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a b s t r a c t

Reactive Distillation is one of the most representative examples of Process Intensification due this
technology allows to simplify and to unify the reaction and separation processes in only one equipment,
reducing in this way the total cost of the process. However, the RD technology can be improved through
energy integration in order to reduce the energy consumption, increasing energy efficiency and eco-
nomic benefits compared with conventional reactive distillation. In this paper, four intensified reactive
distillation configurations for the Synthesis of Diphenyl Carbonate are compared. A conventional reactive
distillation (CRD), a thermally coupled reactive distillation (TCRD) and two novel configurations with
energy integration, which consist in a reactive distillation with vapor recompression (VRRD) and the
second one in a hybrid process that involve thermally coupling in a reactive distillation with vapor
recompression (VTCR). Economic and controllability aspects were evaluated for all of the configurations.
The results show that the processes with energy integration provide significant energy savings compare
with the CRD process. The result of the condition number shows that the control properties are better in
the intensified process compare with the conventional process. In addition, the TCRD is the process that
provides the best control properties and economic benefits.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Polycarbonate is an important engineering plastic, and it is
widely utilized because of its excellent properties in the
manufacturing of a wide range of products such as those found in
the automotive, consumer electronics, and packaging industries. In
recent decades, significant research has been devoted to the search
for environmentally friendly processes and new routes to produce
polycarbonate; these processes are free from highly toxic com-
pounds, e.g. phosgene and chlorine, found in the phosgene process
for polycarbonate manufacturing. One of the most relevant green
routes involves the reaction between dimethyl carbonate (DMC)
and phenol to carry out the transformation of DMC into diphenyl
carbonate (DPC), which reacts with bisphenol-A to produce
ern�andez).
polycarbonate. However, this route is limited because of low
selectivity to DPC, side reactions, and azeotrope formation [1].
Some authors [2,3] have proposed an improved route to produce
DPC and methyl acetate (MA) through the reaction between DMC
and phenyl acetate (PA) to overcome the limitations mentioned
above because the later route avoids azeotrope formation, and it
provides a high equilibrium constant value in the reaction between
DMC and PA.

In recent years, Process Intensification (PI) has become an
attractive research area in academia and industry providing alter-
natives to develop and implement more efficient, sustainable and
safe processes [4,5]. Reactive distillation (RD) is one of the best
examples of PI, in RD it is possible to perform the reaction and
separation operations simultaneously in a single device, this can
offer significant advantages with respect to the traditional process
of reaction and separation [6]. One of the most relevant advantages
at the operational level of RD is the ability to increase the overall
conversion and the selectivity by the continuous removal of
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Table 1
Kinetic parameters for reaction rate coefficients.

k0(m
3/kmol s) Ea(kJ/kmol)

k1 135 5.42 � 104

k�1 52 5.49 � 104

k2 1210 6.15 � 104

k�2 611 5.62 � 104

k3 8.20 � 104 7.68 � 104

k�3 1.09 � 105 7.08 � 104
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reaction products from the reaction zone unit; this is particularly
useful for reactions where the thermodynamic reaction equilib-
rium prevents high conversions. Literature offers relevant works
that show the advantages that reactive distillation can provide
including the potential to reduce capital investment and con-
sumption of utilities [7e9]. In the context of PI, there is room for
further development of RD by introducing more complexity in its
operation. For example, by implementing heat-integrated reactive
separation configurations, improvements in energy efficiency and
further advantages in economic terms than conventional reactive
distillation can be attained. It has beenwidely documented [10e13]
that in separation configurations without reaction (e.g. heat-
integrated configurations, thermally coupled distillation configu-
rations) have proven to provide significant energy savings and
higher energy efficiency than conventional separation configura-
tions. However, the full implementation of these schemes has not
been entirely achieved because of the operational and controlla-
bility issues and the complex control structures of these configu-
rations, even conventional reactive distillation may pose a
significant challenge when approaching a suitable control strategy.

Considering all the above, new proposals for improving RD by
implementing heat integration should take into account not only
economic aspects of the process but also a preliminary evaluation
of controllability issues. To study the economic performance and to
evaluate the controllability of intensified reactive distillation con-
figurations through the introduction of heat integration in reactive
distillation, this work compares four intensified reactive distillation
configurations. The alternatives comprise two new reactive distil-
lation configurations involving vapor recompression and thermally
coupled vapor recompression, a thermally coupled reactive
configuration, and a conventional reactive configuration without
heat integration. To the best of our knowledge, there is no a study
that involves vapor recompression and reactive distillation to
synthesize DPC. The total annual cost and the calculation of a
controllability index, namely the condition number for a pre-
liminary evaluation of controllability of these designs were
performed.

This paper is organized in the following sections. Section 2
provides the modeling fundamentals, including the chemical ki-
netics and thermodynamics of the reactive system, the details of
the total annual cost calculation (TAC), and the description of the
simulation of the intensified reactive distillation configurations.
Section 3 contains the methodology utilized for the minimization
of the TAC and condition number calculation; Section 4 offers the
results of this study, and the conclusions of this work are stated in
Section 5.

2. Modeling fundamentals

A comprehensive revision of the fundamentals, constraints, and
specifications of the process was necessary. Thus, a proper ther-
modynamic model that adequately describes phase equilibria of
the reactive systems was selected. Also, a suitable kinetic model for
the chemical reactions in the process was selected. The simulation
of each different reactive configuration was carried out using
steady-state equilibrium-stage simulations using Aspen Plus V8.4®

software. The rawmaterials and product specifications used during
the simulations were the same for all the intensified reactive con-
figurations under comparison.

2.1. Chemical kinetics

The synthesis of DPC from DMC and PA involves a homogenous
catalyst tetra-n-butyl orthotitanate, the reaction has a two-step
reaction that takes place through formation of the intermediate,
MPC. The first step is the transesterification of DMC and PA to the
intermediate Methyl Phenyl Carbonate (MPC) and the by-product
MA as in Equation (1). Two possible routes exist for the second
step: The transesterification of MPC and PA to DPC and MA (See
Equation (2)) or the disproportion of MPC yielding DPC and DMC as
in Equation (3):

DMC þ PA%MPC þMA (1)

MPC þ PA%DPC þMA (2)

2MPC%DPC þ DMC (3)

The overall reaction is defined:

DMC þ 2PA%DPC þ 2MA (4)

The rate expressions for the reversible reactions of Equations
(1)e(3) are respectively as follows:

r1 ¼ k1CPACDMC � k�1CMPCCMA (5)

r2 ¼ k2CPACMPC � k�2CDPCCMA (6)

r3 ¼ k3C
2
MPC � k�3CDPCCDMC (7)

The kinetic constants of the three reversible reactions are
related in Equation (8).

k2
k�2

¼ k1
k�1

$
k3
k�3

(8)

Table 1 shows the kinetic parameters that fit with the Arrhenius
Equation, this data consist in the pre exponential factor k0 and
activation energy Ea, and are necessary to the calculation of kinetic
constants kn in function of the temperature. This data were taken
from previous work of Cheng et al. [2].
2.2. Thermodynamics

The reactive system consists of five components, DPC, MPC, PA,
DMC, and MA; Yao [14] showed experimentally that the equilib-
rium liquid-vapor can be fit with the ideal model, due the boiling
point temperature difference of any combination of two compo-
nents in the system is large enough. Therefore the mixture exhibits
ideal behavior, which can be represented by an ideal thermody-
namic, so an ideal model can be suitable for the estimation of the
vapor-liquid equilibrium in this system.
2.3. Total annual cost calculation

In order to objectively compare the different reactive configu-
rations, two relevant aspects were defined in this paper. The first is
the process economics, this involves the Total Annual Cost (TAC)
calculation; the second aspect is the evaluation of the
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configurations controllability through the singular value decom-
position and the condition number calculation. The evaluation of
the controllability is carried out after obtaining the reactive con-
figurations with the minimum TAC. The implemented optimization
procedure varied the designs parameters to minimize the TAC of
VRRD and VTCR. For example, the number of total stages, the
number of stages in the rectifying, the stripping, and reactive zone,
and the feed location of each column among others.

The Total Annual Cost of each intensified reactive distillation
configuration has been estimated as indicated in Equation (9):

TAC ¼ Capital cost
Time of investment

þ Operating cost (9)

The capital cost of each reactive configuration was calculated by
using the modular method [15,16], the capital cost includes the
costs of distillation columns, trays, heat exchangers, and com-
pressors. The parameters and equations to calculate the cost can be
found in the publication by Turton et al. [17] Carbon steel was the
assumed construction material for all the equipment, and the time
of investment was considered to be ten years. The operating cost
includes cooling and heating utilities, and 8400 h of yearly opera-
tion for each sequence. Furthermore, three utilities have been
considered: low-pressure steam (6 bar, 87 psia, 160 �C/320 �F) with
a cost of $ 7.78/GJ, electricity with a cost of $ 16.8/GJ, and cooling
water received at 20 �C and returned to 30 �C with a unit cost of $
0.72/GJ [18].

2.4. Simulation of reactive distillation processes

The simulation in this work was carried out in the software
Aspen Plus® the Ideal base method for property estimation in the
process was selected. The modulus Radfrac® was used to simulate
the processes studied in this work, due this modulus contains a
rigorous model with the complete set of MESH equations required
to phase equilibrium calculations.

2.4.1. Conventional reactive distillation CRD
Fig. 1 shows the conventional reactive distillation configuration;

it consists of a reactive distillation column, RDC and a separation
column, RC. This configuration has been taken from the work re-
ported by Cheng et al. [2], and a brief description of this the reactive
distillation configuration is provided here; there are two zones in
RDC: The rectifying zone and the reactive zone. The high-boiling
reactant PA was fed at the top of the reactive zone whereas the
DMC reactant was fed at the bottom of the reactive zone, the feed
rate of the reactants PA and DMC were 10 kmol/h and 5.06 kmol/h
respectively. A recirculation stream of DMC was fed to the RDC
column in onder to create an excess of DMC and increase the re-
action conversion of PA. The homogenous catalyst tetra-n-butyl
orthotitanate were fed near on top of the RDC column in the same
Fig. 1. Conventional reactive distillation co
tray that PA, due the catalyst al PA were fed in the same tray the
reaction a rectification zones are defined by the localization of PA
feed tray with respect to the total stages in the RDC column.

The products MA, MPC, and DPC were produced in the reaction
zone. The purity required for DPC is 99.5 mol% in the RC column is
separated a mixtures that contain mostly DMC and MA and the
purity required in this second column is 99.5 mol% of MA on the top
and 99.5mol% of DMC by the bottom. The reactive column, RDC, and
separation column, RC, were both operated at 1 atm. In the RDC
column, two kinds of variables were defined: design variables and
operating variables. The design variables included the total number
of trays and the PA and DMC feed stage locations. The number of
trays in the rectifying zone was determined from the top of RDC to
the feed tray of PA reactant, the number of trays in the stripping
zone of RDC was determined from the feed tray of DMC to the
bottom of RDC. The total number of stages in the reactive zone was
determined by the total number of stages that exist from PA feed
tray to DMC feed tray.

The operating variables included the reflux ratio, the reboiler
duty, and the DMC recycle flow rate. The variation of the reflux ratio
was carried out to ensure that the PA reaction conversion exceeded
99.5 mol%, and the reboiler duty was also varied in order and to
achieve the molar purity specification of DPC at the bottom of the
column. In the separation column, RC, the design variables were the
total number of stages and the feed stage; the operation variables
were the reflux ratio and the reboiler duty. In this column, the
reflux ratio was varied to achieve the MA purity at the top of the
columnwhereas the reboiler duty was adjusted to ensure the DMC
purity of the at the bottom tray of the column.
2.4.2. Thermally coupled reactive distillation TCRD
Fig. 2 shows thermally coupled reactive distillation configura-

tion. It has also been taken from the paper by Cheng et al. [2] The
configuration that involves thermally coupling between the RDC
and RC uses the vapor stream from the top of RDC and directly
connects to RC and a liquid stream from RC that connects to the top
of RDC to eliminate the condenser of RDC. In this configuration, the
reflux ratio of RC was manipulated to achieve the purity of MA at
the top of RC, and the reboiler duty of RC was adjusted to achieve
the purity of the DMC stream that recirculates to RDC. In this way,
the design variables and the operation variables for this configu-
ration were as follows: In RDC, the design variables included the
total number of trays, the stage locations of PA and DMC. The
operation variables included the reboiler duty and the DMC recy-
cled flow rate. In RC, the design variables included the total number
of stages and the feed stage of vapor and liquid interconnection
streams, whereas the operation variables were the reflux ratio, the
reboiler duty, and the liquid stream flow rate.
nfiguration for the synthesis of DPC.



Fig. 2. Thermally coupled reactive distillation configuration for the synthesis of DPC.
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2.4.3. Vapor recompression reactive distillation VRRD
The vapor recompression technology, VRT, has not been fully

developed in intensified systems such as reactive distillation col-
umns. This technology has been mostly utilized in conventional
separation systems. The studies that adopt VRT have stated that
vapor recompression technology can provide significant energy
savings compared with systems without VRT. In particular, the
processes that are highly favored in energy savings and increment
in the energy efficiency are those where the components involved
in the processes exhibit close boiling point mixtures [19e22].
Typically, the VRT uses a compressor in which electrical energy is
converted into mechanical work to upgrade the enthalpy of a vapor
stream by increasing its pressure and temperature; this stream can
provide its latent heat to be used as the only heating source or as an
auxiliary heating source. Thus, heat integration is possible.

The use of thermally coupling between streams in combination
with the addition of a compressor through VRT can be challenging
and can increase the complexity of reactive distillation configura-
tions. However, it can also offer the possibility to establish the
tradeoffs between the economics and the operational aspects of the
process, for example, the utilization of a compressor implies a
significant investment of capital, but it can attain important energy
savings that can be translated into the reduction of operative costs.
In addition to economic and energy criteria, the importance of the
controllability assessment of these intensified systems must not be
neglected. Two new vapor recompression configurations are
introduced to implement VRT in reactive distillation for synthe-
sizing DPC, the first of them is explained in this section. The
methodology to the simulation of VRRD and TCRD processes were
taken and adapted of a previous work of Alcantara-Avila et al. [23].

Fig. 3 shows the proposed vapor recompression reactive distil-
lation configuration, VRRD, for synthesizing DPC in this work. The
compressor utilized in this configuration is an isentropic and rotary
Fig. 3. Vapor recompression reactive distillatio
type compressor; it has been assumed that the isentropic efficiency
of this device is 0.8, a temperature difference of 10 K is assumed
between the recompressed overhead vapor and the cold streams in
order to have adequate temperature gradient to heat transfer [24].
The conceptual design of the vapor recompression configuration
and the simulationwere executed in Aspen Plus V8.4®, a distillation
module in commercial process simulators does not have vapor
recompression as a possibility. Thus, the simulation of vapor
recompression part is executed separately from the main part. A
detailed explanation of the simulation procedure for VRRD is given
below.

The simulation procedure for VRRD was:

1. Fix the product specifications, the number of total stages of RDC
and RC, feed stages of reactants and operating pressure in both
columns.

2. Execute rigorous simulations in RadFrac® for the given condi-
tions in step 1.

3. Obtain the reboiler duty of RC (QRC) from the rigorous simula-
tion results. Up to step 3, the simulation for VRRD is completed.
The procedure for the simulation of the vapor recompression
part continues as follows:

4. Drag a pseudo stream that leaves the RDC column from first
stage as vapor and connect it to the compressor. Then connect
the stream leaving the compressor to the heat exchanger. The
pseudo stream is only used in order to carry out the energy
balances between QVR and QRC in a simplified way, therefore the
effects of the complex interconnections among the columns and
the streams are avoided during the simulation.

5. Set the temperature of the stream leaving the heat exchanger
(TVROut), which must be higher than that of the stream entering
the reboiler of RC (TRC

Qin).
n configuration for the synthesis of DPC.
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6. Set a new design specification [25], which satisfies the energy
balance QVR � QRC ¼ 0 by varying the compressor outlet pres-
sure (PVROut).

7. Calculate the resulting compressor work duty (WVR) and the
heat exchanger duty (QVR).

The procedure until step 7 explains the methodology simulation
for VRRD and the vapor recompression part. However, the stream
leaving the heat exchanger QVR becomes a vapor-liquid mixture
when depressurized. In such case, a trim condenser,QTrim, is
necessary to send this stream to the RC column as a saturated
liquid. In Fig. 3, the thick dotted line denotes the pseudo stream
utilized for simulating the vapor recompression part in VRRD.
2.4.4. Vapor recompression and thermally coupled reactive
distillation VTCR

Fig. 4 shows the proposed vapor recompression and thermally
coupled reactive distillation configuration, VTCR. In this configu-
ration, a vapor stream from the top of RDC column is directly
compressed in order to realize heat integration between the RDC
and the separation column, RC. The way to implement heat inte-
gration in this reactive configuration, and to provide the required
reboiler duty in the separation column through the work of the
compressor, is carried out through the adjustment of the pressure
in the compressor until QVR is equal to QRC .

The procedure for the rigorous simulation of VTCR was:

1. Fix the product specifications, the number of total stages of RDC
and RC, operating pressure in both columns, feed stages of re-
actants, feed stages of the liquid stream and vapor stream in RC.

2. Drag a vapor stream that leaves the RDC column from stage 1
and connect it to the compressor. Then connect the stream
leaving the compressor to the heat exchanger and connect the
stream leaving the heat exchanger to an expansion valve, finally
connect this stream to RC.

3. Execute rigorous simulations in RadFrac® for the given condi-
tions in step 1 and the vapor recompression in step 2.

4. Obtain the reboiler duty of RC (QRC), compressor work duty
(WVR) and the heat exchanger duty (QVR) from the rigorous
simulation results.

5. Set the temperature of the stream leaving the heat exchanger
(TVR

Out), which must be higher than that of the stream entering
the reboiler of RC (TRC

Qin).
6. Set a new design specification [25] until satisfying the energy

balance QVR � QRC ¼ 0 by varying the compressor outlet pres-
sure (PVROut).
Fig. 4. Vapor recompression and thermally coupled reacti
7. Calculate the resulting compressor work duty (WVR) and the
heat exchanger duty (QVR).

The procedure from steps 1 to 7 explains the methodology
simulation for VTCR. The stream leaving the heat exchanger QVR
needs to be expanded to increase its vapor fraction. In such case, an
expansion valve is necessary to send this stream to the RC column
as vapor feed.
3. Methodology

Several studies of control properties using the condition number
have been reported [26e28] on cases where only the minimization
of TAC or energy consumption have been approached, as these
studies provide important information of the controllability around
operating nominal conditions, for this reason this methodology is
adequate for a first study based in control properties. Although it is
true, the ideal strategy would be carry out this analysis of TAC and
control properties simultaneously, the high mathematical complex
make no easy the implementation of a simultaneous analysis, some
works like the presented by Vazquez-Castillo et al. [29] integrate
this simultaneous analysis.
3.1. Minimization of TAC in the reactive processes

In this work, the conventional reactive distillation configuration
has been firstly optimized in order to achieve the minimum TAC. In
the conventional reactive distillation configuration, there were four
degrees of freedom in RDC: number of total stages, the PA and DMC
feed stage locations, and DMC recycled flow rate, and two degrees
of freedom in RC: number of total stages and feed stage location.
Therefore, a total of six variables can be manipulated to achieve the
minimum TAC of the conventional reactive distillation configura-
tion. Fig. 5 displays the flowchart of the procedure to obtain the
minimum TAC of the conventional reactive distillation configura-
tion; the steps are as follows:

Step 1. Give the flow rate of DMC, FDMC.
Step 2. Give the number of total stages of RDC, NTRDC.
Step 3. Give the feed stage of Phenyl Acetate, NFPA.
Step 4. Give the feed stage of DMC, NFDMC
Step 5. Adjust the reflux ratio of RDC, RRDC, and reboiler duty of
RDC, QRDC, until achieving the PA reaction conversion and DPC
product specification. Then calculate the TAC of RDC.
Step 6. Go back to step 4 and repeat step 5 until the minimum
TAC of RDC is found.
ve distillation configuration for the synthesis of DPC.



Fig. 5. Flowchart of the procedure to achieve minimum TAC in CRD.
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Step 7. Go back to step 3 and repeat steps 4 and 5 until the
minimum TAC of RDC is found.
Step 8. Go back to step 2 and repeat steps 3e5 until the mini-
mum TAC of the RDC is found.
Step 9. Give the number of total stages of RC, NTRC.
Step 10. Give the feed stage of RC, NFRC.
Step 11. Adjust the reflux ratio of RC, RRC and reboiler duty of RC,
QRC, until meeting the MA and DMC product specification. Then
calculate the TAC of RC.
Step 12. Go back to step 10 and repeat step 11 until the mini-
mum TAC of RC is found.
Step 13. Go back to step 9 and repeat steps 10 and 11 until the
minimum TAC of RC is found.
Step 14. Go back to step 1 and repeat the steps for minimizing
the TAC of the RD and RC, respectively, until the total TAC is the
minimum.
3.2. Evaluation of controllability of reactive distillation
configurations

The condition number has been established as the index to
evaluate the control properties of the intensified reactive configu-
rations; the condition number has been utilized in qualitative as-
sessments of the control properties of a design [30e33]. The
calculation of the condition number has been carried out through
the singular value decomposition, SVD, of the relative gain matrix
of the design in the nominal point, e.g. the design that had achieved
the minimum TAC. In the reactive distillation process for the syn-
thesis of DPC, there are three variables to be controlled: the mole
purities of Diphenyl Carbonate (DPC), Methyl Acetate (MA), and
Dimethyl Carbonate (DMC). Also, three manipulated variables: the
reboiler duty of the reactive column (Reboiler Duty RDC), the reflux
ratio of the separation column (Reflux Ratio RC) and the reboiler
duty of the separation column (Reboiler Duty RC). It was defined
that the DPC mole purity is controlled by the reboiler duty of RDC,
whereas the MA mole purity is controlled by the reflux ratio of RC,
and the DMC mole purity is controlled by the reboiler duty of RC.
The singular value decomposition is a study that provides useful
information on the stability of a multivariable system; it is applied
on the inputs and outputs of a multivariable system in such a way
that the changes in the inputs and the corresponding variations on
the outputs are related through the transfer function matrix
[34,35]. In the case of the reactive distillation configurations the
SVD have been successfully implemented in order to evaluate the
dynamic open loop behavior of these systems [36,37], in order to
carry out the SVD decomposition of the reactive configurations
under comparison in this paper, it has been defined that the
changes in the nominal values of molar purities should be related
with the changes of the manipulated variables through the
respective transfer function, and in this study the manipulated
variables were stablished according to the traditional arrangement
to the control of distillation columns reported by Luyben [25] and
other authors [26,27].

Previous to the calculation of the condition number, the singular
values are obtained. For example, consider the mathematical
expression in Equation (10), which represents the relative gain
matrix of a linear system

K ¼ W
X

VT (10)

where W and V are unitary matrixes and S is a matrix whose
diagonal elements are the singular values, s. Assuming that K is not
singular, then the condition number of K, g is a positive number
which relates the minimum singular value, s* and the maximum
singular value, s* being none of these two zero, the condition
number, g, can be estimated as in Equation (11):

g ¼ s*

s*
(11)

Large values of s* and small values of s* are desirable so that the
process may assimilate the perturbations without system destabi-
lization [30]. Therefore, low values of the condition number in a
design are preferable over high values. In this study, the condition
number of the relative gain matrix obtained in an open loop control
strategy for each design is estimated by generating the relative gain
matrix in a nominal state of each intensified reactive configuration,
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the elements of this matrix are calculated through the introduction
of perturbations in the manipulated variables. The magnitude of
the perturbations was set as a 1% negative change in the values of
the manipulated variables in the nominal state, this negative
change in the perturbation is due to the high purity of 99.5 mol%,
because it does not allow positive perturbations, which could fall
into a singularity with a purity of 100 mol%. The level of these
perturbations is low enough, so that it is assumed that the response
of the system can be approximated as a first order response.
Equation (12) shows the relative gain matrix for the conventional
reactive distillation configuration under comparison.
2
4K11 K12 K13
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K31 K32 K33

3
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2
66666666666664

�
xQRDC
DPC � xspDPC

�
1
2
p

�
xRRC
DPC � xspDPC

�
1
2
p

�
xQRC
DPC � xspDPC

�
1
2
p

�
xQRDC
MA � xspMA

�
1
2
p

�
xRRC
MA � xspMA

�
1
2
p

�
xQRC
MA � xspMA

�
1
2
p

�
xQRDC
DMC � xspDMC

�
1
2
p

�
xRRC
DMC � xspDMC

�
1
2
p

�
xQRC
DMC � xspDMC

�
1
2
p

3
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(12)
The elements on the left side of Equation (12), Kij, are the ele-
ments of the relative gain matrix. Moreover, the elements of the
first row on the right side correspond to the differences in the
Fig. 6. Procedure for the calculation of the elements of the relative gain matrix of CRD
configuration.
molar purity of the component DPC in the nominal state, xspDPC , and
the molar purities after that the perturbations, p, are introduced.

xQRDC
DPC is themolar purity of DPC after the perturbation of the reboiler

duty in the reactive column, xRRC
DPC is themolar purity of DPC after the

perturbation of the reflux ratio in the separation column, xQRC
DPC is the

molar purity of DPC after the perturbation of the reboiler duty of
the separation column. Fig. 6 exhibits the procedure utilized for the
calculation of the relative gain matrix elements for the conven-
tional reactive distillation configuration while Fig. 7 shows the
values utilized for the calculation of the condition number in this
configuration. The values of the controlled variables and manipu-
lated variables are the ones in the nominal state. The values of
molar purities of DPC, MA and DMC after that the perturbations are
also shown in Fig. 7.

One drawback of the singular value decomposition is the fact
that the singular values depend on the system of units used.
Applying the singular value decomposition to the relative gain
matrix will include the effects of such units. Therefore, it is
important to use a scaling method to remove this dependency and
to provide reliability in the results as well as a physical meaning.
Some authors [38,39] have proposed scaling methods for the
manipulated variables and the control variables to obtain reliable
values. For the reactive distillation configurations in this study,
there are three important control variables, which are the molar
purities of DPC, MA and DMC. Furthermore, these are naturally
bounded between 0 and 1. There are three manipulated variables
for each reactive distillation configuration; they are the reboiler
duty in the reactive column, the reflux ratio in the separation col-
umn and the reboiler duty in the separation column, these
manipulated variables have units and are not bounded naturally.

To eliminate the drawback mentioned above, it is proposed to
limit the manipulated variables considering that the maximum
aperture that can reach the control valves is twice the nominal
value of the steady state; therefore, in principle, the valves are open
to 50%. This value of valve opening implies that for the relative gain
matrix, the step change is implemented in the manipulated vari-
able to be divided by twice the steady state to have the same range
of variation in both the closing and opening operations of the
control valves. This allows for a physical interpretation to theway of
scaling of the manipulated variables, to link the amount of change
of the manipulated variables with the magnitude of change of the
position of the corresponding valve stem, which can only vary
between 0 and 100% open (0 and 1). With this form of scaling it is
achieved simultaneously dimensionless standardization and
manipulated variables, the term 1

2 p has been included in Equation
(12) to achieve this purpose.



Fig. 7. Values of the manipulated variables and the controlled variables of CRD for the calculation of the condition number.

Fig. 8. Flowchart to tunning parameters of the controller.
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Finally in order to validate this methodology a study of close
loop was carried out. This study is based in the implementation of
feedback control with proportional-integral controllers (PI) due
this kind of controller is the most used by the industry. The tuning
of the parameters of the controllers, gain (Kc) and integral time (ti),
were realized using the criterion of minimization of integral of
absolute error (IAE). Where the IAE is mathematically defined ac-
cording to Equations (13) and (14) as:

IAE ¼
Z∞

0

jεðtÞjdt (13)

where ε(t) is the error in the time, which is given by:

εðtÞ ¼ yd � yðtÞ (14)

Where yd is the value of the purity in set point and y(t) is the
value of the purity in the time.

This methodology has been reported by some authors [40,41],
and it provides a good tuning and fast response of the controllers
where the process presents any perturbation. The parameters ob-
tained inside the tuning process, such as the controller gains and
integral time are within the industrial values reported by Luyben
[42]. The methodology of tuning is showed in Fig. 8. The Aspen
Dynamics® simulator was used in this study because of the easy
with which the rigorous simulation can be exported from Aspen
Plus to Aspen Dynamics®. The control loops are the same that the
manipulate variables, this means that DPC purity is controlled by
Reboiler duty of RDC column and MA purity by reflux ratio of RC
column. Finally, perturbations of 1% in the feeds of DMC and PAwas
made in order to see the dynamic responds in the DPC streamwith
the tuned parameters to the controller previously obtained.
4. Results

This section offers the results for all the reactive distillation
configurations under comparison. It is important to stress that the
values of the design variables for the optimized conventional
reactive distillation, CRD, and Thermally coupled reactive distilla-
tion, TCRD, have been taken from the work by Cheng et al. [2] and
adapted into this work to compare them with the VRRD and VTCR
configurations. The fixed purities of the products were defined as
follows: 99.5 mol% for DPC, 99.5 mol% DMC, 99.5 mol%MA. The TAC
and the condition number of all the reactive distillation configu-
rations were calculated with the design variables shown in Table 2.



Table 2
Design variables of the reactive distillation configurations to synthesize DPC.

Configuration CRD TCRD VRRD VTCR

RDC RC RDC RC RDC RC RDC RC

Columns Topology
Number of stages 80 25 76 25 80 25 76 25
Reactive stages 4e80 e 4e76 e 4e80 e 4e76 e

Feed stage
DMC Stream 74 e 70 e 74 e 70 e

PA Stream 4 e 4 e 4 e 4 e

Liquid stream e 11 e e e 11 e e

Vapor stream e e e 11 e e e 11
Specifications
Reflux ratio 1.25 2.25 e 9.51 1.25 2.5 e 7.9
Top pressure, atm 1.0 1.0 1.1 1.0 1.0 1.0 1.1 1.0
Diameter, m 1.06 0.46 1.00 0.81 1.10 0.47 1 0.74
Reboiler duty, kW 657.55 287.53 610.55 184.25 735.84 e 615.57 e

Compressor Power, kW e e e e 31.1 38.13
Discharge pressure, atm e e e e 2 1.75
Tray hold up, l 531.02 e 531.02 e 531.02 e 530.5 e

Streams Mole Flow, kmol h�1

PA 10 e 10 e 10 e 10 e

DMC 5.057 e 5.057 e 5.057 e 5.057 e

DMCRecycle 26.78 e 29.083 e 30.35 e 29.48 e

MA e 10.02 e 10.04 e 9.992 e 9.995
DPC 5.02 e 5.01 e 4.988 e 4.987 e

TOPRDC 36.83 e 77.13 e 40.56 e 77.65 e

In. Steam e e e 77.13 e e e 77.65
In. Liquid e e 38 e e 40.55 38.13 e

Temperature of DPC stream, �C 316.53 e 319.18 e 316.53 e 319.18 e

Temperature of MA stream, �C e 57.52 e 57.15 e 57.15 e 57.15
Temperature of DMC stream, �C e 93.67 e 93.18 e 93.67 e 93.18
Purity of Products (mol. fraction)
Purity of DPC 0.995 e 0.9965 e 0.995 e 0.9965 e

Purity of MA e 0.995 e 0.994 e 0.9939 e 0.9939

Table 3
TAC, energy consumption and condition number of reactive distillation configura-
tions to synthesize DPC.

Configuration TAC $/y Energy consumption kW Condition number g

CRD 899,317.82 945.08 2179.96
TCRD 786,435.71 794.8 45.32
VRRD 1,035,794.6 766.94 284.17
VTCR 887,478.64 653.7 164.5

Fig. 9. Tuning of controller paramete
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Without loss of generality, it has been established in this work that
the same number of stages and the feed stages of reactants in RDC
and RC of CRD are utilized in VRRD, and in a similar way the same
number of stages of TCRD are utilized in VTCR.

Very close values of reflux ratios in both columns RDC and RC
were obtained in the reactive configurations VRRD and CRD. The
energy consumption in the reboiler of RDC is larger than the energy
required in RDC of the CRD configuration. However, with the vapor
recompression implementation, it is possible to eliminate a reboiler
rs to DPC loop of TCRD process.



Table 4
Parameters of PI controllers to CRD and TCRD sequences.

CRD TCRD

DPC loop MA loop DPC loop MA loop

Integral Time (tc) 9 16 1 37.5
Gain (Kc) 250 14 250 125
IAE 1.52E-03 2.89E-03 2.25335E-04 6.22E-03
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of RC in VRRD. Thus, the energy for RC is provided by the work of
the compressor, the pressure of discharge of this device was 2 atm.
For the TCRD and VTCR configurations, it is possible to eliminate the
condenser of the reactive column, RDC, through the thermally
coupling. The reflux ratio of the separation column in TCRD is
slightly larger than the reflux ratio of the separation column in
VTCR, and the reflux ratios of VTCR and TCRD are larger than the
reflux ratios of the separation columns in CRD and VRRD. The
previous situation results in the increase in the diameters of the
separation columns in TCRD and VTCR in comparison with the di-
ameters of the separation columns in VRRD and CRD, respectively.
With the vapor recompression and thermally coupling in VTCR, it is
possible to eliminate the reboiler of RC column. Thus, the energy
Fig. 10. a) Dynamic response to DPC loo
necessary for the separation column is provided by the work of the
compressor. The energy required for the compressor in the VTCR
configuration was set as 38.13 kW, and the discharge pressure was
1.75 atm.

Table 3 provides the summary of the results for the reactive
distillation configurations regarding TAC, energy consumption, and
condition number. The VRRD configuration presents the highest
TAC, $1,035,794.6 per year, of all the configurations, the CRD
configuration has a TAC of $899,317.82 per year, whereas VTCR
presents a TAC of $887,478.64 per year. The configuration with the
lowest TAC is the TCRD configuration with $786,435.71 per year.
The results of the TAC in these reactive distillation configurations
can be explained in terms of the capital cost investment that rep-
resents the purchase of the compressor in the VRRD and VTCR
reactive configurations. Despite the energy savings in the VTCR and
VRRD, the TAC in VRRD was higher than that in CRD, the best
reactive configuration in terms of the TAC was the thermally
coupled reactive distillation configuration.

The reactive distillation configuration with the lowest energy
consumption is the VTCR, with 653.7 kW; the VRRD has a con-
sumption of 766.94 kW, thermally coupled reactive distillation
presents an energy consumption of 794.8 kW, and the configura-
tion with the highest energy consumption is the conventional
p. b) Dynamic response to MA loop.



Fig. 11. Perturbation in PA feed dynamic response to DPC loop.
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reactive distillation configurationwith 945.08 kW. As expected, the
vapor recompression implementation provided significant energy
savings. For example, the VTCR configuration provided 30.8% en-
ergy savings with respect to the conventional reactive configura-
tion, whereas the VRRD offered 18.8% energy savings with respect
to CRD. Thermally coupled reactive distillation configuration also
presented energy savings of 15.9% with respect to CRD.

The evaluation of controllability in the reactive distillation
configurations through the condition number calculation offers a
good assessment of the operation of these complex intensified
reaction-separation schemes; the results in this work show that the
TCRD configuration offers the best control properties with the
lowest condition number. On the other hand, the configurations
with vapor recompression also offer the intermediate values for the
condition number. Significant differences are found between the
condition number values of these configurations, for example,
VTCR has a value of the condition number lower than VRRD. The
reactive distillation configurationwith the worst control properties
is the conventional reactive configuration.

In the obtained results of the evaluation of controllability, the
heat-integrated reaction-separation schemes showed better con-
trol properties than the conventional reactive distillation configu-
ration. The results indicate that there is not degradation of the
control properties due complex topology in these processes,
Several works where the interconnection and recycle streams can
provide good control properties has been documented in some
works that studied separations systemswithout chemical reactions
[43,44]. This fact is attributed to the interconnections of liquid and
vapor in the columns, and because the remixing of streams is
avoided. In this way, the thermally coupled configuration is less
unstable because of the gradients in the concentration of species in
the mixture tend to be minimized in some regions of the columns.

As the last point, in order to validate the results of a singular
value decomposition analysis, the dynamic responses of CRD and
TCRD are presented. These results are offered due the CRD and
TCRD presented the worst and the best condition number
Table 5
IAE values of DPC loop for perturbations on DMC and PA feed.

IAE to CRD IAE to TCRD

Perturbation on PA feed 2.69E-04 6.11E-06
respectively. The results of the controller tuning for the loop of DPC
of TCRD sequence is showed in Fig. 9, the results tuning for the
other loops are analogous. The values of the RDC and MA loops are
showed in Table 4, likewise the dynamic response are presented in
Fig. 10. As can be seen in Table 4 the values of IAE are lower in the
TCRD sequence indicating that the dynamic responses or TCRD
presents smaller variations with respect to the set point, validating
in this way the results predicted by the condition number.

Perturbations in the PA feed was realized as representative
example of the dynamic response with the values for the controller
previously obtained by the tuning method, the dynamic responses
of the main product are showed in Fig. 11. In order to determinate
which response is better, the IAE was used, the values of IAE are
reported in Table 5. As can be seen in Fig. 11 the dynamic response
to CRD process present more oscillations and it is reflected in a
greater value of IAE reported in Table 5 with respect to TCRD, these
results are consistent with the singular value decompositionwhere
it was found that TCRD had better control properties.

5. Conclusions

In this work four reactive distillation configurations for the
synthesis of DPC were compared in terms of the total annual cost
and the evaluation of controllability through the condition number
calculation. Two new reactive distillation configuration involving
vapor recompression, VRRD, and vapor recompression and ther-
mally coupling, VTCR, were presented and compared with a con-
ventional reactive distillation configuration, CRD, and a thermally
coupling reactive distillation configuration, TCRD. On the basis of
the results, significant energy savings were obtained from the va-
por recompression implementation in reactive distillation for the
DPC synthesis, the VTCR configuration provided 30.8% of energy
savings with respect to the CRD configuration, whereas VRRD
offered an 18.8% of energy savings compared with CRD. The TCRD
configuration also offered energy savings of 15.9% respect to the
conventional reactive configuration. The total annual cost of the
VTCR and VRRD configurations had increments associated with the
purchase of the compressor, and it may be an unappealing moti-
vation for their implementation. TCRD exhibited the minimum TAC
of all the reactive distillation configurations. The reactive distilla-
tion configurations with heat integration showed better control
properties than the conventional reactive configuration; it is
important to highlight that the thermally coupled reactive
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configuration offered the best control properties in all of the
reactive distillation configurations. These control properties were
validated by the study in close loop for two representative schemes,
where the results show that the TCRD presents a lower IAE value
compared with the CRD configuration.
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Nomenclature

CRD Conventional reactive distillation
TCRD Thermally coupled reactive distillation
VRRD Vapor recompression reactive distillation
VTCR Vapor recompression and thermally coupled reactive

distillation
RDC Reactive distillation column
RC Recovery/separation column
TAC Total Annual Cost
g Condition number
s* Minimum singular value
s* Maximum singular value
P Magnitude of the perturbations on the manipulated

variables, �1%
Qsp
RDC Reboiler duty of RDC in the nominal state

RspRC Reflux ratio of RC in the nominal state

Qsp
RC Reboiler duty of RC in the nominal state

xspMA Molar purity of component MA in the nominal state

xQRDC
MA Molar purity of component MA after the perturbation of

the reboiler duty in RDC

xRRC
MA Molar purity of component MA after the perturbation of

the reflux ratio in RC

xQRC
MA Molar purity of component MA after the perturbation of

the reboiler duty in RC
xspDMC Molar purity of component DMC in the nominal state

xQRDC
DMC Molar purity of component DMC after the perturbation of

the reboiler duty in RDC

xRRC
DMC Molar purity of component DMC after the perturbation of

the reflux ratio in RC

xQRC
DMC Molar purity of component DMC after the perturbation of

the reboiler duty in RC
PI Proportional-Integral controller
IAE Integral of absolute error
Kc Gain of the controller
ε(t) Error in the time.
yd Value of the purity in set point
y(t) is the value of the purity in the time.
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