that partial heat
integration can reduce the TAC by as much as 36.2%.

The behaviors of the temperature and concentration profiles
for the LP-HP system are demonstrated in Figure 7. A sharp
composition change is observed near the ninth tray of the HP
column as DMC gathers at the bottom of the HP column and
MeOH gathers at the bottom of the LP column. A fairly steep
temperature slope is also observed near the ninth tray of the
HP column. Therefore, the ninth tray is chosen as a sensitive

20455

plate for the HP column, and the twentieth tray is chosen as a
sensitive plate for the LP column.

3. CONTROL SYSTEM DESIGN

After the reflux drum and base volume were specified, Aspen
Plus files were converted into pressure-driven dynamic
simulations, when the vessels were half full, the flash drum
was sized to provide 5 min of holdup. The majority of valves
were specified to have pressure drops of approximately 300
kPa, and pumps were inserted to provide adequate pressure
drops over valves. The default control strategy' = * is
reconstructed as discussed below.

3.1. System with No Heat Integration. When the
process is not heat-integrated, the two columns have
independent condensers and reboilers. The bottom temper-
ature and the reflux ratio in each column can be used as
simultaneously controlled variables. Accordingly, the bottom
temperature changes immediately with the heat input to the

https://doi.org/10.1021/acsomega.3c00656
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Figure 8. Nonheat-integrated control structure.

reboiler. In addition, both the two top pressures can be

controlled.
Except for four liquid level controllers, all other controllers

used PI controllers. Level controllers on both columns were

proportional with a gain of 2. Pressure loops on both columns
had proportional and integral settings of Kc = 20 and 7, = 12
min. The proportional and integral settings on the flow control

loops for both columns were Kc = 0.5 and 7, = 0.3 min. 1 min
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Figure 9. Dynamic responses for the nonheat-integrated process: (a) feed flowrate disturbances. (b) Feed composition disturbances.
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was set as the deadtime for the temperature controller. Based
on Tyreus and Luyben tuning rules provided in Aspen
Dynamic, tuning constants were determined via relay feedback
tests. LP column temperature loops were tuned first by the
iterative tuning procedure and then HP column temperature
loops. In this procedure, the tuning parameters from the relay
feedback test were repeated until convergence is achieved.
Figure 8 illustrates this control scheme, in which two
reboiler heat inputs are manipulated by two-temperature
controllers, respectively. The pressure in the HP column is
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controlled, and the reflux ratio in each column remains fixed. A
Qg /F ratio controller, with its ratio reset by TC1, is used in
the LP column.

The characteristics of the loops are as follows:

(1) The pressure in each column is controlled by
manipulating the condenser heat removal (reverse
acting).

(2) The reflux ratio in each column is controlled.

(3) The feed is flow-controlled (reverse acting).
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Figure 11. Control structure with the partial heat integration-PHICS]I.

(4) The reflux drum level in each column is controlled by
manipulating the distillate flow (direct acting).

(5) The temperature on stage 20 in the LP column is
controlled by manipulating the reboiler heat-input-to-
feed ratio (Qg,/F,).

(6) The base level of each column is controlled by
manipulating the bottom flowrate (direct acting).

Dynamic performance of the control scheme NHICS was
evaluated with 20% flowrate and composition disturbance
tests. Figure 9a,b demonstrates the performance of the NHICS
for a 20% step change in the feed flowrate and composition
disturbances, respectively. Solid lines depict a 20% step
increase while dashed lines represent a 20% step decrease at
0.2 h.

As shown in Figure 9, the product purities Xz,(DMC) and
Xp,(MeOH) are very close to their set point of 99.5 wt %
during the transient disturbances. The transient deviation in
Xg(MeOH) is approximately 2200 ppm, and the transient
deviation in Xg,(DMC) is below 1 ppm for large disturbances
in the feed flowrate. Figure 9a demonstrates the dynamic
performance of this system for a 20% increase and decrease in
feed composition disturbances at 0.2 h. The transient deviation
in Xz, (MeOH) is approximately 175 ppm and the transient
deviation in Xp,(DMC) is approximately 1 ppm for these
composition disturbances.

Altogether, the transient deviations in both Xg;(MeOH) and
X (DMC) are very small in the face of 20% feed disturbances.
These results indicate that the nonheat-integrated system
exhibits good dynamic performance.

3.2. System with Partial Heat Integration. 3.2.1. Basic
Control Structure PHICS1. The “Flowsheet Equations”
function in Aspen Dynamics was used to implement the
partial integration control (Figure 10). HP column heat
removal rate Qc, and the input to the auxiliary reboiler Q,.,
were calculated from the first and second equations,

respectively. For partial heat integration, no pressure controller
was used on the HP column, it floated depending on operating
conditions. Furthermore, in the LP column, the reboiler heat
input was not specified. As shown in Figure 11, the
temperature controller loop in the LP column was
disconnected from the pressure controller in the HP column
and the top pressure indicator in the HP column was set to
manual.

After compiling the flowsheet equations, two variables—the
reboiler heat load to the LP column Qy; and the condenser
load in the HP column Qg,—were overspecified, which must
be changed from “fixed” to “free”. These changes were
achieved by implementing the following operations: clicked on
the respective column, selected “forms” and “all variables” and
scrolled down to the appropriate variable; changed the
variables “Qg.,” (LP column) and “condenser(1). Qy” (HP
column) from “fixed” to “free”, respectively. The partial heat
integration flowsheet is now correctly specified.

Figure 11 displays the basic control strategy of the system
with partial heat integration. A feed forward ratio control
structure “Q,./F,” is added between the feed and the heat
input to the auxiliary reboiler to improve dynamic perform-
ance. The output signal from temperature controller TC1 is
one input to the feedforward controller “Q,./F,”, and the
output of the multiplier “Q,./F,” is disconnected. The
auxiliary reboiler heat input “Q,,,” is proportional to the feed
rate F}, and the ratio is adjusted by TC1. A multiplier block is
used to set up this ratio scheme, with the feed flowrate F
(kmol/h) and the ratio “Qg; (GJ/h) to F” as two input
variables. According to our simulation results, the auxiliary
reboiler duty is 76.66 kW (0.28 GJ/h) and Q,,./F, = (0.28 GJ/
h)/(10.96 kmol/h) = 0.0255.

As shown in Figure 12a, the response of PHICS1 with 20%
step changes in the feed flowrate illustrates that stable
regulatory control can be achieved.
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Figure 12. Dynamic responses for PHICS1: (a) 20% feed flowrate disturbances and (b) 20% feed composition disturbances.

Similar results are observed in Figure 12b for a 20% increase
and decrease in the feed composition at 0.2 h. The largest
transient deviation of Xp,(DMC) decreased from 0.995 to
0.990 wt % for the +20% feed flowrate disturbance, and the
largest transient deviation of Xp,(DMC) decreased from 0.995
to 0.992 wt % for the +20% feed composition disturbance.

The largest transient deviation of Xy (MeOH) decreased
from 0.995 to 0.993 wt % for the +20% feed flowrate
disturbance, and the transient deviation in Xz, (MeOH) is very
small for feed composition disturbances, whereas a slight
deviation in Xg,(DMC) is observed in other cases.

It was observed that regardless of a +20% flowrate and
composition disturbance, the system handles these disturban-
ces well, except for the bottom purity Xz, (DMC). While the
transient deviation of Xg,(DMC) was more significant than
that of Xz (MeOH). Particularly, it took more time for
Xp,(DMC) than Xg,(MeOH) to regain stability after
deviation.

20459

3.2.2. Improved Control Structure PHICS2. A ratio block,
where the reboiler heat load Qg, of the LP column is
proportional to feed flowrate F, is used to improve the dynamic
performance of PHICSI. This improved structure with an
additive feed forward scheme is shown in Figure 13.

The total reboiler heat duty of the LP column is then given
as the output signal of the multiplier block “Qg./F”, which
acts as one input signal of a summation block; another input
signal of the summation block is from “T'C1” but opposite in
sign, and the output signal of the summation block is the heat-
transfer rate of the auxiliary reboiler Q.. With such a
structure, the steam flow to the reboiler will immediately
change as the feed flowrate changes. Here, the auxiliary
reboiler Q,,, is adjusted by the temperature controller “TC1”
to trim up the heat input. The total heat input Qg is the sum
of Q,.x and Qc, (negative in sign), and the ratio of “Qgg to F”
is (2.64 GJ/h)/(10.963 kmol/h) = 0.24. Additionally, the ratio
could be adjusted via the HP column temperature controller
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TC2. The “flowsheet equations” function in Aspen dynamics
was used to implement this control, as illustrated in Flgure 14.
Using relay-feedback tests and Tyreus—Luyben tuning,** the
ultimate gain and periods were determined. In this improved
control structure, PHICS2, the tuning parameters of the two
temperature controllers were changed only slightly.

The effectiveness of the partial heat integration system for a
20% step in the feed flowrate and feed composition is
demonstrated in Figure 15ab, respectively. The largest
transient deviation of Xp,(DMC) decreased from 0.995 to
0.991 wt % for the +20% feed flowrate disturbance, and the
largest transient deviation of Xp,(DMC) decreased from 0.995
to 0.993 wt % for the +20% feed composition disturbance.
These changes occur because the changes in the parameters for
the HP column are not floating under the operating
conditions. The Qg; and Qg, increase with increasing feed
flowrate. Figure 15a,b also reveals that the improved control
structure PHICS2 performed well for these large disturbances,
resulting in control performances similar to those of nonheat
integration.

Notably, PHICS?2 usually performed better than PHICS]1 for
it exhibited tighter control and smaller transient deviation,
while large deviations in Xp,(DMC) were also observed
regardless of feed flowrate or composition disturbances,
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displaying control performances similar to those of PHICSI.
This is indeed a limitation for PHICS2.

3.3. System with Full Heat Integration. Full heat
integration was implemented via appropriate equations
described in the text editor window (Figure 16) in Aspen
Dynamics, which was achieved using flowsheet equations. The
first equation calculates heat removal rate Qg; of the LP
column, which obeys the first law of thermodynamics. In the
second equation, heat removal rate Qg; and heat input rate Qc,
are equal but of the opposite sign. These two conditions must
be satisfied simultaneously. Because the reboiler heat input Qg,
and condenser heat output Qc, lose their degrees of freedom.
These variables must, therefore, be changed from “fixed” to
“free”. This operation is similar to that of the partial heat
integration.

For the “neat” heat integration, the LP and HP columns are
highly intercoupled and interacted. Meanwhile, the heat
transfer in the condenser/reboiler must be equal to the
product of the area, the overall heat-transfer coefficient, and
the current temperature difference between the reflux drum of
the HP column and the base of the LP column.

The temperatures of the condenser/reboiler both change
dynamically with pressure and composition change. The
pressure in the HP column is not controlled but varies with
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operating conditions. A disturbance in the LP column can be
directly transmitted to the HP column, which will inevitably
lead to control issues.

3.3.1. First Control Structure FHICSI. The preliminary
control structure—FHICS]1, in which two reflux ratios RR;
and RR, are both fixed, is shown in Figure 17. With the
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exception of the default controller, three features differ from
those of the other control structures: the pressure P2 in the HP
column is not controlled but floats (on manual); the output
signal of TC1 is Qg,, and the output signal of TC2 is RR,. The
temperature controller TC2 is “direct acting”. This control
system operates steadily. Making the reflux ratio fixed in the
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Table 4. Temperature Controller Tuning Parameters for Each Control Structure
parameters NHICS PHICS1 PHICS2 FHICS1 FHICS2 PCTC
TC1 TC1 TC1 TC1 TC1 TC1
controlled variable Ty = 340 T = 341 Ty = 341 Ty = 340.7 Ty, = 340.7 T = 340.7
manipulated variable Qri/F, Qri/F, Qri/F, Qra FQg, ratio RR,
transmitter range (K) 250—450 250—450 250—450 250—450 250—450 250—450
controlled output range (W) 0-7.77 X 10° 0-0.39 x 10° 0-0.39 x 10° 0-0.28 x 10° 0-1.0 x 10° 0-4.32 x 10°
Kc 2.78 14.27 14.27 25.6 25.6 15.9
7, (min) 11.88 528 5.28 2.64 2.64 528
TC2 TC2 TC2 TC2 TC2 TC2
controlled variable Ty = 417.7 Ty = 417.7 To = 4269 Ty = 427 Tyo = 426.9 T, = 426.9
manipulated variable Qr2 Qrz Qrz RR, RR, RR,
transmitter range (K) 250—600 250—600 250—600 250—600 250—600 250—600
controlled output range (W) 0-0.81 x 10° 0-0.28 x 10° 0-0.28 X 10° 0-2.16 X 10° 0-2.16 x 10° 0-2.6 x 10°
Kc 0.5 3.62 3.62 3.365 3.36 3.81
7, ((min) 3 9.24 9.24 11.88 11.88 9.24
CC1
controlled variable x(DMC)
manipulated variable Ty
transmitter range 0-2.00
controlled output range (W) 250—450
Kc 1
7, (min) 20

LP-HP process for this alternative control structure FHICS1
appears to be the logical choice; however, the temperatures are
affected much less by the reflux ratio than by vapor boil-up.
Thus, the ability to maintain the bottom products of the LP
column is not as effective as expected.

Figure 18a shows the performance of the structure FHICS1
for 20% step changes in the feed flowrate disturbances. As the
feed flowrate increases at t = 0.2 h, the two bottom flowrates
(B, and B,) and two distillate flowrates (D; and D,) all
increase. The ninth tray temperature of the HP column
increases from 461 to 467 K, and it returns to its set point in 1
h with regulation by the temperature controller. This loop is
relatively fast due to the short integral time (11.88 min).

The largest transient deviation of XB;(MeOH) decreased
from 0.995 to 0.982 wt % for the +20% feed flowrate, and the
largest transient deviation of XB,(DMC) decreased smoothly
from 0.995 to 0.992 wt % for the +20% feed flowrate
disturbance. Such feed flowrate increases make the temper-
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ature in the stripping section decrease, enabling a greater
amount of light components to escape from the bottom.

The effectiveness of FHICSI1 for 20% step changes in feed
composition disturbances are illustrated in Figure 16b, their
fluctuation trend is similar except that the transient deviation
in Figure 18a is slightly smaller. Moreover, the new steady-state
values of FHICS1 deviates from their previous steady-state
values. Consequently, a feed forward ratio control strategy is
proposed to improve the dynamic performance of FHICS],
where the reboiler heat input Qg, of the HP column is
proportional to the feed flowrate F. Figure 20 depicts this
improved control strategy.

3.3.2. Second Control Structure FHICS2. A multiplier block
with two input signals was added to the FHICS1: one input is
the feed flowrate F and the other is the Qg,-to-F ratio. The
steady-state value of the ratio is 12.63 (GJ/h)/20.90 (kmol/h)
= 0.6043. The ultimate gains and periods of the two
temperature controllers were obtained by relay-feedback
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Figure 18. Dynamic responses forFHICSI: (a) 20% feed flowrate
disturbances and (b) 20% feed composition disturbances.

tests; the tuning parameters were found to remain almost
unchanged for FHICS2 (Figure 19).

The effectiveness of this structure is illustrated by comparing
the dynamic response with that of FHICS1. Figure 20a,b
compares the responses of the two systems for the +20%

HPC-LPC LPC-HPC
HPC LPC LPC HPC
Nitage 32 26 24 11
feed stage 10 7 6 7
D (m) 0.53 0.63 0.67 0.48
Qr (kW) 785 620 7358 690
Qc (kw) 701 1000 —960 -577
Ac (m?) 7.3288 32.2683 10.0455  6.0344
Ag (m?) 15.8025 19.0183 14.8034  13.8984
shell (10°8) 0.1070 0.1072 0.1076 0.0364
HX (10°$) 0.0705 0.1193 0.0747 0.0638
energy (10°$/y) 0.1160 0.0926 0.109 0.1023
capital (10°$) 0.1770 0.2264 0.1824 0.1003
TAC (10°$/y) 0.1760 0.1680 0.1698 0.1358
total capital (10°$) 0.4034 0.2827
total energy (10°$/y)  0.2086 0.2113
TAC (10%§/y) 0.3440 0.3056

disturbances in the feed flowrate and feed composition; the
solid lines represent FHICS2 and the dashed lines represent
FHICS1. According to the general case, when the Qg/F
controller control structure is applied, the transient deviation
should be relatively smaller than when it is not applied.
Instead, the results shown in Figure 20a indicate that the
disturbances are larger than those when unused. There are
large transient dips in Xg;(MeOH) and Xg,(DMC). The
largest transient deviation of Xz (MeOH) decreased from
0.995 to 0.975 wt %, and the largest transient deviation of
Xp,(DMC) decreased from 0.995 to 0.984 wt % for the +20%
feed flowrate disturbance. These results are attributed to the
rapid decrease in Qg, caused by the ratio controller “Qy/F’,
which allowed more of the volatile component MeOH to
escape from the bottom of the HP column. The purity of the
DMC product in the HP column goes through a large transient
(decrease to 0.987 wt) because the top pressure of the HP
column is uncontrolled but floating with the operation status
and the bottom temperature of the HP column is fixed. The
reboiler input increases with increasing feed flowrate; in turn,
this results in a rise in HP column operating pressure, then a
greater concentration of MeOH formed on the sensitive plate
and gathered at the tops of the pressured column.

According to the distillation theory, a higher DMC
concentration in the feed results in a higher overhead pressure
of LP column; therefore, a higher MeOH concentration will be
produced on the sensitive plate and a higher concentration of
the light component will come out from the bottoms that is the
reason why a slightly larger transient decrease occurs in
Xg(MeOH) and Xg,(DMC) for FHICS2 than FHICSI.

Simulation results show that a full integrated system cannot
effectively maintain the product concentration well. Because
the HP column pressure is not controlled but floats, the energy
needed in the condenser/reboiler alters with the feed flowrate
and feed composition, then higher HP column operating
pressure is produced and larger condenser/reboiler temper-
ature difference is achieved to ensure the LP column reboiler
heat input. If the HP column temperature controller setting is
fixed, a lower DMC concentration on the sensitive plate is
achieved, and more MeOH will escape from the base, so it is
not feasible for the fully heat-integrated PSD process to
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Figure 19. Control structure with full heat integration-FHICS2.

maintain the sensitive plate temperature. Solving this problem the feed flowrate and feed composition, which are illustrated in
requires a PCTC. Figure 24a,b, respectively.

3.3.3. Pressure-Compensated Temperature Control. Table 4 shows the temperature controller tuning parameters
PCTC has been studied previously. A partially heat-integration for each control structure.
system with PCTC for THF/water separation has been Stable column operation can be achieved for 20%

f 34 . .

discussed by Luybgn. A full heat-integrated system with throughput changes. Two product purities, X, (MeOH) and

PC};C for separating methylal/methanol was proposed by X3, (DMC), both return to the desired specifications 99.5 wt%

Yu.”” Based on these simulation results, a fully heat-integrated in about 3 h. In particular, this proposed composition/
. . . )

PS]? system with PCTC appears to p e.r.for.m well. Prior to temperature (CC/TC) cascade control structure has an

setting up PCTC, the vapor-liquid equilibrium data need to excellent dynamic performance for a 20% decrease in feed

be calculated. After the data were acquired from the steady-
d 4 flowrate, which is attributable to the two reflux ratios, RR; and

state simulation, the bubble-point temperature of the liquids ) i ]
(in stage 9 of the HP column) was plotted against the pressure RR,, not being held constant but instead allowed to vary with

for this mixture (in the range of 10—1S bar); the plot is shown TC1 and Ty, respectively. Furthermore, as the total feed

in Figure 21. Using the following equation, the pressure- flowrate increases, the ascending velocity of vapor decreases,

compensated temperature was calculated based on the fitted leading to a decrease in the sensitive plate temperatures T, (in
data with a straight line with a slope of 3.3486 LP column) and Ty (in HP column).

According to analysis, for the LP column, the CC/TC

Tpe = T9-3.3486 X (P-12) cascade control was used, sensitive plate temperature T, in the

LP column increased while the feed flow decreased, which
where T, is the stage 9 temperature of the HP column, P is

the top pressure of the HP column, and Tp is the process
variable signal fed into controller TC2 (Figure 23).

A PCTC is implemented using “flowsheet equations”
function in Aspen Dynamics (Figure 22), which is compiled

by the third equation. ) !
Figure 23 illustrates the PCTC scheme, reflux ratio RR, is reboiler heat input Qg and condenser heat removal Qc,.
Particularly, this PCTC with a CC/TC cascade control scheme

results in an increase in RR;; thus, Xg;(MeOH) will return to
the desired values after fluctuation adjustment.

For the HP column, the distillate flowrate D,, that is, the
feed flowrate into the HP column decreases as the reflux ratio
RR; decreases, which resulted in a reduction in both the

varied with the pressure-compensated temperature. A

composition controller that detects the MeOH concentration accelerates signaling between the two columns. Thus, it took
in the bottom of LP column and a “dead time” element with a less time for X3,(DMC) to return to the initial values after
dead time of 3 min were added in the control loop. The fluctuation adjustments, even in the face of 20% feed flowrate
dynamic effectiveness is verified by the same disturbances in and feed composition disturbances.
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4. RESULTS AND DISCUSSION

4.1. Comparison of Different PSD Separation
Sequence. Among the numerous literature studies, two
separation sequences, LPC-HPC and HPC-LPC, are com-
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monly reported to achieve azeotrope separation. Based on our
previously published case report, a pressurized-atmospheric
process for separation of DMC/MeOH azeotrope without heat
integration'> is shown in Figure 25a, the atmospheric-
pressurized process proposed in this paper is shown in Figure
25b, and the optimal design parameters obtained by minimum
TAC are shown in Figure 26. The comparison of the design
variables and minimum TAC for two separation sequences are
presented in Table S. It is evident that the energy cost of the
LPC-HPC sequence is 0.2113*e° $/y, only 1.29% more than
HPC-LPC sequences, while the TAC of the LPC-HPC
sequence is 0.3056%e® $/y, with a reduction of 11.16%
compared to HPC-LPC sequences. Considered together, the
LPC-HPC process is favored over the LPC-HPC process in
energy-saving potential.

Consequently, in the present study, this energy-efficient
atmospheric-pressurized process was proposed for separating
the DMC/MeOH azeotrope.

4.2, Economy of the Process with No, Partial, and Full
Heat Integration. The economic performance of the
atmospheric-pressurized process for DMC/MeOH separation
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Figure 23. PCTC structure with CC/TC cascade control.

with no, partial, and full heat integration is shown in Table 2,
the TAC with no, partial, and full heat integration are
0.3056*10° $/y, 0.1950%10° $/y, and 0.1858*10° $/y,
respectively, and the separation via full heat integration can
cut the TAC by as much as 39.2% and that partial heat
integration can reduce the TAC by as much as 36.2%.
Evidently, the full heat integration process was more energy
efficient.

4.3. Controllability of the Process with No, Partial,
and Full Heat Integration. The dynamic controllability of
the process with no, partial, and full heat integration were
evaluated by introducing feed flowrates and composition
disturbances. In the face of 20% feed disturbances, good
dynamic performance has been demonstrated for non-heat-
integrated systems when faced with 20% feed disturbances: the
transient deviation of Xy, (MeOH) and Xg,(DMC)
approximately 2200 and 1 ppm for large feed flowrate
disturbances; during the transient, the product purities
X5 (DMC) and Xg,(MeOH) are very close to their desired
values.

For the partially heat-integrated process: in PHICS]I, a feed-
forward ratio control structure “Q,,/F,” was added to improve
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dynamic performance, feed interferences were well handled
with stable regulatory control achieved; nonetheless, the largest
transient deviation of Xp;(MeOH) decreased from 0.995 to
0.993 wt % for +20% feed flowrate disturbance; while the
transient deviation in Xp;(MeOH) is very small for feed
composition disturbances, the largest transient deviation of
X3, (DMC) decreased from 0.995 to 0.990 wt % for +20% feed
flowrate disturbance and the largest transient deviation of
X5, (DMC) decreased from 0.995 to 0.992 wt % for +20% feed
composition disturbance. This reveals that the system was able
to respond well to these disturbances except for X, (DMC),
particularly, it took more time for Xy,(DMC) than
Xg;(MeOH) to regain stability after deviation. In PHICS2, a
ratio block “Qg./F’ and summation block were used, which
resulted in control performances similar to those of non-heat
integration; slightly large deviations in Xp,(DMC) were
displayed for disturbances in both feed flowrate and feed
composition: the largest transient deviation of Xg,(DMC)
decreased from 0.995 to 0.991 wt % for the +20% feed flowrate
disturbance and the largest transient deviation of Xg,(DMC)
decreased from 0.995 to 0.993 wt % for the +20% feed
composition disturbance.
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Figure 24. Dynamic responses for the PCTC structure: (a) 20% feed flowrate disturbances and (b) 20% feed composition disturbances.
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Figure 25. Two separation sequences: (a) HPC-HPC and (b) LPC-HPC.

For the fully heat-integrated process, critical dynamic
penalties have been demonstrated for FHICS1: the largest
transient deviation of XB;(MeOH) decreased from 0.995 to
0.982 wt % for +20% feed flowrate disturbance and the largest
transient deviation of XB,(DMC) decreased smoothly from
0.995 to 0.992 wt % for +20% feed flowrate disturbance. The
fluctuation of the feed composition was similar to those
observed for feed flow disturbances. Similar dynamic penalties
are also demonstrated for FHICS2.

A PCTC structure with CC/TC cascade control can reduce
oscillations and return to a new steady state faster than
FHICS1 and FHICS2. Especially, it could maintain the
product purity accurately.
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5. CONCLUSIONS

An atmospheric-pressurized process for DMC/MeOH separa-
tion with a heat-integrated PSD was presented in this paper.
The economic performance of atmospheric-pressurized and
pressurized-atmospheric sequence was compared. It was
proved that the former was more energy eflicient. Different
types of heat-integrated systems were investigated to save
costs, including no, partial, and full heat integration. Several
optimized configurations were proposed using the developed
optimization method with the commercial software Aspen
Plus. It was revealed that the fully heat-integrated process is
more competitive than the other processes from an economical
viewpoint.
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Figure 26. Effects of operation parameters on TAC and Qr: (a) HPC-LPC process and (b) LPC-HPC process.

Several control schemes for this process were explored,
ranging from no integration to full heat integration. Critical
dynamic penalties were demonstrated for both full and partial
heat integration, while partial heat integration provides much
more robust control. Their respective dynamic performance
was compared and demonstrated in detail. These proposed
control structures with partial and full heat integration could
not maintain their product specifications very efficiently for
large feed disturbances. A CC/TC-cascaded PCTC structure
could precisely maintain the product concentration effectively
for the fully heat-integrated PSD process. This paper updates
our previous works and the results demonstrate that the system
with full integration can realize stronger robustness.

These findings of our study provide a novel energy-saving
pathway and provide some guiding significance for the design
and control of DMC/MeOH azeotrope separation in the
industrialization process.
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B NOMENCLATURE

TAC ($/year) total annual cost

Ny total number of column trays

Ng feed tray location of a column

D, (kmol/s) distillate flowrate of the nth column

B, (kmol/s) bottom flowrate of the nth column

RR reflux ratio

D (m) column diameter

Qg (GJ/h) reboiler heat input

Qc (GJ/h) condenser heat removal

Ac (m?) reboiler heat-transfer areas

Ag (m?) condenser heat-transfer areas

shell (10°$) capital cost of the shell

HX (10°$) the heat exchanger cost

energy (10°$/y) the cost of energy

CC/TC cascade composition/temperature control
structure

CSn the nth control strategy

Qr/F reboiler heat input-to-feed ratio
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Xp1 (kg/ kg)
X2 (kg/ kg)

DMC purity at the bottom of HP column
methanol purity at the bottom of LP column

T,m (K) temperature of try m in column n

Tpc (K) pressure-compensated temperature
NHICS non-heat-integrated control structure
PHICS partially heat-integrated control structure
FHICS fully heat-integrated control structure
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