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a  b  s  t  r  a  c  t

Polycarbonate  has  a very  extensive  commercial  application  thanks  to its multiple  physical  properties.
The  environmental  problems  associated  with  the  conventional  process  to  obtain  polycarbonate  by  the
phosgene  route  has  stimulated  the  research  of  intensified  schemes  as  is the case of  the  reactive  distillation
for  the synthesis  of  Diphenyl  Carbonate  (DPC).  These  intensified  processes  are  complex  in  their  structure
because  of  the  several  degrees  of  freedom  and  are  subject  to be  optimized  in  terms  of crucial  criteria  such
as  the  cost and the control  properties.  This  work  presents  the  multi-objective  optimization  involving  cost
and  control  properties  of  four  intensified  systems  configurations  to produce  DPC:  a conventional  reactive
distillation  (CRD),  a thermally  coupled  reactive  distillation  (TCRD),  and  two novel  configurations  which
uses  vapor  recompression  technology,  a reactive  distillation  with  heat  integration  (RDHI)  through  vapor
recompression,  and  a reactive  distillation  with  thermally  coupling  and heat  integration  (THRD)  through
vapor  recompression.  The  results  of  the  multi-objective  optimization  show  that  the  tray  holdups  and
diameter  values  of the  columns  strongly  influence  the  control  properties;  thus,  for  large  values of the  tray
holdups  and  diameters,  the  control  properties  were  better.  The  control  properties  also  were  influenced

by  the  presence  of  the  interlinking  streams  in  the reactive  and  separation  columns,  in  particular,  the
presence  of one  interlinking  stream  tend  to  favor  the  control  properties  of a configuration.  To  close  it is
important  to  remark  that  the  TCRD  configuration  was  the  most  attractive  arrangement  to  be implemented
to  produce  DPC,  mainly  because  the  optimized  designs  showed  the  best  control  properties,  and  also  the
optimized  designs  achieved  significant  energy  savings  because  they  did  not  require  electric  power.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Polycarbonate is an important thermoplastic in the chemical
ndustry and very common in daily life; that is because it had excel-
ent optic properties, besides the excellent properties of resistance
o heat and electricity. A traditional process involving phosgene,
hich uses carbon monoxide and chlorine as raw material, pro-
uces a huge share in the market production of polycarbonate.
evertheless, this process involving phosgene comes with a series

f environmental problems. Particularly, the highly toxic phosgene
s used as a monomer, alongside a huge quantity of methylene
hlorine, just as toxic as phosgene, used during the polymerization

∗ Corresponding author.
E-mail addresses: gsegovia@ugto.mx, g segovia@hotmail.com

J.G. Segovia-Hernández).

ttp://dx.doi.org/10.1016/j.compchemeng.2016.11.022
098-1354/© 2016 Elsevier Ltd. All rights reserved.
reaction. This brings as a consequence that during the separation
process, a huge quantity of water will be used for phosgene and
chlorine separation, this for the phenyl carbonate production. Great
efforts have been paid for developing new routes for the production
of polycarbonate that can overcome the above-mentioned environ-
mental difficulties (Cheng et al., 2013).

The creation of a ‘green route’ for polycarbonate production, is
the dimethyl carbonate reaction to produce diphenyl carbonate
(DPC) which then reacts with bisphenol-A and as a result, it gives
the polycarbonate. There are several pathways for DPC production,
the one used by Tuinstra and Rand (1994) is the more promising
of all, which consist of an esterification reaction between dimethyl
carbonate (DMC) and phenyl acetate (PA) giving DPC and methyl

acetate (MA) as products, the reaction is showed in Eq. (1).

DMC + PA � DPC + 2MA (1)

The advantages in using this reaction are:

dx.doi.org/10.1016/j.compchemeng.2016.11.022
http://www.sciencedirect.com/science/journal/00981354
http://www.elsevier.com/locate/compchemeng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compchemeng.2016.11.022&domain=pdf
mailto:gsegovia@ugto.mx
mailto:g_segovia@hotmail.com
dx.doi.org/10.1016/j.compchemeng.2016.11.022
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Nomenclature

CRD Conventional reactive distillation
TCRD Thermally coupled reactive distillation
RDHI Reactive distillation with heat integration
THRD Reactive distillation with thermally coupling and

heat integration
RC Recovery column
RDC Reactive distillation column
TAC Total annual cost
� Condition number
�∗ Maximum singular value
�∗ Minimum singular value
WVR Energy of the compressor
TopRDC Distillate from RC of the CRD configuration
MIX  Feed of DMC stream to RDC
DMCrecycle Recycling stream of DMC
In.Steam Vapor interlinking stream from RDC to RC in TCRD

and THRD configuration
In.Liquid Liquid interlinking stream from RC to RDC in TCRD

and THRD configuration
LiquidTop Liquid stream fed at the top of RDC in RDHI config-

uration
FeedRC Feed stream of RC in RDHI configuration
Steam Vapor interlinking stream from RDC to RC in RDHI
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(1) high equilibrium constant of reaction, (2) no formation of
zeotropes, and (3) no existence of lateral reactions. Thus, the con-
equent purification process of DPC simplifies because it does not
equire extractive distillation for the azeotrope separation. It is
mportant to mention that the reactive distillation processes stud-
ed here are free of any toxic material. The raw materials also may
e produced by a ‘green route’,  however, the generation of these
eactants is out of the scope of this study.

Throughout the years there have been several studies about
trategies to minimize energy consumption, operational costs and
mprove environmental benefits in chemical process plants. In a
pecific way, one of these strategies is the process intensification
PI) applied to column distillation with the so-called energy inte-
ration. PI and its strategies have emerged as a necessity for the
reation of smaller, cleaner and more efficient technologies. It was
ecently defined as “any engineer of development that substantially
eads unto a smaller, cleaner, safer and energetically efficient tech-
ology”, (Stankiewicz and Moulijn, 2000). A good example of PI is
eactive Distillation (RD), which combines reaction and separa-
ion in a single equipment (Moulijn et al., 2008). This intensified
rocess has been a point of attention for researchers in recent
ecades, due to the benefits that it represents as an intensifica-
ion process. The first industrial column of reactive distillation that
as been recorded, it probably corresponds to the Eastman Cor-
oration, on 1980 produced methyl acetate on an 80 m high by

 m wide column mounted with a condenser and a reboiler. The
dvantages were highly clear because this column replaced a con-
entional multiunit process that consumed 5 times more energy
nd whose capital investment was 5 times that of the reactive col-
mn  (Siirola, 1996). The reduction in the consumed energy also
ffers great potential due to a reduction of greenhouse emissions
esulting from using fuel sources to convert the thermal energy
upplied at the column reboiler, which derives in a friendlier envi-

onmental process. However, the limited investigation has directed
he design and optimization only to reversible reactions.

Different general studies about synthesis and design of reac-
ive distillation columns had been proposed (Barbosa and Doherty,
emical Engineering 105 (2017) 185–196

1988a,b; Ung and Doherty, 1995), afterward some works focused on
the reaction kinetics and his effects under design; some had stud-
ied the reactive distillation under no conventional schemes like the
dividing wall column (Kiss and Suszwalak, 2012). There has been a
numerous growth regarding experimental and pilot plants works
(Fernandez et al., 2013; Keller et al., 2013; Shah et al., 2012). Kumar
et al. (2013) propose a novel design about reactive distillation with
vapor recompression analogous to the internally Heat-Integrated
Distillation Column (HIDiC) design but limiting the internal inte-
gration for exclusive means of reactive distillation.

In the context of proposals of reactive distillation processes
for the production of important and valuable chemical com-
pounds such as carbonates, only a few works have been published,
for instance: Processes involving conventional reactive distilla-
tion for the synthesis of glycerol carbonate have been presented
(Lertlukkanasuk et al., 2013; Wang et al., 2015); also reactive dis-
tillation processes for the synthesis of diethyl carbonate as the
main product have been presented, Wei  et al. (2011) proposed a
conventional reactive distillation for the synthesis of diethyl car-
bonate, conventional and thermally coupled reactive distillation
processes have also been proposed by Wang et al. (2014) and
Zheng et al. (2016); reactive distillation has also been utilized in
order to produce dimethyl carbonate, relevant works concerning
this product refer to Huang et al. (2014) who introduced a heat-
integrated reactive distillation process in order to synthesize DMC,
Holtbruegge et al. (2014) proposed a membrane-assisted reactive
distillation process in order to produce dimethyl carbonate and
propylene glycol, more recently Holtbruegge et al. (2015) studied
some reactive distillation alternatives to produce dimethyl car-
bonate and propylene glycol, the analyzed alternatives included
conventional, membrane-assisted and thermally coupled reactive
distillation columns. In the case of diphenyl carbonate synthe-
sis through reactive distillation only the work by Cheng et al.
(2013) is currently available, these authors introduced two  reac-
tive distillation configurations in order to synthesize this product,
a conventional and a thermally coupled configuration.

Although it is true that intensification represents an attractive
alternative to improve an actual process scheme, to lower its cost,
environmental impact, and increases its process security, the inten-
sified schemes are generally more complex if they are compared
with their conventional counterparts. The process design of inten-
sified schemes is ultimately more complex, due to a large number of
degrees of freedom, which convert it into a large optimization prob-
lem, that it is not solved by trivial means. This major complexity also
has a hugely important impact on the controllability of intensified
systems. That is why the study of the control properties by means
of analysis such as the singular value decomposition (SVD), relative
gain array (RGA) and analysis through dynamic rigorous simulation
has a special interest (Stephanopoulos, 1984).

The optimization problems can be classified in two differ-
ent solution strategies, under deterministic or stochastic way
(Cavazzuti, 2013; Dréo et al., 2006; Rao, 1996). The deterministic
way is the most rigorous because it works with the mathemati-
cal model at issue and tries to solve it following different types of
strategies. The result given by a deterministic method guarantee
the global optimum solution if the problem is convex. On the other
hand, the stochastic way consists of extenuating methodologies,
which are given by aleatory searches of the optimum solution. The
advantages regarding deterministic ways lie in that it is not nec-
essary the resolution of the equations making easier the solving of
the optimization problem. On the other hand, the natural disad-
vantage of the stochastic way  is that it cannot guarantee that the

solution found is actually the global optimum (Collet, 2007; Collet
and Rennard, 2007). On both ways there exist a vast bibliography
about the uses and applications of these strategies in the differ-
ent areas of knowledge (Collet, 2007; Rangaiah, 2010; Uryasev and
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Table 1
Kinetic parameters for reaction rate coefficients.

k0 (m3/kmol s) Ea (kJ/kmol)

k1 135 5.42 × 104

k−1 52 5.49 × 104

k2 1210 6.15 × 104

4

G. Contreras-Zarazúa et al. / Computers a

ardalos, 2013). The metaheuristic (stochastic) strategies have also
eached a high impact on Chemical Engineering due not only to its
mplementation simplicity but also to its reliability.

It is important to mention that most of the global optimization
orks applied to distillation processes, both mono and multi-

bjective, have mainly used parameters such as total annual cost
TAC), the energy consumption, greenhouse gasses emissions,
co-indicators and conversions (Errico et al., 2016). On reactive dis-
illation, it could be mentioned the work by Babu and Khan (2007),
here they implement the differential evolution algorithm to opti-
ize a mixed integer non-linear programming (MINLP) problem

erived from the synthesis and design of a reactive distillation col-
mn  for the production of ethylene glycol using the cost as the
bjective function. Some studies have done column optimization
nly under one variable modification at a time (number of stages
nd reactive stages) using the total annual cost as objective function
Xu et al., 2014). Vega et al. (2014) presented a complete analysis of
he design and optimization of chemical processes and underlined
he strong necessity of creating a multi-objective optimization that
ncludes the control criteria properties such as an additional objec-
ive function to optimize the rest of design variables.

In this work a multi-objective optimization study involving cost
nd control properties on four reactive distillation configurations
or the diphenyl carbonate (DPC) process production by reactive
istillation from dimethyl carbonate (DMC) and phenyl acetate
PA) is presented, the utilized algorithm was the Multi-Objective
ifferential Evolution with Tabu List (MODE-TL) optimization algo-

ithm (Sharma and Rangaiah, 2010), which is a meta-heuristic
ptimization algorithm. The reactive distillation configurations
nvolve two novel configurations which use vapor recompression
echnology, these are: reactive distillation with heat integration
RDHI) through vapor recompression, and a reactive distillation
ith thermally coupling and heat integration (THRD) through

apor recompression. In addition, a conventional reactive distilla-
ion (CRD), a thermally coupled reactive distillation (TCRD) were
tudied. According to the knowledge of the authors, currently,
here is not a paper that approaches a comparative study involving
ost and control properties through a multi-objective optimization
trategy in reactive distillation processes to produce diphenyl car-
onate as the one presented in this work. This paper is organized as
ollows: Section 2 provides the modeling fundamentals of the reac-
ive process and the reactive configurations, Section 3 presents the
ormulation of the multi-objective optimization problem, Section 4
rovides the results, and finally Section 5 presents the conclusions
f this study.

. Modeling fundamentals

For the correct development of this study, it was  necessary to
ake into account all the fundamentals, constraints and specifica-
ions of the reactive process to produce DPC and its implementation
n reactive distillation configurations in order to develop the simul-
aneous cost and control multi-objective optimization problem.
hus, a suitable kinetic model for the chemical reactions in the pro-
ess and a proper thermodynamic model that adequately describes
hase equilibria of the reactive systems were selected.

.1. Reaction scheme to produce diphenyl carbonate
The reaction scheme involves a transesterification reaction
etween dimethyl carbonate (DMC) and phenyl acetate (PA) to pro-
uce methyl acetate (MA), and the intermediary methyl phenyl
arbonate (MPC), which reacts with PA or himself to produce
k−2 611 5.62 × 10
k3 8.20 × 104 7.68 × 104

k−3 1.09 × 105 7.08 × 104

diphenyl carbonate (DPC). The reaction sequence is showed by Eqs.
(2)–(4). In each step, the reaction involved is reversible.

DMC + PA�MPC + MA (2)

MPC + PA�DPC + MA  (3)

2MPC�DPC + DMC  (4)

Cheng et al. (2013) proposed the rate expressions corresponding
to the reactions of in Eqs. (2)–(4). These kinetics expressions are
represented by Eqs. (5)–(7)

r1 = k1CPACDMC − k−1CMPCCMA (5)

r2 = k2CPACMPC − k−2CDPCCMA (6)

r3 = k3C2
MPC − k−3CDPCCDMC (7)

The kinetic parameters, which fit to the Arrhenius equation,
were taken from Cheng et al. (2013). Table 1 shows the values of
the pre-exponential factor, k0, and the activation energy, Ea, of each
reaction rates.

2.2. Thermodynamic model

The reactive system consists of five components, DPC, MPC, PA,
DMC, and MA;  Cheng et al. (2013) reported that there is not the exis-
tence of azeotropes among these components due to the boiling
point temperature difference of any combination of two compo-
nents in the system is large enough.

Yao (2012) showed experimentally that an ideal solution can
describe the equilibrium data of the system with a very satisfac-
tory fit. Therefore, the mixture can be properly modeled by an
ideal thermodynamic model for the estimation of the vapor-liquid
equilibrium.

2.3. Intensified reactive distillation configurations to produce DPC

In the present work four different reactive distillation con-
figurations to produce DPC are studied. The alternatives consist
in: Conventional Reactive Distillation (CRD); a Thermally Cou-
pled Reactive Distillation (TCRD); and two  novel configurations:
Reactive Distillation With heat Integration (RDHI) and Reactive
Distillation with Thermally Coupled and heat Integration (THRD),
these last configurations use vapor recompression in order to
implement heat integration, the schemes of these configurations
are shown in Fig. 1. All sequences consist of two  columns, the first
is the reactive distillation column (RDC). the reagent with higher
boiling point (PA) is fed near the top of the RDC while the reagent
with lower boiling point (DMC) is fed near the bottom. The sec-
ond column is the recovery column (RC) of the by-product MA,  and
the reagent DMC  is returned from the bottom of the RC column
to the RDC column. In all cases, the feed flow of PA and DMC  were

10 kmol h−1 and 5.06 kmol h−1, respectively. The purity required for
DPC and MA  is 99.5 mol%. The topology of the designs of CRD and
TCRD were taken from the previous work by Cheng et al. (2013). The
RDHI and the THRD process were designed from the CRD and TCRD
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lation
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Fig. 1. Intensified reactive distil
espectively. The main target in the reactive distillation sequence
ith heat integration is to upgrade and reuse the heat of vapor

treams leaving the top of the RDC to mitigate the duty in the RC
 configurations to produce DPC.
reboiler; the heat integration causes important energy savings in
the reactive distillation process. The function of the compressor is
to increase the temperature of vapor streams in order to guarantee
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hat its temperature is higher than the temperature of the bottom
f the RC.

. Formulation of the multi-objective optimization
roblem

The multi-objective optimization problem involving cost and
ontrol properties of the reactive distillation configurations for the
ynthesis of Diphenyl Carbonate leads to a large-scale optimization
roblem because of the large number of discrete and continuous
ariables, which include phase equilibrium and the kinetic rela-
ionships. Thus, it is important to utilize a suitable multi-objective
ptimization strategy for simultaneously relating the economic
nd controllability properties in the designs of these intensified
onfigurations. In this study, the Condition Number has been estab-
ished as the index to evaluate the control properties of the designs,

hereas the cost is evaluated by calculating the Total Annual Cost.
The calculation of the Condition Number has been carried out

hrough the singular value decomposition technique of the rela-
ive gain matrix of the design in the nominal point (e.g. the design
hat fulfills the restrictions of molar purity and recovery); lower
alues of the Condition Number of a design are preferable over
pper values (Morari et al., 1985), because the condition number

s a sensitivity measure of the system to any parameter perturba-
ion (Lau and Jensen, 1985), it is a suitable index in order to have

 qualitative assessment of the control properties of the designs
n steady-state, the condition number has been used in Chem-
cal Engineering processes for achieving such purpose (Lenhoff
nd Morari, 1982; Segovia-Hernández et al., 2006; Skogestad and
avre, 1996; Youngwoon and En Sup Yoon, 1996). For further
etails on the calculation of the Condition Number using the sin-
ular value decomposition of the relative gain matrix, the reader is
eferred to a previous work by Vázquez-Castillo et al. (2015).

On the other hand, the Total Annual Cost (TAC) of each reactive
istillation configuration has been estimated as follows:

AC = Capital cost
Payback time

+ Operating cost (8)

The capital cost of each reactive configuration was calculated by
sing the modular method (Guthrie, 1969; Ulrich, 1984), the capital
ost includes the cost of distillation columns, trays, heat exchang-
rs, and compressors. The parameters and equations to calculate
he cost can be found in the publication by Turton et al. (2009).
arbon steel was the assumed construction material for all the
quipment, and the payback time was considered to be five years.
he operating cost includes cooling utilities, heating utilities, and
400 h of yearly operation for each configuration. Furthermore, the
tilities considered were: oil for heating with a cost of $ 6.28/GJ
Douglas, 1988), low-pressure steam (6 bar, 87 psia, 160 ◦C/320 ◦F)
ith a cost of $ 7.78/GJ, electric power with a cost of $ 16.8/GJ and

ooling water received at 20 ◦C and returned to 30 ◦C with a unit
ost of $ 0.72/GJ (Luyben, 2011).

Optimal designs of the reactive distillation configurations mean
aving solutions with Condition Number, � , and TAC as minimum
s possible, but satisfying the required molar purities and flowrates.
he multi-objective optimization problem can be mathematically
xpressed as in Eq. (9):

in  Z = {TAC; �} (9)

TAC = f
(

N , C , R , C , h , c , k, e
)

S d a a u o p

 = f (�∗, �∗)
emical Engineering 105 (2017) 185–196 189

Subject to:

�yi,PC ≥ �xi,PC

�wi,FC ≥ �ui,FC

(10)

The Total Annual Cost of a reactive distillation configuration
depends on the number of stages NS , column diameters Cd, the area
of condensers Ca, the area of reboilers Ra, the cost of heating utili-
ties hu and cooling utilities co, compressor capacity k, electric power
ep; whereas the Condition Number relates the minimum singular
value �∗ and the maximum singular value �∗. The objective function
is restricted to the fulfillment of the purity vectors and the molar
flowrate vectors for the components in the mixture, e.g., the values
of the purities for the components obtained during the optimiza-
tion process �yi,PC must be either greater or equal to the specified
values of purities for the components �xi,PC , furthermore the molar
flowrates obtained �wi,FC must also be either greater or equal to the
specified values of the molar flowrates �ui,FC . The decision variables
in the optimization of Eq. (9) for the studied reactive distillation
configurations (see Fig. 1) involve a combination of discrete and
continuous variables. For the CRD, a total of 13 decision variables
must be determined. Similarly, for TCRD a total of 13 decision vari-
ables must also be determined. However, for RDHI and THRD, 14
variables must be determined in the optimization process. Table 2
offers the detailed information of the decision variables for each
reactive configuration subject to the multi-objective optimization
procedure.

The multi-objective optimization problem states an important
degree of difficulty so that a suitable optimization strategy must be
used. In this work, it has been used the multi-objective optimization
hybrid method namely the Multi-Objective Differential Evolution
With Tabu List Algorithm (MODE-TL) proposed by Sharma and
Rangaiah (2010), in the MODE-TL (see the flowchart given in Fig. 2)
a population of NP individuals is randomly initialized within the
bounds of the decision variables. Then, values of the objectives and
constraints are calculated for each individual of the initial popula-
tion. The size of TLS (Tabu List Size) is half of the population size, and
Tabu List (TL) is randomly filled with 50% individuals of the initial
population, initial individuals are also identified as target individ-
uals (i). A trial individual is generated for each target individual
by mutation and crossover on three randomly selected individuals
from initial/current/parent population. The elements of the mutant
vector compete with those of the target vector, with a Cr probability
to generate a trial vector. Tabu check is implemented in the gener-
ation step of the trial vector of MODE-TL, and the trial individual is
repeatedly generated until it is away from each individual in the TL
by a specified distance called Tabu Radius (Tr). Euclidean distance
between the trial individual and each individual in TL is calcu-
lated in the normalized decision variables space for accepting the
trial individual. After that, objectives and constraints are calculated
for the temporarily accepted trial individual. The trial individual
is stored in the child population and added to TL. After generat-
ing the trial individuals for all the target individuals of the current
population, non-dominated sorting of the combined current and
child populations followed by crowding distance calculation, then
if required is performed to select the individuals for the next gen-
eration (G). The best NP individuals are used as the population in
the subsequent generation. For further details about the MODE-TL,
the reader is referred to the work by Sharma and Rangaiah (2010).

The implementation of the multi-objective optimization strat-
egy involved a hybrid platform which linked Aspen PlusTM,
Microsoft ExcelTM, and MatlabTM through the implementation of

a COM Technology (see Fig. 3). During the optimization process,
a decision vector of design variables is sent from Excel TM to
Aspen PlusTM, in which rigorous calculations for the data that iden-
tify a particular design of the reactive distillation configurations
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Table 2
Discrete and continuous decision variables for the reactive distillation configurations in Fig. 1.

Decision Variables CRD TCRD RDHI THRD

Continuous Discrete Continuous Discrete Continuous Discrete Continuous Discrete

Number of stages, RDC X X X X
Number of stages, RC X X X X
Feed  stage of PA X X X X
Feed  stage of DMC X X X X
Reflux ratio of RDC X X
Reflux ratio of RC X X X X
Feed  stage, RC X X X X
Heat  duty of RDC, kW X X X X
Heat  duty of RC, kW X X X X
Diameter of RDC, m X X X X
Diameter of RC, m X X X X
Top  pressure RDC, atm X X X X
Top  pressure RC, atm X X X X
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Discharge pressure of compressor, atm 

Interlinking flow, kmol h−1 X 

Total  number of variables 13 13 

re obtained (e.g., temperature profile, molar composition profile,
olar flow profile, etc.) via resolution of phase equilibria along
ith the complete set of MESH equations by using the RADFRACTM

odule. These data are returned from Aspen Plus TM and stored
n Excel TM, perturbations of 1% are applied to the manipulated
ariables and new simulations are executed, after these simula-
ions are completed the differences among the components molar
urity in the nominal state and the components molar purity after
he perturbations are estimated, these data along with the neces-
ary data to estimate the Total Annual Cost are sent from ExcelTM to
atlabTM. In this software, the calculation of both objective func-

ions is carried out, the values obtained for the objective functions
re returned to ExcelTM and new vectors of design variables are
enerated according to the stochastic procedure of this method. For
he optimization process, in this study the values for the parame-
ers associated with the used MODE-TL algorithm are the following:
opulation size (NP): 120 individuals, Generations Number (Gen-
ax): 500, Tabu List size (TLS): 60 individuals, Tabu Radius (TR):

.5 × 10−6, Crossover fractions (Cr): 0.8, Mutation fractions (F): 0.6.
he values of NP, GenMax and TLS were determined through a pre-
ious tuning process of the multi-objective optimization algorithm,
hereas the values of Cr, TR and F were taken from the recom-
ended values for these parameters in the work by Sharma and

angaiah (2010).

. Results

In this section, the results of the simultaneous cost and con-
rol multi-objective optimization for all the reactive distillation
onfigurations is presented. The optimized results fulfill the molar
urities set as 99.5% molar fraction of DPC and MA.  In the optimiza-
ion process, all the reactive sequences were rigorously modeled
sing the process simulator Aspen PlusTM through the RADFRACTM

odule, which contains the complete set of mass and energy bal-
nces along with the phase equilibrium calculations. All the runs to
arry out the multi-objective optimization were performed on an
ntel (R) Core TM i7-4790 CPU @ 3.6 GHz, 12 GB computer, the com-
uting time for obtaining the Pareto optimal solutions was  different
ccording to the complexity of each reactive configuration: CRD
equired 175.2 h, TCRD required 201.6 h, RDHI required 247.2 h, and
HRD required 295.2 h.
.1. Pareto optimal solutions

As previously mentioned, the intensified reactive distilla-
ion configurations for the synthesis of Diphenyl Carbonate can
X X
X

14 14

provide significant advantages related to energy savings; however,
the complex structure of these configuration poses a very complex
problem in finding an optimum design through the implementa-
tion of a conventional optimization method due to the large number
of variables involved, without mentioning that this complexity can
degrade the controllability of the designs. The multi-objective opti-
mization process allows for obtaining multiple solutions, which
fulfill the restrictions imposed by the recovery and molar purities.
The solutions of reactive distillation configurations found in the
Pareto charts which offer the trade-offs between the two objec-
tive functions, namely the cost and the control properties of these
intensified configurations are offered in the following sections.

4.2. Conventional reactive distillation (CRD)

Fig. 4, shows the Pareto chart for CRD, as observed in this figure,
the values of the condition number are found between 715 and
10,000, whereas the TAC values from $ 1,700,000 to $ 5,000,000
per year. In order to compare the designs in different zones of the
Pareto chart and to have a better understanding why the solutions
in the extremes of the Pareto have important reductions in TAC,
but bad control properties and the other way  around, three differ-
ent designs were selected, the first design is found on the upper
left side of the Pareto where the highest value of condition num-
ber and minimum cost are present, this design is identified as PC
in Fig. 4. the second design, PT, is in the opposite condition, this is
with the highest cost and minimum condition number, and finally
one design in the curve zone of the Pareto was selected, PO; the
solutions in the Pareto chart can help in the decision-making pro-
cess by showing the trade-offs involved in the objective functions,
for example, in this study the selection of a design with one of the
lowest values in the total annual cost will have an impact of some
extent on the value of condition number and vice versa, this is, the
selection of solutions in the extremes of the Pareto chart. There-
fore, the solutions that offer the best trade-offs between the two
objectives are those located in the curve zone of the Pareto Chart,
in particular, the PO design is a good example of one design of this
feature. The values of the design variables of PT, PO, and PC selected
designs are offered in Table 3.

As it can be seen in Table 3, PO is the solution that offers the
best trade-off between the two  objectives. PC is the solution with
the worst control properties, it has smaller values of the column

diameters in RDC and RC respect to the PT solution, which has
good control properties but the highest TAC. This difference in the
diameters in RDC has a strong influence in the tray holdup for each
design, in this way the values in the tray holdup for PO and PC are
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Fig. 2. Flowchart of the used multi-objective optimization algorithm (MODE-TL).

Fig. 3. Hybrid platform to implement the multi-objective optimization.
Fig. 4. Pareto chart of the optimized designs of CRD configuration.

significantly smaller than the tray holdup values in PT; from this,
it can be inferred that for the CRD configuration the tray holdups
and consequently the diameters of the columns RDC and RC might
have some influence on the control properties, being the control
properties of the PT design the best in these three representative
designs. An explanation of these results can be suggested by stating
that as bigger tray holdups values are present during the operation
of the columns, these holdup volumes can serve as a surge capacity
of the process in order to deal in a better way  with the effects of the
perturbations in the manipulated variables; So the effects of the
perturbations are not so noticeable. But this has as consequence
an increase in the values of the diameters of the columns, which
has a direct impact in the increment of the energy consumption of
the designs because a large amount of internal flowrate is present.
This kind of conclusion relating the holdup volumes and the surge
capacity of the column has been commented in studies of practical
distillation control (Luyben, 1992).

With respect to the number of stages in the columns, it does
not seem to have a noticeable influence on the control properties;
there is not a clear trend in this aspect. However, it is clear that the
number of stages of the design PT is larger than PO and PC. On the
other hand, the reflux ratio values of the PO and PT solutions have
values larger than PC, so, it can be inferred that the larger the values

of the reflux ratio are the better the control properties are, but this
is compensated with increments in the energy consumptions.

In the case of the molar purities, especially in the purity of
the recycled component, DMC, the results indicate that it is not

Table 3
Design variables of optimized designs PC, PO, and PT of CRD configuration.

Design variables of CRD PC PO PT

Number of stages, RDC 83 78 82
Number of stages, RC 29 26 35
Feed stage of PA 5 7 4
Feed stage of DMC 72 71 74
Feed stage, RC 20 11 28
Reflux ratio, RDC 1.21 2.59 2.02
Reflux ratio, RC 1.05 2.38 1.95
Heat duty of RDC (kW) 676.00 819.31 931.71
Heat duty of RC (kW) 176.90 160.89 291.28
Diameter of RDC (m)  0.90 1.14 2.67
Diameter of RC (m) 1.23 1.42 2.13
Top pressure RDC (atm) 1.07 2.38 1.08
Top pressure RC (atm) 1.00 1.00 1.01
Tray holdup (l) 260.54 346.31 970.45
Reactive stages, RDC 5–74 7–74 4–81
Total energy (kW) 852.80 979.62 1222.99
Purity of DPC (mol. fraction) 0.997 0.995 0.997
Purity of MA  (mol. fraction) 0.995 0.995 0.997
Purity of DMC  (mol. fraction) 0.677 0.478 0.995
Condition number 9768 1764.49 1091.31
Total Annual Cost ($/yr) 1,787,420 1,854,323.60 4,671,366.08
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Table 4
Design variables of optimized designs PC, PO, and PT of TCRD configuration.

Design variables of TCRD PC PO PT

Number of stages, RDC 85 82 85
Number of stages, RC 22 30 20
Feed stage of PA 10 8 6
Feed stage of DMC  80 72 75
Feed stage, RC 13 11 20
Reflux ratio, RC 8.30 11.34 10.56
Interlinking flow, kmol h−1 36.05 21.28 30.93
Heat duty of RC (kW) 86.43 293.56 273.51
Heat duty of RDC (kW) 606.79 564.90 641.86
Diameter of RDC (m)  0.99 0.82 1.39
Diameter of RC (m)  0.74 0.82 0.85
Top pressure RDC (atm) 2.95 2.09 2.89
Top pressure RC (atm) 1.01 1.02 1.01
Tray holdup (l) 437.21 300.026 610.74
Reactive stages, RDC 10–81 8–78 6–81
Total energy (kW) 693.22 858.46 915.37
Purity of DPC (mol. fraction) 0.996 0.996 0.995
Purity of MA (mol. fraction) 0.997 0.997 0.998
Purity of DMC  (mol. fraction) 0.0186 0.997 0.998

number; the PT point represents the design with the highest TAC,
and the PO point offers the best trade-off between the two  objec-
tives. The design variables of these designs are shown in Table 5.
Fig. 5. Pareto chart of the optimized designs of TCRD configuration.

ecessary a very high purity of the reactant in excess in the recycle
tream.

.3. Thermally coupled reactive distillation (TCRD)

The Pareto chart of TCRD is shown in Fig. 5, the values of the
ondition numbers for this configuration range from 100 to 2750,
hereas the Total Annual Cost values obtained were in the range

rom $ 800,000 to $ 2,600,000. The designs with the best trade-
ff between the two objectives are found in a narrow zone of the
areto chart with condition numbers values that range from 150
o 700 and Total Annual Cost values from $ 890,000 to $ 1,100,000.
t is important to notice that the values in the objective functions
n the Pareto chart of TCRD are lower than the values in the Pareto
hart of CRD. Therefore, it can be stated that the designs of TCRD
re better in terms of cost and control. The results of cost reduction
ith respect to CRD can be explained because of the presence of

 recycle stream in TCRD. Likewise in thermally coupled configu-
ations without reaction, the recycle stream helps to mitigate the
equired heat duty in this configuration and also can be a factor to
eaden the control response of the TCRD system.

Similar to the selected points in CRD configuration, three points
ave been selected in the optimal designs of TCRD configuration in
ig. 5, in this way  the selected design, PC, has the minimum TAC
nd the worst control properties, the design PT has the minimum
ondition number and the worst TAC, and the PO design, which
ffers the best trade-off between the two objectives. The design
ariables of these selected designs are offered in Table 4.

In Table 4 can it be seen that the selected designs of TCRD have
ower energy consumptions than the selected designs of CRD in
able 3. In the case of the PC design, it has low energy require-
ents in the RC, also in Table 4 it can be seen that the purity of the
CM recycled in PC is very low compared with the designs PO and
T. The way in which the low energy consumption affects the con-
rol properties mainly lies in the work done by the recycle stream,
hich is used to return the reactant DMC  to the RDC, with the aim to

chieve an excess of this reactant and to shift the equilibrium in the
eaction towards the formation of the products. However, the low
urity in the recycle stream of PC implies a low quantity of DMC  in
he recirculated stream, which negatively affects the formation of
PC; therefore, any small change in the energy duty of the column
C affects the DPC formation in RDC, and also the formation of MA.
inally, it is important to mention that the total annual cost savings
f the design PO are a consequence of the low energy consumption.

In the designs PT and PO of TCRD, the results indicate that larger

iameters and tray holdups tend to favor the control properties,

ikewise in CRD, the columns of TCRD with higher tray holdups and
iameters can handle the perturbations in the manipulated vari-
bles. With respect to the values of the reflux ratios in TCRD, these
Condition number 2640.16 206.46 185.6
Total Annual Cost ($/yr) 906,241.1 905,863.6 2,542,406.5

are high in the recovery column, which is a consequence of the
thermal coupling as the recovery column must provide liquid to
the reactive column, RDC. In the case of other design parameters as
the operating pressure or the interlinking flow there is no a clear
trend to discern whether these have advantageous or disadvanta-
geous effects on the control properties, but rather it seems that the
effects of these would depend on the combination of these variables
together with the other parameters of the design.

4.4. Reactive distillation with heat integration (RDHI)

For the reactive configuration with heat integration, the Pareto
chart of this configuration is shown in Fig. 6, the values of the con-
dition numbers of RDHI were in the range from 160 to 3000, and
the Total Annual Cost values from $ 1,600,000 to $ 3,700,000. In
comparison with the CRD results, the designs of RDHI are more
promissory; it is very important to notice because the complexity
in the structure of RDHI configuration seems not to degrade the
control properties and the heat integration strongly mitigates the
energy requirements of RDHI, affecting in a positive way  the TAC.

Three representative points of the Pareto chart are shown in
Fig. 6. The PC point represents the design with the highest condition
Fig. 6. Pareto chart of the optimized designs of RDHI configuration.
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Table  5
Design variables of optimized designs PC, PO and PT of RDHI configuration.

Design variables of RDHI PC PO PT

Number of stages, RDC 76 80 76
Number of stages, RC 26 26 26
Feed stage of PA 8 9 3
Feed stage of DMC  74 72 72
Feed stage, RC 23 8 8
Reflux ratio, RDC 0.97 1.63 2.65
Reflux ratio, RC 1.51 1.69 1.77
Heat duty of RDC (kW) 536.82 713.59 1133.72
Heat duty of RC (kW), Integrated 396.621 228.904 286.32
Diameter of RDC (m)  1.01 1.06 1.13
Diameter of RC (m)  1.13 1.29 1.29
Top pressure RDC (atm) 2.46 2.16 2.26
Top pressure RC (atm) 1.022 1.03 1.00
Tray holdup (l) 354.48 371.34 382.21
Reactive stages, RDC 8–75 9–76 3–74
Energy of Compresor (kW) 1.90 6.59 39.64
Discharge pressure of compressor (atm) 2.58 2.44 3.05
Total energy (kW) 538.73 720.18 1172.71
Purity of DPC (mol. fraction) 0.996 0.998 0.995
Purity of MA  (mol. fraction) 0.996 0.998 0.997
Purity of DMC  (mol. fraction) 0.998 0.571 0.998
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configuration decreases the economic benefits of the energy sav-
ings in RDC and RC.

Table 6
Design variables of optimized designs PC, PO, and PT of THRD configuration.

Design variables of THRD PC PO PT

Number of stages, RDC 82 80 81
Number of stages, RC 24 23 26
Feed stage of PA 6 4 6
Feed stage of DMC  77 74 78
Feed stage, RC 18 2 22
Reflux ratio, RC 7.17 9.69 8.06
Heat duty of RDC (kW) 536.22 514.02 580.69
Heat duty of RC (kW), Integrated 182.31 819.21 931.59
Diameter of RDC (m)  0.53 1.07 2.16
Diameter of RC (m) 0.73 1.02 1.44
Top pressure RDC (atm) 2.56 2.03 1.23
Top pressure RC (atm) 1.0042 1.0423 1.031
Tray holdup (l) 115.12 213.23 675.66
Reactive stages, RDC 6–78 4–74 6–78
Interlinking flow, kmol h−1 27.63 29.07 33.17
Energy of Compresor (kW) 4.08 30.36 66.79
Discharge pressure of compressor (atm) 2.82 3.20 2.98
Total energy (kW) 540.30 544.38 647.48
Purity of DPC (mol. fraction) 0.997 0.996 0.996
Condition number 3730.0 246.0 236.2
Total Annual Cost ($/yr) 1,595,070.0 1,663,652.8 3,669,899.9

As can be seen in Table 5 the design of the three representative
ptimized designs of RDHI has a similar number of stages as those
n RDC and RC. The increment of the columns diameters from PC
o PT has an important positive impact on the control properties
ecause they allow to the configuration to handle better the effects
rom the perturbations likewise the optimized designs in CRD and
CRD. There is a strong relationship between the holdup and the
olumn diameter because large values of the holdup, as in the PT
esign having the highest possible value of holdup, result in longer
esidence time of reactants in each stage and therefore it is linked
ith the liquid flowrate and it also allows for the variation of others

ariables such as the heat duty and the reflux ratio. With respect to
he values of the reflux ratio, as expected, lower values represent
ower energy consumption, and these are reflected in lower TAC;
owever, this has a negative effect on the values of the condition
umbers of RDHI configuration.

Another factor that can help in an important way  to the improve-
ent in the control properties is the heat duty, larger values in the

nergy consumption of the reboilers of the columns, as observed in
able 5, and analogously to bigger internal flowrate, a larger heat
uty can better assimilate the perturbations doing the configura-
ion to operate near the nominal point.

.5. Reactive distillation with thermally coupled and heat
ntegration (THRD)

For the last configuration, the THRD, the Pareto chart is shown
n Fig. 7. As observed in this figure, the condition number values
re found in the range from 1290 to 5500 whereas the TAC values
re in the range from $ 1,600,000 to $ 2,500,000. Both values in
he objective functions are close to those obtained in CRD, which
ndicates that the presence of more than one recycle stream as in
DHI does not benefit the control properties; on the other hand,
he elevated cost of this configuration is because of the electric
ower required for the compressor and the operating pressure in
he reactive column (See Table 6), this considerably increases the
ost of the configuration because a considerable amount of electric
ower is required in order to achieve the pressure in the reactive

olumn, this may  be an unappealing motivation for the industrial
mplementation of THRD compared with TCRD and RDHI.

In the same way, three representative optimized points were
elected, PC, PO, and PT, the design variables of these designs are
Fig. 7. Pareto chart of the optimized designs of THRD configuration.

shown in Table 6. The effects of the values of tray holdups and the
diameters on the control properties are very noticeable helping to
improve these properties, but with increments in the costs. The
holdups are related with the diameters and then these follow the
same trend.

With respect to the effect of the reflux ratio, and other designs
parameters such as the number of stages, and the feed stages, there
is not a clear trend about their effects on the control properties, as
the selected and representative designs have similar values of the
number of stages and feed stages. On the other hand, it seems that
larger values in the interlinking flows may  produce positive effects
on the control properties, similar to the values of the diameters, but
negatively affecting the cost.

On the basis of the values of the TAC of this configuration, it can
be stated that the total annual cost is strongly affected by the energy
utilized in the compressor, this is clear to be seen through the anal-
ysis of the disaggregated values of the energy. Another parameter
that also affects the TAC is the top pressure in RDC because the
larger this pressure is the larger the energy required by the com-
pressor is. Also, it is important to note that the designs of THRD have
lower energy consumptions compared to the designs of CRD, TCRD,
and RDHI. However, the high requirement of electric power of THRD
Purity of MA  (mol. fraction) 0.997 0.995 0.996
Purity of DMC  (mol. fraction) 0.795 0.027 0.118
Condition number 5058.9 1541.9 1486.6
Total Annual Cost ($/yr) 1,686,805.5 1,734,136.2 2,429,723.1
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ig. 8. Superposed Pareto chart of the optimized designs of reactive distillation
onfigurations.

.6. Analysis of the superposed Pareto charts for all the
onfigurations

With the purpose to illustrate in a more comprehensible way,
ig. 8 shows the Pareto charts of all the configurations in Figs. 4–7.
s it can be seen in Fig. 8 the designs of CRD, RDHI, and THRD

ave similar ranges in the values of the TAC, it is a fact that this

ast configuration, and, RDHI, have important energy savings and
hus it would be expected a reduction in the TAC, however, the

able 7
ummary of the design variables of the best designs of the reactive configurations.

Design Variables and Parameters CRD 

Columns Topology
Number of stages, RDC 78 

Number of stages, RC 26 

Feed  stage of PA 7 

Feed  stage of DMC  71 

Feed  stage, RC 11 

Diameter of RDC (m)  1.14174 

Diameter of RC (m)  1.42637 

Specifications
Reflux ratio, RDC 2.59377 

Reflux ratio, RC 2.3831 

Heat  duty of RDC (kW) 819.311 

Heat  duty of RC (kW) 160.892 

Top  pressure RDC (atm) 2.3831 

Tray  holdup (l) 346.31 

Reactive stages, RDC 7–74 

Interlinking flow, kmol h−1 – 

Energy of Compresor (kW) – 

Discharge pressure of compressor (atm) – 

Streams Mole Flow (kmol h−1r)
PA 10 

DMC  5.06 

DMCRecycle 19.39 

MA  10.05 

DPC  5.01 

TOPRDC 29.43 

In.  Steam – 

In.  Liquid – 

Steamtop – 

Liquidtop – 

FeedRC – 

Purity of Products (mol. fraction)
Purity of DPC 0.995005 

Purity of MA 0.99577 

Key  performance indicators
Energy per ton of DPC produced (GJ/TonDPC) 3.41 

Total  energy (kW) 979.621 

Condition number 1764.49 

Total  Annual Cost ($/yr) 1,854,323.60 
emical Engineering 105 (2017) 185–196

compressor energy requirement involves the use of electric power
and increases in a significant way  the cost of the configurations. On
the other hand, the results indicate that the structure with more
complexity and with more recycle streams, which is THRD, shows
the worst control properties followed by the conventional configu-
ration, CRD. The designs of RDHI and TCRD configurations are those
that show the best control properties, however, the Total Annual
Cost values of TCRD are lower than the values of RDHI, and in gen-
eral with respect to the other configurations. Thus, it can be stated
that the TCRD configuration has a significant advantage over the
other configurations as the best alternative for the synthesis of
Diphenyl Carbonate because of the control properties and the cost
values. Table 7 shows the summary of design variables of the opti-
mized designs of each configuration that offer the best trade-off
between the control properties and the total annual cost; these are
the “PO” points of each Pareto chart.

From the values of the design variables, it can be observed
that the optimized designs are similar with respect to the num-
ber of stages of RDC and RC, in the case of the reactive distillation
column designs, the number of stages and their heights are in
concordance with the mechanical considerations in the design of
distillation columns built so far (Górak and Olujic, 2014). As pre-
viously mentioned, the THRD configuration is not favored in its
cle stream in its structure, in addition the Total Annual Cost is also
increased due to the cost of the electric power required for this
configuration, a similar situation, in a lower degree, occurs in RDHI.

TCRD RDHI THRD

82 80 80
30 26 23
8 9 4
72 72 74
11 8 2
0.821441 1.05766 1.07288
0.822119 1.29306 1.02118

11.3423 1.63179 –
– 1.69531 9.6938
564.904 713.596 514.023
293.565 228.904 819.213
2.09142 2.1598 2.03481
300.026 371.341 213.231
8–78 9–76 4–74
21.2805 – 29.0766
– 6.5918 30.359
– 2.43987 3.20148

10 10 10
5.06 5.06 5.06
32.85 17.26 18.75
8.93 9.97 9.69
5.011 4.99 5.016
– – –
64.18 – 57.93
21.28 – 29.07
– 71.72 –
– 44.47 –
– 27.25 –

0.996672 0.998265 0.996245
0.99749 0.998841 0.995566

2.89 2.20 1.67
858.469 720.18 544.382
206.46 246.0 1541.9
905,863.61 1,663,652.8 1,734,136.2
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In the case of the optimized design of TCRD, and despite the
nergy consumption is larger than RDHI and THRD, the absence of a
ompressor in TCRD helps to reduce the Total Annual Cost. Also, it is
mportant to mention that the influence of the recycle stream helps
o improve the control properties. On the basis of all the results
epresented in the Pareto charts and the design variables of the
ptimized designs, it can be stated that TCRD is the most attractive
onfiguration in economic terms and controllability properties for
he synthesis of Diphenyl Carbonate.

The energy consumption (GJ/ton of DPC) per ton of DPC pro-
uced of each optimized design is shown in Table 7. It indicates
hat the highest required energy for the production of DPC corre-
ponds to the CRD configuration, whereas significant and favorable
ifferences in the requirements of energy for the other configura-
ions, with respect to the CRD design, were obtained; for instance,
he TCRD configuration required 17.99% less energy than CRD, RDHI
onfiguration needs 55% less that the conventional configuration,
hereas the lowest required energy corresponded to the THRD

onfiguration with 104% less than CRD.
With respect to the total annual cost in configurations RDHI and

HRD, the results did not indicate a direct relationship between
nergy consumptions and costs; where these configurations use
lectric power and it increased their TAC, this is easy to see by
nspecting the values of the design variables reported in the opti-

al  designs of these configurations, which have similar values in
he number of stages and diameters. Therefore, it was possible to
iscard the reduction in the cost because of structural arrangement.

Finally, it is important to mention that the CRD configuration
or the synthesis of Diphenyl Carbonate resulted in the most unap-
ealing alternative for its formal implementation because it has
he largest TAC, the worst control properties, and high energy con-
umptions, this last can be translated into high polluting emissions
nd a negative environmental impact.

. Conclusions

This work presented a multi-objective optimization study
nvolving cost and control properties of four reactive distillation
onfigurations to produce Diphenyl Carbonate, the utilized multi-
bjective optimization algorithm has proven to be a powerful tool
o deal with the complex structure of these configurations. These
onfigurations corresponded to the conventional reactive distilla-
ion configuration, CRD, the thermally coupled reactive distillation
onfiguration, TCRD, and two novel reactive distillation configura-
ions using vapor recompression technology, these are, RDHI, and
HRD.

From the optimized designs of the Pareto charts of each reactive
onfiguration, it was found that the tray holdups values and conse-
uently the diameter values of the columns strongly influence the
ontrol properties of the configurations; thus, for large values of the
ray holdups and diameters, the control properties were better. The
ontrol properties also were influenced by the presence of the inter-
inking stream in the reactive and separation columns, in particular,
he presence of one interlinking stream tend to favor the control
roperties of a configuration, as in RDHI; however, the presence
f two interlinking streams negatively affected these properties as
n THRD. Nevertheless, this configuration presented good energy
avings.

From all the configurations, the results indicated that the TCRD
onfiguration was the most attractive arrangement to be imple-
ented to produce DPC, mainly because the optimized designs
howed the best control properties, and also it is important to men-
ion that significant energy savings were achieved at the optimal
esigns, and because it did not require electric power, significant
eductions in the total annual cost were obtained.
emical Engineering 105 (2017) 185–196 195

Acknowledgements

The authors acknowledge the financial support provided by
CONACyT and The Universidad de Guanajuato.

References

Babu, B.V., Khan, M.,  2007. Optimization of reactive distillation processes using
differential evolution strategies. Asia Pac. J. Chem. Eng. 2 (4), 322–335.

Barbosa, D., Doherty, M.F., 1988a. Design and minimum reflux calculations for
single-feed multicomponent reactive distillation columns. Chem. Eng. Sci. 43,
1523–1537.

Barbosa, D., Doherty, M.F., 1988b. The simple distillation of homogeneous reactive
mixtures. Chem. Eng. Sci. 43, 541–550.

Cavazzuti, M.,  2013. Optimization Methods: From Theory to Design Scientific and
Technological Aspects in Mechanics. Springer-Verlag, Berlin Heidelberg,
Germany.

Cheng, K., Wang, S.-J., Wong, D.S.H., 2013. Steady-state design of thermally
coupled reactive distillation process for the synthesis of diphenyl carbonate.
Comput. Chem. Eng. 58, 263–271.

Collet, P., Rennard, J.-P., 2007. Stochastic optimization algorithms. In: Rennard, J.-P.
(Ed.), Handbook of Research on Nature-Inspired Computing for Economics and
Management. Idea Group Inc., USA, pp. 28–44.

Collet, P., 2007. Evolutionary algorithms. In: Rennard, J.-P. (Ed.), Handbook of
Research on Nature-Inspired Computing for Economics and Management. Idea
Group Inc., USA, pp. 45–58.

Douglas, J.M., 1988. Conceptual Design of Chemical Processes. McGraw-Hill, New
York.

Dréo, J., Pétrowski, A., Siarry, P., Taillard, E., 2006. Metaheuristics for Hard
Optimization. Methods and Case Studies. Springer-Verlag, Berlin Heidelberg,
Germany.

Errico, M.,  Sanchez-Ramirez, E., Quiroz-Ramírez, J.J., Segovia-Hernández, J.G., Rong,
B.G., 2016. Synthesis and design of new hybrid configurations for biobutanol
purification. Comput. Chem. Eng. 84, 482–492.

Fernandez, M.F., Barroso, B., Meyer, X.-M., Meyer, M.,  Lann, M.-V.L., Roux, G.C.L.,
Brehelin, M.,  2013. Experiments and dynamic modeling of a reactive
distillation column for the production of ethyl acetate by considering the
heterogeneous catalyst pilot complexities. Chem. Eng. Res. Des. 91 (12),
2309–2322.

Górak, A., Olujic, Z. (Eds.), 2014. Distillation: Equipment and Processes. Academic
Press, UK.

Guthrie, K.M., 1969. Capital cost estimating. Chem. Eng. 76 (6), 114.
Holtbruegge, J., Wierschem, M., Lutze, P., 2014. Synthesis of dimethyl carbonate

and propylene glycol in a membrane-assisted reactive distillation process:
pilot-scale experiments, modeling and process analysis. Chem. Eng. Process.
Process Intensif. 84, 54–70.

Holtbruegge, J., Kuhlmann, H., Lutze, P., 2015. Process analysis and economic
optimization of intensified process alternatives for simultaneous industrial
scale production of dimethyl carbonate and propylene glycol. Chem. Eng. Res.
Des. 93, 411–431.

Huang, Z., Li, J., Wang, L., Jiang, H., Qiu, T., 2014. Novel procedure for the synthesis
of  dimethyl carbonate by reactive distillation. Ind. Eng. Chem. Res. 53 (8),
3321–3328.

Keller, T., Holtbrugge, J., Niesbach, A., Gorak, A., 2013. Reactive distillation for
multiple reaction systems. Chem. Ing. Tech. 85 (4), 550–563.

Kiss, A.A., Suszwalak, D.J.-P.C., 2012. Innovative dimethyl ether synthesis in a
reactive dividing-wall column. Comput. Chem. Eng. 38, 74–81.

Kumar, V., Kiran, B., Jana, A.K., Samanta, A.N., 2013. A novel multistage vapor
recompression reactive distillation system with intermediate reboilers. AIChE
J.  59 (3), 761–771.

Lau, H., Jensen, K.F., 1985. Evaluation of changeover control policies by singular
value analysis—effects of scaling. AIChE J. 31 (1), 135–146.

Lenhoff, A.M., Morari, M.,  1982. Design of resilient processing plants-1 Process
design under consideration of dynamic aspects. Chem. Eng. Sci. 37, 245–258.

Lertlukkanasuk, N., Phiyanalinmat, S., Kiatkittipong, W.,  Arpornwichanop, A.,
Aiouache, F., Assabumrungrat, S., 2013. Reactive distillation for synthesis of
glycerol carbonate via glycerolysis of urea. Chem. Eng. Process. Process
Intensif. 70, 103–109.

Luyben, W.L., 1992. Practical Distillation Control. Van Nostrand Reinhold, New
York, USA.

Luyben, W.L., 2011. Principles and Case Studies of Simultaneous Design. Wiley,
New York, USA.

Morari, M.,  Grimm,  W.,  Oglesby, M.J., Prosser, I.D., 1985. Design of resilient
processing plants-VII. Design of energy management system for unstable
reactors-new insights. Chem. Eng. Sci. 40, 187–198.

Moulijn, J.A., Stankiewicz, A., Grievink, J., Górak, A., 2008. Process intensification
and process systems engineering: a friendly symbiosis. Comput. Chem. Eng. 32
(1–2), 3–11.
Rangaiah, G.P., 2010. Stochastic Global Optimization: Techniques and Applications
in  Chemical Engineering (Advances in Process Systems Engineering- Vol. 2).
World Scientific Publishing Co. Pte. Ltd., Singapore.

Rao, S.S., 1996. Engineering optimization. In: Theory and Practice. John Wiley &
Sons, USA.

http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0005
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0010
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0015
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0020
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0025
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0030
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0035
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0040
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0040
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0040
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0040
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0040
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0040
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0040
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0040
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0045
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0045
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0045
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0045
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0045
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0045
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0045
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0045
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0045
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0045
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0045
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0045
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0050
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0055
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0060
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0060
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0060
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0060
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0060
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0060
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0060
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0065
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0065
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0065
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0065
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0065
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0065
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0065
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0065
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0070
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0075
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0080
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0085
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0090
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0095
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0100
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0105
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0110
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0115
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0115
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0115
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0115
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0115
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0115
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0115
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0115
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0115
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0120
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0120
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0120
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0120
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0120
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0120
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0120
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0120
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0120
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0120
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0120
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0125
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0130
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0135
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0140
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0140
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0140
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0140
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0140
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0140
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0140
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0140
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0140
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0140
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0140


1 nd Ch

S

S

S

S

S

S

S

T

T

U

U

U

V

of  chemical processes by sensitivity analysis. Comput. Chem. Eng. 20,
S841–S846.

Zheng, L., Cai, W.,  Zhang, X., Wang, Y., 2016. Design and control of reactive
96 G. Contreras-Zarazúa et al. / Computers a

egovia-Hernández, J.G., Bonilla-Petriciolet, A., Salcedo-Estrada, L.I., 2006. Dynamic
analysis of thermally coupled distillation sequences with unidirectional flows
for  the separation of ternary mixtures. Korean J. Chem. Eng. 23, 689–698.

hah, M.R., Kiss, A.A., Zondervan, E., de Haan, A.B., 2012. Pilot-scale experimental
validation of unsaturated polyesters synthesis by reactive distillation. Chem.
Eng. J. 213 (1), 175–185.

harma, S., Rangaiah, G.P., 2010. A hybrid multi-objective optimization algorithm.
In: Proceedings of the 5th International Symposium on Design, Operation and
Control of Chemical Processes, PSE Asia, Singapore.

iirola, J.J., 1996. Industrial applications of chemical process synthesis. Adv. Chem.
Eng. 23, 1–62.

kogestad, S., Havre, K., 1996. The use of RGA and condition number as robustness
measures. Comput. Chem. Eng. 20, S1005–S1010.

tankiewicz, A.I., Moulijn, J.A., 2000. Process intensification: transforming
chemical engineering. Chem. Eng. Prog. 96 (1), 22–34.

tephanopoulos, G., 1984. Chemical Process Control: An Introduction to Theory
and Practice. Prentice Hall, Englewood Cliffs, NJ, USA.

uinstra, H., Rand, C.L. (1994). Process for the preparation of phenyl carbonate or
polycarbonates, US Patent 5349102.

urton, R., Bailie, R.C., Whiting, W.B., Shaeiwitz, J.A., 2009. Analysis, Synthesis and
Design of Chemical Process, third edition. Prentice Hall, USA.

lrich, G.D., 1984. A Guide to Chemical Engineering Process Design and Economics.
Wiley, New York, USA.

ng, S., Doherty, M.F., 1995. Necessary and sufficient conditions for reactive

azeotropes in multicomponents mixtures. AIChE J. 41 (11), 2383–2392.

ryasev, S., Pardalos, P.M., 2013. Stochastic Optimization: Algorithms and
Applications, vol. 54. Springer Science + Business Media Dordrecht, USA.

ázquez-Castillo, J.A., Segovia-Hernández, J.G., Ponce-Ortega, J.M., 2015.
Multiobjective optimization approach for integrating design and control in
emical Engineering 105 (2017) 185–196

multicomponent distillation sequences. Ind. Eng. Chem. Res. 54 (49),
12320–12330.

Vega, P., Lamanna de Rocco, R., Revollar, S., y Francisco, M.,  2014. Integrated design
and control of chemical processes- Part I: revision and classification. Comput.
Chem. Eng. 71, 602–617.

Wang, S.J., Cheng, S.H., Chiu, P.H., Huang, K., 2014. Design and control of a
thermally coupled reactive distillation process synthesizing diethyl carbonate.
Ind. Eng. Chem. Res. 53 (14), 5982–5995.

Wang, H., Pang, L., Yang, C., Liu, Y., 2015. Production of glycerol carbonate via
reactive distillation and extractive distillation: an experimental study. Chin. J.
Chem. Eng. 23 (9), 1469–1474.

Wei, H.Y., Rokhmah, A., Handogo, R., Chien, I.L., 2011. Design and control of
reactive-distillation process for the production of diethyl carbonate via two
consecutive trans-esterification reactions. J. Process Control 21 (8), 1193–1207.

Xu, H., Ye, Q., Zhang, H., Qin, J., Li, N., 2014. Design and control of reactive
distillation–recovery distillation flowsheet with a decanter for synthesis of
N-propyl propionate. Chem. Eng. Process. Process Intensif. 85, 38–47.

Yao, C.T., 2012. VLE and Boiling Point of Binary System of Methyl Acetate, Dimethyl
Carbonate, Phenyl Acetate and Diphenyl Carbonate (Doctoral Dissertation,
Master Thesis). I-Shou University, Taiwan.

Youngwoon, K., En Sup Yoon, E.S., 1996. A method for improving condition number
dividing-wall column for the synthesis of diethyl carbonate. Chem. Eng.
Process. Process Intensif. (in press).

http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0145
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0150
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0155
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0160
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0160
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0160
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0160
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0160
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0160
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0160
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0160
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0160
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0160
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0160
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0160
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0160
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0165
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0170
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0170
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0170
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0170
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0170
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0170
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0170
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0170
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0170
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0170
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0170
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0170
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0170
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0175
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0185
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0185
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0185
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0185
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0185
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0185
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0185
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0185
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0185
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0185
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0185
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0185
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0190
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0190
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0190
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0190
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0190
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0190
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0190
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0190
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0190
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0190
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0190
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0190
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0190
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0195
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0200
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0205
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0210
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0215
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0220
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0225
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0230
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0235
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0240
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245
http://refhub.elsevier.com/S0098-1354(16)30370-2/sbref0245

	Multi-objective optimization involving cost and control properties in reactive distillation processes to produce diphenyl ...
	1 Introduction
	2 Modeling fundamentals
	2.1 Reaction scheme to produce diphenyl carbonate
	2.2 Thermodynamic model
	2.3 Intensified reactive distillation configurations to produce DPC

	3 Formulation of the multi-objective optimization problem
	4 Results
	4.1 Pareto optimal solutions
	4.2 Conventional reactive distillation (CRD)
	4.3 Thermally coupled reactive distillation (TCRD)
	4.4 Reactive distillation with heat integration (RDHI)
	4.5 Reactive distillation with thermally coupled and heat integration (THRD)
	4.6 Analysis of the superposed Pareto charts for all the configurations

	5 Conclusions
	Acknowledgements
	References


