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Analyzing the sustainability of intensified
side-stream extractive distillation for binary
azeotropic separation: a comparative study
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Abstract

BACKGROUND: The sustainability performance of extractive distillation (ED) that collectively considers energy efficiency, pro-
cess safety, economic profitability, process control, and environmental emission has not been widely reported. Motivated by
this lack of research, we analyzed and compared the sustainability performance of the intensified side-stream ED (SSED) with
that of the conventional extractive distillation (CED) for the separation of binary azeotropic mixtures. Two different design
approaches were analyzed; the first approach involves designing the intensified SSED by preserving the original CED column
configuration, while the second approach involves optimizing the original column configuration to become a new intensified
SSED configuration.

RESULTS: We found that preserving the original configuration usually provides energy-savings, but this advantage is not guar-
anteed unless the process is optimized. Generally, the reduction in energy consumption improves economic and environmental
performance. However, the optimized design has a higher risk index because it is usually larger in size, for the sake of lowering
the energy consumption. In addition, the optimized design usually has a higher condition number, which signifies that a more
complex control structure is required.

CONCLUSION: Altogether, designing the intensified process via process optimization does not always guarantee significant
improvement in all sustainability indicators.
© 2023 Society of Chemical Industry (SCI).

Supporting information may be found in the online version of this article.
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LC Level controller

LP Low-pressure

MP Medium-pressure

Pl Process intensification

PSBD Pressure swing batch distillation
PSD Pressure swing distillation

PC Pressure controller

QRA Quantitative risk analysis

RGA Relative gain array

RD Reactive distillation

Sl Sequential iterative

SA Simulated annealing

SSED Side-stream extractive distillation
SRC Solvent recovery column

SvD Singular value decomposition

TC Thermally coupled

TAC Total annual cost

TCED Thermally coupled extractive distillation
THF Tetrahydrofuran

TL Tabu list

UVCE Unconfined vapor cloud explosion
INTRODUCTION

The products generated through chemical engineering concepts
are essential to human well-being, but they also contribute to
the degradation of ecosystems that are essential to sustaining
all human activities. For the sake of sustainability, chemical engi-
neering must address this paradox by developing chemical prod-
ucts and processes that meet the needs of present and future
generations without deteriorating the environment. Efforts
toward the design of sustainable chemical processes must con-
sider the role of ecosystems in supporting industrial activities
and the effects of human behavior and markets on the environ-
ment by their use of chemicals. A close interaction between the
fundamentals of chemical engineering and current concepts of
sustainability in process systems engineering is needed, along
with a change in the engineering paradigm towards generating
products with a minimal impact on the environment.

Today, accounting for the sustainability aspects in the early
design stage of intensified processes, such as thermally coupled
(T0),"* dividing wall column (DWC),** and side-stream (SS),>°
can help distinguish between processes that are easy or difficult
to operate.” To achieve this, Jiménez-Gonzalez et al. suggested
the additional consideration of different ‘green metrics’, such as
environmental, safety, and process control, when designing an
intensified process, with aim of achieving a wider goal of environ-
mental sustainability.® This is because process intensification
(PI) of a given process generally involves topological changes in
the process configuration, such as reducing the amount of equip-
ment, which may potentially affect the control properties and per-
formance of the given system.? In contrast, reducing the amount
of equipment or the column size (e.g., column diameter) usually
provides substantial improvements to the economic aspect of
the intensified process. Thus, it is necessary to ensure that the col-
umn diameter of the intensified process is small to provide these
economic benefits while ensuring that the controllability of the
process does not deteriorate. On the other hand, the process
safety of a given process (e.g., distillation-based process) is highly
dependent on the amount of matter inside the system. In the
presence of water, for example, a large outflow (e.g., distillate or
bottom flowrate) commonly reduces the probability of hazards,

which translates to a lower process safety index. Nonetheless, a
large outflow will potentially impact the material balance of the
system and this can affect the recovery and product purities.
Another typical example is the role of the reflux ratio, where a
high reflux ratio generally dilutes the internal flow of a system
(in the presence of water), thus minimizing the probability of a
catastrophic event. Nonetheless, high reflux ratio has a direct
impact on the reboiler duty, since increasing the reflux ratio
increases the reboiler energy consumption, which eventually
affects the economic and environmental impact of a given pro-
cess. To this end, it is important to account for these different
‘green metrics’ as an integral part of the process design and oper-
ation that has been overlooked in most existing studies on the
separation of azeotropic mixtures using extractive distillation (ED).

Based on our literature review, most of the existing studies in ED
for the separation of azeotropic mixtures tend to solely prioritize
the economic aspects, although some studies in recent years have
started to consider environmental, safety, and/or control aspects.’
On the other hand, sustainability studies that consider the differ-
ent ‘green metrics’ in reactive distillation (RD) are much more
mature. One such study compares the sustainability performance
between TC and DWC for the methyl-ethyl ketone purification
process.” In addition to the traditional economic aspects, they
also considered the ‘green metrics’, i.e., environmental, safety,
and process control, as suggested by Jiménez-Gonzalez et al®
Using the same metrics, Amezquita-Ortiz et al. examined the sus-
tainability performance of the TC in comparison to Petlyuk for an
acetone purification process." A similar study (this one comparing
the sustainability of TC and DWC) was also conducted for recover-
ing valuable compounds from wastewater in the nylon industry.'®
The sustainability performances of TC, DWC, and Petyluk in RD for
facilitating a sustainable lactic acid purification steady-state pro-
cess were investigated by Gonzélez-Navarrete et al.® Altogether,
these studies highlight the role played by these ‘green metrics’
(according to Jimenez-Gonzalez et al)® as crucial characteristics
of a sustainable intensified process, in agreement with several
other review papers.'’"® In comparison to the sustainability stud-
ies performed for RD, our literature review has indicated that sus-
tainability studies for ED have received limited attention.
Motivated by this, the primary objective of this study is to analyze
the different ‘green metrics’ of the intensified ED processes for the
separation of binary azeotropic mixtures.

In addition to analyzing the sustainability of the intensified ED, it
is interesting to note that process optimization plays an important
role during the design of an intensified process to ensure that the
process is designed at its optimal conditions. Upon analyzing the
55 recent studies on azeotropic mixture covered in our previous
review,” we found that more than 70% of the existing studies
have attempted to optimize their proposed process using differ-
ent optimization algorithms, ranging from the traditional sequen-
tial iterative (SI) approach to the modernized genetic algorithm
(GA) or simulated annealing (SA). Instead of optimizing the inten-
sified process to obtain the optimum configuration, another alter-
native method is to totally preserve the original column
configuration from the existing studies'*® for the sake of simplic-
ity. This also eases the comparison process, where the energy-
saving efficiency contributed by the Pl becomes more apparent
relative to the conventional case (i.e., original configuration). Wu
et al. critically examined the energy-saving efficiency of the
extractive DWC (EDWC) used in three industrial cases and
designed by preserving the original conventional ED (CED) col-
umn configuration.'® Later, they extended the same design
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method (i.e., preserving the original column configuration) to ana-
lyze the energy-saving efficiency of the heterogeneous azeotropic
distillation system.'® Recently, we employed the same design
method for a preliminary analysis of the economic and environ-
mental performances of different intensified ED for the separation
of dichloromethane and methanol.'® It is worth noting that, in
some studies, this method is known as retrofitting or revamping,
and it can involve, for example, adding trays to the existing col-
umn or replacing the condenser(s) or reboiler(s)."” To our know!-
edge, however, these changes are not widely employed by the
existing studies in the field of ED'*'® for the reasons explained
earlier. To date, there are no existing studies analyzing the differ-
ence between optimizing and preserving the original column
configuration when designing an intensified process for azeotro-
pic separation using ED. Here, it is worth highlighting that opti-
mizing the column configurations of the intensified process
does not necessarily lead to savings in energy or TAC, as revealed
by several existing studies.'®2" Therefore, the performance of the
different sustainability metrics under these two approaches is not
clear at this stage. Thus, another contribution (i.e., secondary con-
tribution) of this work is to explore which design approach
(i.e., preserving the original column configuration or optimizing
the new intensified SSED configuration) provides a better sustain-
ability performance.

In summary, we analyze the sustainability performance of the
different intensified SSED configurations for the separation of
azeotropic mixtures based on their energy, economic, environ-
mental, process safety, and process control. Here, it is not our
intention to link Pl with new process synthesis, optimization algo-
rithm, or conventional Pl process control, but we do analyze all the
sustainability metrics of the intensified SSED under two different
design approaches (i.e., the first approach involves preserving
the original column configuration from the existing study, while
the second approach involves optimizing the original column
configuration so that it becomes a new SSED configuration). Dur-
ing the optimization process, we first considered only the eco-
nomic indicator as our primary objective function to initially
identify which sustainability indicators play a greater role and
ensure that these indicators can be considered for multi-objective
optimization in future work. Two different case studies were used
in this study and their detailed descriptions are available in the
Case Studies Description section. The methodology involved
in this study is elaborated in the Methodology section, while
the details of the different ‘green metrics’ are explained in the
Sustainability Evaluation section. The Results and Discussion
section provides the result analysis and discussion, while the
Conclusions section concludes this work by summarizing the
important findings.

DESCRIPTION OF CASE STUDIES

Case study 1

The first case study is based on the binary azeotropic mixture of
dichloromethane and methanol, which is commonly obtained
from the discharge of prednisolone manufacturing.?>?*> This
binary mixture could be harmful to human health and the envi-
ronment**2® and, thus, proper separation and resource recovery
is essential to facilitating environmental protection. Nonetheless,
a minimum boiling azeotrope is formed when the methanol
purity is 13.87 mol% at atmospheric pressure, implying that these
two components are unable to be effectively separated using nor-
mal distillation techniques and, thus, require the use of advanced

distillation. Today, our literature review found three existing stud-
ies that worked on the separation of dichloromethane and meth-
anol."®?*?” Among these three studies, the most recent one'®
explored the possibility of further enhancing the economic and
environmental performances of ED from the previous work?’ by
using different Pl techniques, such as side-stream extractive distil-
lation (SSED), thermally coupled extractive distillation (TCED), and
EDWC. Here, it is worth highlighting that all the intensified pro-
cesses (e.g., SSED, TCED, and EDWC) in the previous study were
designed by preserving the original CED column configuration.
In this work, we introduced an optimized configuration for the
corresponding intensified process and compared its sustainability
performance against that of the intensified process from previous
work.'® Here, only the SSED is considered because the previous
study'® concludes that the SSED provided the best compromise
performance, in terms of economic, environmental, and control
metrics, for separating the dichloromethane and methanol. Since
the objective of this work is to analyze how sustainability perfor-
mance differs between optimized and preserved original column
designs, we use the preserved original column design that is read-
ily available from our previous work,'® while the optimized config-
uration is introduced in this work. The details of the optimization
procedure are made available in the Inventory Control section.

Figure 1 shows the CED process configuration reproduced from
the previous study.'® Here, the fresh feed stream containing
17 mol% of methanol and 83 mol% of dichloromethane is fed
onto the first column, commonly known as the extractive distilla-
tion column (EDC), with the dimethylformamide (DMF) solvent. In
the distillate (D1) of EDC, the high purity dichloromethane of at
least 99.9 mol% is obtained, while the remainder mixtures are
passed onto the solvent recovery column (SRC) for further separa-
tion. The high purity methanol of at least 99.9 mol% is obtained
from the distillate (D2) of the SRC. Lastly, the recovered DMF
obtained from the SRC bottom (B2) is sent to a cooler to lower
the temperature before it is subsequently reused in the EDC. A
top-up (i.e., make-up) flowrate is introduced to reimburse the sol-
vent lost during the separation processes. The same thermody-
namic properties package, non-random two-liquid model
(NRTL), was used in this study as in the previous work.'® However,
it is important to note that the accuracy of the thermodynamic
properties was not evaluated in this study, as it had already been
verified in the previous study.

Case study 2
The second case study is based on the separation of tetrahydrofu-
ran (THF) and ethanol, which form a minimum boiling azeotropic
mixture. THF is an important organic solvent that is usually used
as a raw material in chemical industries, such as for the
manufacturing of adipic acid. Ethanol, on the other hand, is fre-
quently used in pharmaceutical industries for manufacturing
drugs and medicines.”®*° Following this production, it is impor-
tant to recover these two valuable compounds to promote
resource conservation and environmental protection. Currently,
our literature search has identified increasing numbers of studies
that worked on the recovery of THF and ethanol from binary or
ternary azeotropic mixtures in the last 7 years.'82°4°

Figure 2 displays the process flow diagram for the separation of
THF and ethanol using DMSO reproduced from the most recent
study.41 Aside from the difference in fresh feed mixtures, the pro-
cess configuration for this case (Fig. 2) is identical to that of case
study 1 (Fig. 1) and, therefore, is not explained here again. The
thermodynamic properties package utilized for this case is
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Figure 1. CED reproduced from previous work for the separation of dichloromethane and methanol.’®

UNIQUAC, which is consistent with the prior research stud-
jes.'8290 |t is worth noting that this study does not delve into
the accuracy of the thermodynamic properties, as this had already
been verified in the preceding studies.

METHODOLOGY

Steady-state simulation

The steady-state processes in this work were simulated using
Aspen Plus V11. For each case study, two different intensified
SSED configurations were simulated. The first configuration was
designed by preserving the column configuration of the original
base case (i.e.,, CED) and, thus, all design parameters (e.g., feed
and solvent flowrate) were kept the same as those in the previous
work. Such methodology was reported to provide a fair economic
comparison because any saving benefits from the energy reduc-
tion is directly reflected in the TAC. The second configuration
involves process optimization, where an optimized column con-
figuration was introduced. Here, the initial values used for process
optimization in the second configuration are taken from the first
configuration (i.e., preserving original column design).

Preserved original column design

As indicated in the previous section, the first SSED configuration
was developed through preserving the original column configura-
tion. This means that the total number of stages, the feed, and the
solvent stage location for both EDC and SRC remained
unchanged, while other design variables (such as reboiler duty,

reflux ratio, distillate rate, side-stream location, and side-stream
flowrate) were manipulated manually to meet the minimum
product purities. Here, it is important to reiterate that such simu-
lation methodology that preserves the original column configura-
tion has already been employed by existing studies.'*'® Although
it may seem unreasonable to perform such changes because the
column configuration changed from CED to SSED and may no lon-
ger be at its optimum, it is equally important to note that some
studies have reported that optimizing the column configuration
does not necessarily guarantee energy savings, as reported by
existing studies.'®'? In practice, retrofitting can still involve
changing some of the design parameters, such as feed and sol-
vent stage location and total stage number, as demonstrated by
Premkumar and Rangaiah.'” Generally, minor modifications with
small investments are preferred by the industry, especially by
those with an investment payback period of less than 3 years. In
this work, we attempted to preserve the original column configu-
ration for the purpose of simulation, while ensuring that all the
product purities met their desired specifications.

For case 1, the preserved original column configuration was
reproduced directly from previous work,'® while the optimized
configuration was developed in this work. On the other hand,
both configurations for case 2 were developed in this work.

Optimized design

To run an industry that can successfully compete in the global
market, processes must run at their best. The optimization algo-
rithm was developed for each configuration considering their
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Figure 2. CED using DMSO for the separation of THF and ethanol.

objectives, limitations, and design parameters. All the configura-
tions are conceptualized as limited global optimization prob-
lems. The goal of process designs for case 1 and case 2 is to
minimize TAC, which is directly associated to energy, opera-
tional, and capital costs. This objective is dependent on the
needed recoveries and purities in each product stream, as
defined by Eqgn. (1).

Min (TAC) =f(Nen, Nen, Rrn, Frn, Den)

Subjecttoy,, = Xm M
where Ny, is total column stages, Nz, is the feed stage in column,
R, is the reflux ratio, F,, is the distillate fluxes, D, is the column
diameter, and y,,, and x, are vectors of the obtained and required
purities for the m components, respectively. For each route proce-
dure, this minimization entails the manipulation of 10 continuous
and discrete variables, of which 5 are employed for the design of
each column. The recoveries of the essential components in each
product stream must be considered as a restriction for the optimi-
zation problem since the product stream flows are altered.

Specifically, the optimization and design of process routes are
highly non-linear and multivariable problems, with both continu-
ous and discontinuous design variables present. Additionally, the
objective functions employed as optimization criteria are possibly
non-convex, with the potential presence of local optimums and
susceptibility to restrictions. Therefore, we applied the stochastic
optimization algorithm Differential Evolution with Tabu List
(DETL) to the process pathways.*> GA and differential evolution
(DE) are both based on Darwin's theory of natural selection, with

QR;=1.2102 MW

one key distinction: while DE encodes decision variables as
floating-point numbers, some GA, especially the earlier versions,
do so as bit strings. Srinivas and Rangaiah** have shown how
the DE algorithm can perform better when some metaheuristic
tabu notions are included. The tabu list (TL), in particular, can be
utilized to reduce revisiting the search space by keeping track of
recently visited points and preventing needless function evalua-
tions. This fact led Srinivas and Rangaiah to propose the hybrid
method DETL, which combines traditional DE steps with TL and
tabu checks to keep track of the evaluated points and prevent
returning to them during the optimization search and a conver-
gence criterion based on the maximum number of generations.*?
Srinivas and Rangaiah have provided a thorough explanation of
this DETL algorithm.

This optimization strategy was implemented on a hybrid plat-
form using Aspen Plus and Microsoft Excel. Using the dynamic
data exchange (DDE), COM technology was employed to send
the vector of choice variables (i.e., the design variables) from
Aspen Plus to Microsoft Excel. These values are linked in Microsoft
Excel to the process variables required by Aspen Plus. After the
simulation is complete, Aspen Plus returns the output vector to
Microsoft Excel. Microsoft Excel then evaluates the objective func-
tion values and suggests new values for the choice variables in
accordance with the stochastic optimization technique
employed. We used the following DETL technique settings for
the process route optimization examined in this study: 120 indi-
viduals, 300 generations, 50% of the total population on the tabu
list, and, for the crossover, mutation fractions, and tabu radiuses of
0.6, 0.8, and 0.0000025, respectively. Optimization parameters
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were considered according to what has been previously reported
in the literature.***

Dynamic simulation

Once the configurations for both cases were obtained, we
explored their control (i.e., dynamic) performance and compared
them against the base case (i.e., CED). Prior to the dynamic simu-
lation in Aspen Plus Dynamic, all the process equipment was sized
accordingly. In this work, the hold-up time and liquid level for the
distillation column bottom and condenser drum were 10 min and
50%, respectively. The diameter of the distillation column and its
corresponding pressure drop were evaluated automatically using
the column internal feature in Aspen Plus. Once all the equipment
was sized accordingly and the process simulation was converted
into Aspen Plus Dynamic, the inventory and quality control loops
can be installed; the details for this are available in the next
section.

Inventory control
Figure 3 shows the flowsheet of a SSED configuration equipped
with basic inventory control, including level controller (LC), pres-
sure controller (PC), and flow controller (FC). It is worth noting that
the inventory control for the CED is analogous to that of the SSED
in Fig. 3, except for the fact that the SSED requires an additional
FC, as indicated in red (Fig. 3), to maintain the material balance
of the overall system.

In Fig. 3, the bases of the EDC and SRC are controlled by manip-
ulating the bottom flowrate. Likewise, the levels of reflux drum for
both columns are maintained by using the distillate rate. The fresh

lemperature

Feed to make-up

ratio

controller for solvent =
= ,_}
(reverse)
- - |

feed is flow controlled, while the solvent flowrate is manipulated
by the solvent make-up flowrate. A ratio control was additionally
installed to maintain the solvent to total fresh feed ratio. These
controls applied to both CED and SSED and are commonly found
in existing studies.'®*'*¢ As indicated previously, an additional FC
is present in SSED and a ratio control was employed to maintain
the ratio of fresh feed flowrate and side-stream flowrate, for the
sake of overall material balance in system.

Quality control

The quality control loop is usually installed after the inventory
control has been established. In this work, we only consider the
temperature control for tightening the product qualities instead
of the composition controllers due to their cost efficiency and
operational maintenance difficulty.”” The open-loop sensitivity
analysis, which has been widely employed by existing
works,***° was used to determine the temperature-sensitive loca-
tion (i.e., tray) by incorporating a small change (+0.01%) to the
control degree of freedom (e.g., reboiler duty or reflux ratio).
The tray location(s) that displayed the largest temperature oscilla-
tion (AT) was chosen as the temperature-sensitive tray. Luyben
described the exhaustive steps of the open-loop sensitivity analy-
sis in his textbook>® When the column has two or more
temperature-sensitive locations, the best control pairing is deter-
mined via relative gain array (RGA) analysis.

SUSTAINABILITY EVALUATION

Instead of analyzing the performance of the different SSED config-
urations in both cases based on economic aspects only, as in most
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Figure 3. Inventory control loop for the SSED.
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of the existing studies, we additionally consider the ‘green indica-
tors’ (e.g., safety, environmental, and operational controllability)
proposed by Jiménez-Gonzilez et al® and Jiménez-Gonzélez
and Constable'? introduced in the Introduction section.

Economic
The economic index is examined on the basis of TAC,>" which is
calculated via Eqn. (2).

n
2 G,
TAC==L 4+ Y Cyy; (2)
n j=1

where Cqy, is the capital cost of the plant, n is the total number of
individual units, and C; is the cost of services.
The total module cost is calculated from Eqgn. (3).

n
Crm=1.18 Y, Chy; (3)
i=1

where the term C3, represents the cost of the bare module, which
reflects the direct and indirect costs for each unit. The term 1.18
depends on the type of chemical plant. If it is a plant that pro-
cesses fluids, it is the indicated value. This term is calculated
by Eqn. (4).

CgM =G FgM (4)

In most cases, the bare module cost factor, F3,,, is calculated
by Eqn. (5).

Fou=(B1+ByFuFp) (5)

The constants, B, and B,, for the bare modulus factor depend on
the type of equipment and its description, e.g., pumps, vessels,
and heat exchangers. For vertical vessels, B; is 2.25 and B, is
1.82, while for horizontal vessels, B; is 1.49 and B, is 1.52.

The pressure factor, Fy, is obtained from Eqgn. (6).

Iongp=C1+C2Iong+C3(Iog10P)2 (6)

For pressures below 5 bar, C; = C; = C3 = 0. Note that the pres-
sure factors are always greater than 1. The recovery period for the
process operating 8500 h per year was set at 10 years. The utilities
cost for the high-pressure (HP) (42 bar, 254 °C), medium-pressure
(MP) (11 bar, 184 °C), and low-pressure (LP) (6 bar, 160 °C) are
$9.88 GJ7', $8.22 GJ7', $7.78 GJ™, respectively, while the cost of

cooling water is $0.72 GJ~' 32

Inherent safety

The inherent safety of the proposed process was determined via
the probability of affectation (i.e., an explicit hazard that occurs
in one particular incident), given by Eqn. (7).

IR=)fiPy, (7)

The f;and P, in Eqn. (7) are the incident rate and likelihood of a
specific hazard resulting from the incident j, respectively. The IR is
usually estimated via quantitative risk analysis (QRA), where haz-
ards and accidents are identified, along with their resulting

consequences. Here, possible scenarios, such as the continuous
and instantaneous discharge (i.e., release) from the separation
column, are first identified through the hazard and operability
study (HAZOP). A continuous leaking (i.e., release) is usually
caused by a full or partial pipeline rupture on a process unit that
could result in flash fire, jet fire, and toxic release. In contrast,
instantaneous discharge is the total loss of the process equipment
resulting from a catastrophic rupture, and this may result in boil-
ing liquid expanding vapor explosion (BLEVE), unconfined vapor
cloud explosion (UVCE), flash fire, and toxic release. The incidence
rate for each individual risk (f) can be extracted from a previous
report.>® In this work, an irreversible injury, such as death, is used
in the risk assessment due to the widely available data. Once the
possible hazards have been identified, it is necessary to carry out
the consequence assessment to analyze their probability
(i.e., likelihood) P, and their associated damages; this includes
calculating the physical variables, such as thermal radiation, over-
pressure, and leakage molarity resulting from the incidents haz-
ard. These variables were also determined using the equations
made available by the previous report.>® The detailed calculations
of the IR are given in Appendix A (Supporting Information).

Environmental index

The environmental aspect of the proposed process was examined
via the Eco-Indicator 99 (EI99), which was initially derived from the
life cycle assessment.>* The EI99 measures the environmental
impact initiated by the activities carried out in the process. Today,
the EI99 is widely used by different researchers globally to quan-
tify the complete environmental performance of a given chemical
processes and promote sustainable design.**> It considers
11 impact categories that belong to three major damages, involv-
ing human health, ecosystem quality, and resource depletion, and
is given by Eqgn. (8).

El99= % > 6awafpabk (8)

d keK

In Egn. (8), the total amount of chemical b released over a flow
reference caused by the direct emission is given as f,, the damage
caused in category k per unit of chemical b discharged to the flora
and fauna is given as ay, 4, the weighting and normalization for the
damage in category d are given as wy and &4, respectively. The
basis of EI99 in this work is based on 1 point being equivalent to
the annual environmental load of one out of one thousand aver-
age European residents. There are three main aspects in the
impact assessment, including the steam as a heating utility for
the reboiler, the electricity needed for pumping, and the construc-
tion material (i.e.,, steel) for the process unit; the parameters
employed for the calculations are given in Supporting Informa-
tion, Table S1. Then, the EI99 in this work employed the hierarchi-
cal perspective, which is commonly used by existing distillation
studies.!>*1°

Control properties index

The control performances of the different configurations for both
cases were evaluated based on both the theoretical control per-
formance and the dynamic simulation to ensure that both
methods provided consistent results. In this sub-section, we
describe the theoretical control analysis, while the dynamic simu-
lation has been detailed in the Dynamic Simulation section. The
singular value decomposition (SVD) can be employed to examine
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the theoretical control performance of the process, as given
by Eqgn. (9).

W=GaV" (9)

In Eqn. (9), all the variables are in a matrix, where W represents
the target for SVD, G contains the left-singular vector of V, a con-
tains the singular values of V, and H is the left-singular vectors of
V. The detailed derivation and explanation of SVD is available in
the existing work.>®

Here, the minimum (om,;,) and maximum singular (6™®) values
are the two most important parameters. The magnitude (i.e.,
values) can be obtained via MATLAB by simply incorporating the

(a) T

temperature change from open-loop sensitivity analysis, as
explained in the Dynamic Simulation section. The condition num-
ber (CN) is then calculated based on the proportion of the mini-
mum and maximum singular value, given by Eqn. (10).

max
Ua

CN= (10)

O min

The CN reflects system stability when subjected to different pro-
cess parameter uncertainties or modelling errors. From Eqn. (10),
the process with a lower CN generally translates to a better con-
trol performance.”®*” The CN has been widely employed by sev-
eral existing studies as an indicator for evaluating the control
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Figure 4. Process flowsheet for the SSED designed by (a) preserving the original column configuration and (b) optimizing the configuration for case 1.
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Figure 5. Optimization results of case 1.

performance for different chemical processes.'® It is also often
used as one of the objective functions for the multi-objective opti-
mization of different distillation-based processes.”**°

RESULTS AND DISCUSSION

Steady-state performance

Case study 1

The process flowsheet for the SSED designed by preserving the
original column configuration and process optimization is dis-
played in Fig. 4, with the optimization results given by Fig. 5.
The optimization duration was 55 h. The results comparison of
both flowsheets in Fig. 4 against the base case (Fig. 1) is summa-
rized in Table 1.

From Table 1, it is observed that designing the SSED by preserv-
ing the original CED column configuration resulted into 10%
energy savings, even when the intensified process has not been
optimized. Further optimizing the SSED using DETL algorithm
provides an additional 3% savings in energy consumption and,
altogether, the energy consumption of the optimized configura-
tion is 12% lower than that of the CED. These reductions in energy
consumption provide a direct benefit to the economics of the pro-
cesses, where the TAC values of the preserved and optimized con-
figurations decreased by about 1% and 3%, respectively. Several
observations can be made upon meticulous analysis of both
intensified processes (Fig. 4) against the base case (Fig. 1). The first
observation was that the reboiler temperature of the EDC in both
intensified processes (Fig. 4) increased from 387 K to about 433 K,
which requires the usage of MP steam, instead of the LP steam

used in the CED. This means that the unit price of steam as a heat-
ing utility will increase by about 5%, from $ 7.78 GJ™' to $ 8.22
GJ™". This increase, however, was traded-off by the decrease in
the total energy consumption, as explained earlier; this decrease
is much larger than the increase in the steam unit price and, there-
fore, there is a net reduction in the TOC, which results in a
decrease in TAC. In the optimized configuration (Fig. 4(b)), there
is a significant topological change in the process configuration,
where the total stage number in the EDC increases from 25 stages
to 28 stages, while the total stage number in the SRC decreases
from 22 to 15. There was a change in the new feed location for
SRC, while the fresh feed and solvent locations in the EDC
remained unchanged.

From an environmental perspective, both intensified processes
provide reasonable improvements, as evident by the decrease in
the EI99 of about 10%. Such a reduction, in our opinion, can
mainly be attributed to the decrease in energy consumption. This
is because the EI99 is strongly correlated with the energy and
steam consumption, which are two of the main factors present
in the EI99 calculations, as indicated in the Environmental Index
section.

From Table 1, it was found that the IR for all three cases is iden-
tical. The IR for the optimized configuration was calculated to be
the highest, marginally, and this was mainly attributed to increase
in the toxic discharge incident. Here, the toxic discharge incident
is highly dependent on the mass of continuous and instantaneous
release, which is affected by the flowrate at the condenser and
reboiler and by the size of the main column [Supporting Informa-
tion, Eqns. (S5) and (S6)]. Since there is an overall increase in the
column size for the optimized configuration, the IR also increases.
For the same reason, the IR for the preserved configuration is
lower than that of the base case. Note that the mass of continuous
release in the reboiler of the preserved configuration is smaller
than that of the base case due to the presence of a side-stream
to divert a portion of the material from EDC to SRC, instead of this
material flowing through the column bottom, as it does in the
base case. This observation agrees with an existing study with
similar findings.® To further reduce the IR, several existing studies
have recommended using less equipment, like in the DWC, to
reduce the probability of catastrophic events.*>>

As for the control properties, the CN of both intensified pro-
cesses increases, which generally signifies a worsened controlla-
bility for the intensified processes, meaning that a more
complex control structure is required. This is expected for the pre-
served configuration because it has been well reported that the
column configuration is strongly linked to an exact composition
mixture that affects the control properties of a process. Since
the preserved configuration was designed by preserving the
CED configuration from previous work, the additional side-stream

Table 1. Result comparison between the preserved and optimized configurations against base case for case 1

SSED
Indicators CED Preserved configuration Optimized
Energy (kW) 1476.25 1331.73 (—=10%) 1296.02 (—12%)
TAC ($ Million) 1.070971 1.055775 (—1%) 1.037153 (—3%)
EI99 (Million) 0.270348302 0.242353294 (—10%) 0.242353295 (—10%)
IR (1073) 1.694716 1.694707 (—0.001%) 1.694724 (+0.0005%)
CN 30.33 45.61 (+50%) 57.59 (+90%)
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Figure 6. Process flowsheet for the SSED designed by (a) preserving the original column configuration and (b) optimizing the configuration for case 2.

connection will result in slight changes in the composition and
stream flow that may potentially affect the controllability of the
process.®’ Thus, it is not certain that the theoretical control perfor-
mance remains analogous due to the non-optimal column config-
uration. As for the optimized configuration, the surge in the CN is
in contrast with several existing studies in literature;*%>% this is
still reasonable, in our opinion, because the optimization objec-
tive in this work is to minimize TAC without the consideration of
theoretical control properties. Hence, it is expected for the opti-
mum design to have the lowest TAC (i.e., best economic process),
although it may not necessarily demonstrate the best operational
controllability, unless multi-objective optimization is carried out
based on economical and theoretical control properties. Note that

the previous studies*®*®® showing that optimization generally

improves the CN, as indicated earlier, are those that involve bi-
objective optimization considering economical and theoretical
control properties. In this work, since our objective was to prelim-
inarily analyze the effects of designing an intensified process
either by maintaining the original system design or by a complete
process optimization on the different sustainability indicators, we
did not consider multi-objective optimization in this work. To reit-
erate, here we conduct a preliminary identification of which sus-
tainability indicators play a greater role so that these indicators
can be considered for multi-objective optimization in future work.

Overall, both intensified SSED (Fig. 4) processes provided mean-
ingful improvements to most of the green metrics in comparison
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Figure 7. Optimization results of case 2.

to the base case (Fig. 1), highlighting the superiority of the inten-
sified configurations. Among the two intensified configurations, it
was found that the optimized configuration provided the lowest
energy and TAC, making it the most economic choice. The envi-
ronmental and safety aspects of the optimized configuration, on
the other hand, are inferior to those of the preserved configura-
tion design due to the increase in column size. Lastly, the theoret-
ical control performance of the optimized configuration provided
the largest deterioration since it was optimized based only on an
economic objective.

Case study 2

The process flowsheet for the SSED designed by preserving the
original column configuration and process optimization are dis-
played in Fig. 6, while the optimization results are given by
Fig. 7. The optimization duration was 68.5 h. The results compari-
son between both flowsheets in Fig. 6 against the base case
(Fig. 2) is summarized in Table 2.

From Table 2, it is observed that the SSED designed by preserv-
ing the original CED column configuration did not provide any
energy savings in comparison to CED, contrary to case 1. Here,
the total energy consumption of the preserved configuration
increases by about 10% relative to the base case. Optimizing the
intensified process in the present case using the same DETL algo-
rithm resulted in significant energy savings of about 13% with
respect to the CED, and this facilitated the TAC reduction by about
11%. Analogous to case 1, Fig. 6 shows a significant increase in the
reboiler temperature of EDC in both intensified processes from
397 K to about 473 K. This means that the EDC of both intensified

processes will require HP steam as heating utility, instead of the LP
steam used in the base case. Such an upgrade in heating utility
will result in an increase in the steam unit price of about 27% from
$7.78 per GJ to $9.88 per GJ, similar to case 1. Nonetheless, this
increase was traded-off by the decrease in the total energy con-
sumption (as explained earlier), which is much greater than the
increase in the steam unit price and, thus, there is an overall
decrease in the TOC that subsequently reduces the TAC. Other
than the reboiler temperature, the optimized configuration
(Fig. 6(b)) also experienced a marginal change in the topological
configuration after optimization, where the total number of
stages in EDC increased by 1 stage. There was a change in the
new feed location for both EDC and SRC, while the feed locations
for solvent in the EDC remained analogous to the base case. These
observations are similar to those observed in case 1. In the case of
the preserved configuration, the cumulative increases in the
energy consumption and steam unit price from LP to HP resulted
in an inevitable increase in the TAC of about 16%.

As for the environmental perspective of both intensified pro-
cesses, one interesting observation from Table 2 is that the pre-
served configuration does not provide any improvement in the
EI99, which contradicts the findings from case 1. One obvious rea-
son for this is that the preserved configuration does not provide
any energy savings with respect to the base case; since the energy
and steam consumption are two important factors in the EI99 cal-
culations (as indicated in the Environmental Index section), there
is a very low possibility that the environmental performance will
improve when there is no improvement in energy consumption.
For the same reason, the improvement in environmental aspects
for the optimized configuration was due to the significant savings
in energy consumption by almost the same magnitude, albeit to a
slightly lower extent.

The trend of the IR for case 2 is analogous to that observed in
case 1, where the IR of the optimized configuration was found
to be the highest and that of the preserved configuration was
found to be lower than the base case. For the same reason as
explained in case 1, these were mainly caused by toxic release
incidents, which are highly reliant on the mass of continuous
and instantaneous release. The mass of continuous and instanta-
neous discharges, on the other hand, is dependent on the flow-
rate at the condenser and reboiler, and on the size of main
column, as reflected by the Supporting Information [Egns.
(S5) and (S6)]. In the present case, the column size of the opti-
mized configuration increased, which increased the IR. In case
2, the mass of continuous release in the reboiler of the preserved
configuration was marginally lower than that of the base case due
to the presence of a side-stream to channel a portion of material
from EDC to SRC, which reduced the column bottom flow. This
observation is consistent with case 1 and a previous study.®’

Table 2. Result comparison between the preserved and optimized configurations against base case for case 2

SSED
Indicators CED Preserved configuration Optimized
Energy (kW) 2303.17 2545.92 (+10.5%) 1996,46 (—13%)
TAC ($ Million) 1.433898 1.663575 (+16%) 1.276291 (—11%)
EI99 (Million) 0.419 0.459 (+10%) 0.36 (—14%)
IR (1073) 1.686855 1.686852 (—0.0002%) 1.686878 (0.0014%)
CN 569.75 2910.2 (+411%) 4139 (+626%)
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Figure 8. Sensitivity analysis for the optimized design of SSED for case 1

The control properties of both intensified processes in the pre-  complex control structure is generally required. Such findings
sent case deteriorated, as they did in the previous case and as  are analogous to case 1 and are consistent with existing studies,
reflected by the increase in the CN. This means that a more  which reported that a given column configuration is strongly
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201

Figure 9. CS 1-1 of the optimized configuration for case 1.

associated to an exact composition mixture that affects the con-
trol properties of a process. For the preserved configuration, it
was designed by preserving the original configuration from the
base case, and the presence of an additional side-stream resulted
in a slight change in the composition and stream flow that could
impact the controllability of the process.®’ Following this, one
cannot be certain that the control performance remains

analogous to the base case because the configuration is no longer
at its optimum point. On the other hand, the deterioration in con-
trol properties in the optimized configuration was also expected
since the optimization problem was addressed based on single
objective optimization and the impact of other sustainability indi-
cators (such as control) was not considered. To this end, one can
only expect the optimum design to be at the best economical

{ b I el B I |
111 nnini

Figure 10. CS 1-2 of the optimized configuration for case 1.
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Figure 11. Dynamic responses of (a) dichloromethane and (b) methanol purities using CS 2.
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Figure 12. Dynamic response comparison between preserved (Con) and optimized configuration (Op) in terms of product purities.
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point (i.e., lowest TAC), while it may not necessarily provide the
best operational controllability. Here, we wish to reiterate that
the previous studies?®*®* showing that optimization generally
improves the operational controllability of a process are the same
studies that involved bi-objective optimization simultaneously
considering economical and theoretical control properties. None-
theless, such multi-objective optimization is not considered in this
work because the objective of this work was to preliminarily ana-
lyze the effects of designing an intensified process either by main-
taining the original system design or by a complete process
optimization on the different sustainability indicators. We first
identified which sustainability indicators played a greater role so
that these indicators can be considered for multi-objective opti-
mization in future work.

Unlike i case 1, it appears that only the optimized process (Fig. 6
(b)) provided significant improvements to most of the green met-
rics relative to the CED (Fig. 2). In contrast, the preserved configu-
ration (Fig. 6(a)) only provided a reasonable enhancement to the
IR and this benefit was traded-off by the increase in other green
indices, such as energy, economic, environmental, and control.

Control performance

Case study 1

As indicated in the Methodology section, the SSED designed by
preserving the original column configuration was reproduced
directly from our previous work,'® while only the optimized con-
figuration was developed in this work. Thus, the control strategy
of the preserved configuration is not repeated, and only the con-
trol strategy for the optimized configuration is elaborated here.
Figure 8 shows sensitivity analysis result of the optimized config-
uration for case 1. The EDC has three control degrees of freedom,
i.e., reboiler duty, reflux ratio, and side-stream flowrate (Fig. 8(a)-
(), while two control degree of freedoms are available for the
SRC column, i.e., reboiler duty and reflux ratio (Fig. 8(d), (e)). From
Fig. 8, it was found that stages 13, 15, and 24 in the EDC are sen-
sitive to changes in reboiler duty, reflux ratio, and side-stream
flowrate, albeit to slightly different extents. On the other hand,
only stage 11 is sensitive to the reboiler duty in the SRC.

We started off our dynamic investigation by developing a dual
temperature control structure on the EDC and a single tempera-
ture control on SRC since the SRC only contains one temperature
sensitive location (i.e., stage 11). In the EDC, we attempted to use
the reflux ratio to maintain the temperature of stage 13 because it
is the nearest to the top of the column. For the same reason, the
reboiler duty was used to maintain the temperature of stage 24.
The reflux ratio of SRC was fixed at its steady-state value, which
is a common method in existing studies.®*°> The resulting control
structure was termed €S 1-1 and its control structure is depicted
in Fig. 9.

For the sake of a fair comparison, the robustness of CS 1-1 for
the optimized configuration was tested using identical distur-
bances as the preserved configuration from previous work,
i.e, £10% throughput and + 5% feed composition disturbances;
the control performances are given in Supporting Information,
Figs. S1 and S2. During the throughput disturbance (Supporting
Information, Fig. S1), both product purities returned to their set-
points in under 5 h. On the other hand, the purity dichloro-
methane dropped to about 96 mol% when the system was
subjected to —5% feed composition disturbance. This is expected
due to the increase in the methanol composition in the fresh feed
stream, which is an impurity in the EDC. Likewise, the purity of
methanol dropped drastically to an unacceptable limit of

77.5 mol% when the system was subjected to +5% feed composi-
tion disturbance. This was due to the decrease in the methanol
composition in the fresh feed stream. During the feed composi-
tion disturbance, it was also observed that the temperature of
stage 15 fluctuated severely and this affected the composition
of the side-draw in stage 15, which subsequently affected the
methanol purity in the distillate of the SRC. This is attributed to
the absence of a temperature control to maintain the tempera-
ture of stage 15 (i.e., one of the temperature-sensitive stages, as
evident by the sensitivity analysis in Fig. 8). Then, Supporting
Information, Fig. S2 shows that all the temperature sensitive loca-
tions in both EDC and SRC were held tightly at their setpoint,
except for the temperature of stage 13 in the EDC during the
—5% feed composition disturbance. To further tighten the prod-
ucts purities, a triple point control was investigated next.

The second control structure (CS 1-2) (Fig. 10) relied on the tri-
ple point control concept, where the three control variables
(i.e., stage 13, stage 15, and stage 24) are controlled by using three
manipulating variables (i.e., reflux ratio, side-stream flowrate, and
reboiler duty, respectively). The control responses of CS 1-2 under
the same disturbances are available in Figs. 11 and S3. Identical to
the €S 1-1 demonstrated earlier, CS 1-2 enables both product
purities to return to values quite close to their setpoints under
throughput disturbances (Fig. 11). For the feed composition dis-
turbance, significant improvement was observed where CS 2
enabled both product purities to hold closely at their setpoint
values under 4 h (Fig. 11), contrary to when the process is con-
trolled using €S 1 (Supporting Information, Fig. S1). All the tem-
peratures in both EDC and SRC are also held tightly at their
setpoint value (Supporting Information, Fig. S3). Here, it appears
that the presence of an additional temperature controller enabled
the product purity and the temperature of the temperature-
sensitive location to return to their nominal values quickly.

When comparing the dynamic responses of both CS 1-1 and CS
1-2, it becomes apparent that the CS 1-2 provides better control
performance for the optimized configuration since it can withhold
both product purities and all the temperatures closely at their set-
point. Thus, CS 1-2 was used as a benchmark for subsequent com-
parisons against the preserved configuration from the previous
work (Supporting Information, Fig. S4). Figure 12 shows the results
comparison. When comparing the control performance of the
optimized configuration against that of the preserved configura-
tion, it appears that the preserved configuration design from the
previous work (Supporting Information, Fig. S4) provides better
controllability in returning both product purities to a value close
to their setpoint under both throughput and feed composition
disturbances. In addition, the transient deviation of the pre-
served configuration design is also smaller in comparison to
the optimized configuration. These findings are consistent with
the theoretical control performance in the Case Study 1 section,
where the CN was 21% smaller than that of the optimized config-
uration. Collectively, the dynamic superiority of the preserved
configuration is clearly demonstrated with respect to the opti-
mized configuration.

Here, the main highlight of the control performance compari-
son is that the temperature-sensitive locations in the EDC increase
from two stages in the preserved configuration to three stages in
the optimized configuration. This means that optimizing the SSED
in the present scenario deteriorates the control performance of
the process. The increase in the temperature-sensitive locations
further results in an additional temperature controller being
required to control the side-stream flowrate, without which both
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Figure 13. Sensitivity analysis for optimized configuration for case 2.

product purities will deviate to an unacceptable limit during feed
composition disturbance (Supporting Information, Fig. S2). On the
other hand, the temperature-sensitive locations in the SRC

decreased from two stages in the preserved configuration to only
one stage in the optimized configuration, signifying that a simpler
control structure is required by the SRC. For the SRC, a dual
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Figure 14. CS 2-2 of the optimized configuration for case 2.

temperature control is required for the preserved configuration,
while the optimized configuration in this work only requires a sin-
gle point temperature control. One common observation in the
control performances of the preserved and optimized configura-
tion is the relatively high transient deviation when the system is
subjected to various disturbances. If such a deviation is unaccept-
able, a feedforward control structure must be considered (not
shown in this study).

Case study 2

Unlike case 1, the control structures for both the preserved and
optimized configurations were developed in this work since they
have not been reported in any of the previous studies. Fig. S5 in
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the supporting information displays the sensitivity analysis results
of the preserved configuration. Here, it appears that the EDC has
two different temperature-sensitive regions that are identical to
those in the preserved configuration in case 1. On the other hand,
the SRC only has one temperature-sensitive region. From Sup-
porting Information, Fig. S5, it appears that stages 10 and 18 in
the EDC are strongly impacted by the changes in all three manip-
ulating variables (e.g., reboiler duty, reflux ratio, and side-stream
flowrate), making the control pairing challenging. In SRC, only
stage 4 is strongly impacted by the change in reboiler duty. To this
end, we attempted to develop a dual temperature control struc-
ture on the EDC and a single temperature control on SRC using
reboiler duty.
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Figure 15. Dynamic responses of (a) THF and (b) ethanol for optimized configuration using CS 2-2.
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Figure 16. Dynamic response comparison between preserved (Con) and optimized configuration (Op) in terms of products purities for case 2.

In the EDC, our RGA analysis results suggests controlling stage
10 by using reflux ratio and stage 18 by manipulating the reboiler
duty. The side-stream flowrate is maintained by ratio to the feed
flowrate to ensure material balance. The reflux ratio of SRC is fixed
at its steady-state value, identical to case 1. The resultant control
structure was termed CS 2-1 and its control structure is depicted
in Supporting Information, Fig. S6.

We tested the performance of CS 2-1 using the same distur-
bances used for case 1 (i.e., £10% throughput and + 5% feed
composition disturbances) and the control performances are
given in Supporting Information, Figs. S7 and S8. During the
throughput and feed composition disturbances, both product
purities returned to values very close to their setpoints in less than
5 h (Supporting Information, Fig. S7). All the temperature sensitive
locations in both EDC and SRC were held tightly and returned to
their setpoints under 5 h (Supporting Information, Fig. S8), except
for the temperature of tray 10 in the EDC, which took an addi-
tional hour. In our opinion, this is expected because of the slightly
large integral time and owing to the fact that stage 10 was located
slightly further from the top of the column. Since all the product
purities and temperature-sensitive trays could be held tightly at
a values very close to their setpoints using CS 2-1, we explored
next the dynamic performance of the optimized configuration.

The result of the sensitivity analysis for the optimized config-
uration is given by Fig. 13. Here, two different temperature-
sensitive regions were observed in the EDC, while only one
temperature-sensitive region was available for the SRC; this is
analogous to the preserved configuration. One significant dif-
ference observed between the preserved and optimized config-
urations is that there is no tray temperature in the EDC that is
sensitive to the side-stream flowrate, leaving only two manipu-
lating variables available for control pairing in the EDC. Another
difference here is that the temperature-sensitive region in the
SRC s sensitive to both manipulated parameters (i.e., reflux ratio
and reboiler duty).

In the EDC, our RGA results revealed that controlling stage
11 with reflux ratio and stage 21 with reboiler duty provides the
best control pairing. In comparison to the preserved configura-
tion, it appears that the temperature-sensitive locations of the col-
umn changed after process optimization (e.g., in EDC, the
temperature-sensitive tray shifted from stage 18 in the preserved
configuration to stage 21 in the optimized design). For the SRC,
we used the reboiler duty to control the temperature of stage
8 since it is located close to the column bottom. Analogous to
the preserved configuration, the side-stream flowrate in the pre-
sent case was maintained by ratioed to the feed flowrate, while

wileyonlinelibrary.com/jctb
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the reflux ratio of SRC was fixed at its steady-state value. The resul-
tant control structure (CS 2-2) is given in Fig. 14.

The control performance of the optimized configuration was
tested using the same disturbances given in Figs. 15 and S9. Iden-
tical to the preserved configuration, both product purities
returned to values close to their setpoints in less than 5h
(Fig. 15). Here, it is worth noting that the transient deviation for
the optimized configuration is inferior in comparison to the pre-
served configuration. For example, during the +10% throughput
disturbance, the purity of THF dropped to 99.65 mol% before
returning gradually to the setpoint value. Comparatively, the
purity of THF in the preserved configuration only dropped mar-
ginally to 99.77 mol%, prior to returning to its original specifica-
tion. If such a deviation is intolerable, a feedforward control
structure must be considered (not shown in this study). The tem-
peratures of the temperature-sensitive locations returned to their
desired setpoints quickly (i.e., in less than 5 h) (Supporting Infor-
mation, Fig. S9). Here, it appears that the product purities and
temperature-sensitive trays were well maintained during both
throughput and feed composition disturbances, and this is identi-
cal to the results of the preserved configuration. Unlike case 1, no
additional temperature control was required in the EDC because
there were only two temperature-sensitive stages and the exist-
ing dual temperature controllers could effectively reject both
the throughput and feed composition disturbances. We com-
pared next the control performances of the preserved and opti-
mized configurations for case 2, as displayed in Fig. 16.

From Fig. 16, it becomes clear that the preserved configuration
provided a better control performance than the optimized config-
uration. This is evident from Fig. 16, where the preserved configu-
ration provided a lower transient deviation and could return both
product purities closer to their setpoints with respect to the opti-
mized configuration. These findings align with the theoretical
control performance in the Case Study 2 section, where the CN
of the preserved configuration was 30% smaller than that of the
optimized configuration. Relative to case 1, both the preserved
and optimized configurations in case 2 only relied on the dual
temperature control in the EDC, while the temperature-sensitive
locations in the EDC increased from two stages in the preserved
configuration to three stages in the optimized configuration in
case 1. Although both intensified processes in case 2 used similar
control structures, the performance of the optimized configura-
tion was inferior compared to the preserved configuration, and
this was analogous to the findings reported in case 1.

CONCLUSIONS

In this study, we compared the sustainability performance of the
preserved (i.e., keeping the original column configuration) and
optimized designs of an intensified SSED using two binary azeo-
tropic separation case studies and considering economic, envi-
ronmental, process safety, and process control factors. The
results showed that energy savings can be achieved by preserving
the original CED configuration, but optimization is necessary to
guarantee it. Generally, reducing energy consumption leads to
improved economics and environmental performance. The risk
index for the optimized SSED was higher due to the larger column
size, while the risk index for the preserved configuration showed
an opposing trend. Nonetheless, the overall safety performances
of the preserved and optimized SSED were similar, with only a
slight difference between them, thus indicating that both designs
have comparable sustainability performances. The CN for both

designs increased, indicating the need for a more complex control
structure. The preserved configuration had a lower CN, aligning
with the control performance trend from our dynamic simulation.
Overall, preserving or optimizing the SSED design each has its
own benefits and drawbacks. Optimization resulted in lower
TAC, energy consumption, and environmental emissions for both
case studies, but at the cost of a higher risk factor and operational
difficulty. Therefore, optimizing the process does not necessarily
guarantee a significant enhancement in all sustainability
indicators.

For future work, we recommend exploring the possibility of
multi-optimizing all sustainability indicators, except for the safety
index, because our analysis revealed that the economic, energy,
environmental, and control indices play a more significant role
in representing the sustainability of the process compared to
the safety index. The safety index in this work has a negligible role
in representing the sustainability of the process, as indicated by
the similar performance of the preserved and optimized designs,
with only a slight difference between them. Future study should
also consider incorporating different weightages for the multi-
objective optimization to achieve a more comprehensive and bal-
anced sustainability performance.
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