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ABSTRACT

In the continuous search for the improvement of processes, recently, alternative schemes have been proposed to separate and purify levulinic acid produced from the
acid hydrolysis of biomass. These alternatives offer both energy and economic savings, and reduction of environmental impact; however, their control properties
have not been considered for possible industrial implementation. In this work, a controllability analysis was carried out of previously optimized designs using the
relative gain array (RGA), the total condition number (TCN) and a sensitivity index for performance assessment in open-loop. Finally, the dynamic performance in
closed-loop is evaluated using PI controllers having as criteria the integral absolute error (IAE). Through analysis, the best scheme obtained presented a low total
condition number, however, its sensitivity index is below the average of all the designs analyzed. Additionally, the RGA analysis shows a stable structure in the
frequencies studied keeping low values of eco-indicators 99 and total annual cost. The general topology consists of a liquid-liquid extraction column, a conventional
distillation column and a dividing wall column with a decanter. On the other hand, by means of this robust analysis of the control properties was proposed some
guidelines between the structure for improving control properties in intensified distillation schemes.

1. Introduction

Process intensification (PI) has been defined as a design philosophy
that aims to enhance process performance by improving phenomena
that limit it at different scales [1]. Then, process intensification consists
of the development of new technology and techniques that, compared
to those currently commonly used, are expected to provide dramatic
improvements in manufacturing and processing. In this way, PI may
substantially reduce: the relationship between the size of the equipment
and production capacity, the energy consumption or the production of
waste, and ultimately, translate into cheaper and more sustainable
technologies [2]. Therefore, through intensification, greater efficiency,
lower expenses, operations that are more respectful with the environ-
ment, reduction in size or any combination of the above are achieved
[3]. On the other hand, intensification shows some disadvantages, such
as the loss of manipulated variables as a result of equipment integra-
tion, a higher level of interactions and faster response as a result of
equipment size reduction. This would imply that uncommon control
options should be considered. One of the most challenging aspects of
controlling intensified schemes is the pairing of the n-control variables
(interesting for production purposes) with a set of m < n manipulated
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variables [4].

Therefore, it is recommended that the process design, optimization,
and control system design of intensified processes (and any other) must
be carried out simultaneously, due to the control problems caused
during integration/intensification.

The process intensification in distillation can be implemented in
different ways [5], for example:

e Combining multiple process tasks or equipment into a single unit
(e.g., membrane distillation [6], HiGee distillation [7], extractive
dividing wall column [8-11]).

e Material and/or energy integration (e.g., cyclic distillation [12],
dividing wall column (DWC) [13-16]).

Complex column configurations have shown to provide great energy
savings, but they are not commonly used in industrial practice because
of potential process control issues, due to a more challenging process
understanding of robust control structure [17,18]. Consequently, it is
relevant to investigate the operability of intensified separation schemes
during the design process [19], in the case of DWC (one or more walls),
operational difficulties may arise due to having fewer degrees of
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Nomenclature

A Conventional sequence

B Dividing wall sequence and decanter

C Dividing wall sequence, decanter and thermal coupling
D Sequence with column of double dividing wall
DDWC  Double dividing wall column

DETL Differential Evolution with Tabu List

DWC Dividing wall column

EI99 Eco-indicator 99

G Singular square matrix

Kc Proportional gain

LA Levulinic acid

MIMO  Multiple input-multiple output systems

MSV Minimum singular value

PI Process intensification

RGA Relative gain array

SVD Singular value decomposition
TAC Total annual cost

TCN Total condition number

Greek letters

Y Condition number

o* Maximum singular value
o* Minimum singular value
Ti Reset time

3} Frequency

freedom. In addition, it is important to understand the relationship
between the degree of intensification and the control properties.

It is desirable a process with good control properties since, in terms
of operability, it is preferable a robust system that rejects the possible
disturbances because it requires a lesser control effort to stabilize it
[20]. Including the study of operability properties in an early stage of
process design is important since there may be control problems due to
an inadequate or inflexible design that generates dynamic restrictions
in the process. As a consequence, the controllers do not guarantee op-
timal performance and the system will not meet the design require-
ments [21]. The study of the operability of intensified schemes is
complex if the integration of processes causes propagation of dis-
turbance, making local controllers insufficient to control inventories
[22]. This is because the dynamic and static behavior of the system is
characterized by high sensitivity, sudden changes in time constants,
multiplicity of steady states, multiplicity of inputs and outputs, un-
realizable arrangements, among others [23-25].

In a broader vision, going beyond the economic and environmental
design objective, accounting for security objectives is taking a step
forward in the continuous search for sustainable processes. For ex-
ample, Jimenez et al. [26,27] list a series of characteristics that a
process must have to be evaluated within a green process framework.
They recommend that some metrics in the processes must be jointly
evaluated, highlighting the analysis of the life cycle of the process, its
controllability, its economic impact as well as the risks associated with
this process.

Contrary to what can be inferred from the complex structure of the
intensified distillation systems [18], their control properties might not
differ significantly and even could be better than conventional dis-
tillation sequences [28-31]. Herndndez et al. [28] have studied the
control properties of thermally coupled systems by using condition
number (y) and minimum singular value (MSV). Rodriguez et al. [29]
show through closed-loop analysis and RGA, that the use of Petlyuk
columns has a positive impact on the process economy as well as on the
improvement of control properties. Additionally, Wolff et al. [31] de-
monstrated through an RGA study that the control of Petlyuk columns is
affected by increasing the number of outlet variables. Serra et al. [32]
reported that the control capability of the DWC can be improved when
DWC works relatively far from the minimum energy consumption. For
the closed-loop control of DWC, different alternative schemes have
been proposed [33-38] based on the manipulation of the manipulated
and controlled variables. Studies have also been proposed in DWC that
use the RGA to identify the best pairing between variables. All men-
tioned DWC control papers, only columns with only one wall were
studied. Gémez-Castro et al. [20] conducted a study of the in-
tensification effect on the control, reducing their system to a double
dividing wall column (DDWC). In this research, the control properties
were assessed by y and MSV, finding that in this case, the increase in
process intensification has a negative impact on control properties.

Therefore, it is important to analyze whether the control properties in
intensified systems, as well as their relationship with the degree of
process intensification.

Taking this into account, particularly, intensified alternatives for the
separation and purification of levulinic acid (LA) have recently been
proposed. Within these alternatives, separation schemes are used with
dividing wall [39], double dividing wall [40] and reactive extraction
[41]. The LA is considered among the main products coming from
biomass in terms of market potential, so it is obtaining great interest.
The LA is obtained from the acid hydrolysis of lignocellulosic biomass,
recognized as one of the renewable resources most abundant and eco-
nomic in the world [42]. In this work, an evaluation of the dynamic
performance of the purification schemes of levulinic acid previously
obtained is carried out [40]. These schemes were optimized, using the
stochastic hybrid optimization method of Differential Evolution with
Tabu List (DETL), taking as objective functions the total annual cost
(TAC) and the Eco-indicator 99 (EI99). The optimization technique
with this hybrid algorithm, Differential Evolution with tabu List
(DETL), has proved to be able of solving complex non-linear and po-
tentially non-convex problems. This optimization method has been
successfully applied in complex models such as: thermally coupled
systems [43,44], reactive distillation [45,46] and divided wall columns
[47,48]. Due to the complex nature of these systems, a convergence
failure may occur during the optimization process, however, this pro-
blem is solved by implementing a penalty on such designs monitoring
its run-status state. The objective then is determining the dynamic
process properties as a tool for predicting possible controllability pro-
blems in studied schemes. This work was selected due to the current
importance of production and purification of LA, in addition, it is im-
portant the control evaluation in these intensified schemes for future
industrial implementation. Finally, this work aims to process under-
standing the evaluation of control properties in an early stage of de-
signing distillation schemes.

The operability analysis will be made to a set of different designs,
which will allow the evaluation of the dynamic properties with dif-
ferent trade-offs between the optimization variables. Additionally, it
will allow us to identify the design variables to improve the control
properties. Note, there are different degrees of intensification within
these studied designs, so the control indexes behavior is also be eval-
uated in terms of the degree of intensification of the separation process.
This is relevant since there are many implementations of intensification
in distillation schemes, but little has been studied regarding how in-
tensification favors or not control properties. Then, we are aiming to
propose a separation scheme for the purification of levulinic acid in line
with current trends in green chemistry (minimizing the process cost and
environmental impact) as well as having good control properties. The
latter to guarantees both the operability and safety of the process. This
is particularly relevant when dealing with systems with high energy
demand, potential unstable steady states or little controllable system
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that could cause a catastrophe. Finally, this study contributes to pro-
viding a better understanding of the dynamic properties of intensified
schemes.

1.1. Control indicators and case study

The use of process operability indexes in an early stage of process
design helps us to generate economically optimal chemical processes,
with the best potential to run in an efficient dynamic mode within an
operating window around a nominal operating point [49]. Among these
indicators, the most commonly used in separation processes are: RGA
and singular value decomposition (SVD) though the Condition number
(y) [50]. Jgrgensen et al. [51] presented theoretical control studies,
identifying the best control structure through RGA. Luyben et al.
[52,53] present studies that identify the best control properties of dis-
tillation reactor-column systems and distillation systems, through RGA
and y. Zheng et al. [54] presented a control study of a distillation
column using RGA, analyzing the influence of the design variables in
the system. Palazoglu et al. [55,56] have carried out theoretical control
studies using SVD and MSV to evaluate the flexibility of a plant against
disturbances. Studies including conventional distillation systems [57],
thermally coupled [28,57,58], Petlyuk [59], DWC y DDWC [60] have
used as indices the y and the MSV, as a measure of the control prop-
erties of those processes. Moreover, y and RGA are indices used to
formulate optimization problems for simultaneous design and control
[49,61].

In our previous work, four separation schemes have been proposed
to separate and purify levulinic acid (shown in Fig. 1): conventional
sequence (A), dividing wall sequence and decanter (B), dividing wall
sequence, decanter and thermal coupling (C) and a sequence with
column of double dividing wall (D). These schemes were optimized,
using the stochastic hybrid optimization method of Differential Evolu-
tion with Tabu List (DETL), taking as objective functions the total an-
nual cost (TAC) and the Eco-indicator 99 (EI99) [40]. The results
showed that by implementing the intensification through the use of
dividing wall columns (DWC), costs and energy requirements were
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reduced. The dividing wall and decanter scheme (B) showed a decrease
in both objective functions: the TAC and EI99. The selected optimal
design achieved a saving of 8.42 % in TAC and 10.94 % in EI99 com-
pared to the best design of the conventional scheme.

From each Pareto front reported by Alcocer-Garcia et al. [40], 5
designs were selected per scheme for further investigation in this fol-
lowing up work. For those designs, operability was analyzed as a
function of both the TAC (cost influenced by the size of the equipment
and/or cost of services) and the EI99 (reboiler duty associated with the
amount of steam used). The selected designs per scheme are: (1) the
design with the lowest environmental impact but the most expensive
(this is located at the upper end of the Pareto front), (2) and (3) for
study how the control properties are modified by decrease of TAC and
increase of EI99, and vice versa (these are located arbitrarily in several
places within Pareto front, taking into account that design 2 must be
more expensive than design 3), the optimum point (4) where a tradeoff
of both objective functions is found and (5) the most polluting and
cheapest design (this is located at the lower end of the Pareto front), see
Fig. 2. These points were selected since the control properties are af-
fected if exist a variation in the optimum [62].

2. Methodology

Based on previous efforts, in this work, the open-loop analysis was
performed using 3 indicators to compare the dynamic performance of
the selected designs, referred to as: two measures that are used to
quantify the degree of directionality and the level of interactions (bi-
directional) in multiple input-multiple output systems (MIMO), (i)
condition number (y) and arrangement of (ii) RGA [50], respectively,
and (iii) a sensitivity index (SI) proposed by Prado-Rubio et al. [24]
with the objective of evaluating the sensitivity of the system to dis-
turbances in the feed input.

The performance of the closed-loop was evaluated for setpoint
tracking for outlet composition. This analysis is useful for validating the
prediction of the operability indexes as those performed in other pub-
lications [60,63]. This analysis was carried out in the levulinic acid
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Fig. 1. Optimized schemes in the work of Alcocer-Garcia et al. [40].
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Fig. 2. Selection of designs to study from each Pareto front.

stream output because levulinic acid is the product of main interest in
this case study.

2.1. Open-loop analysis methodology

Due to the complexity of the optimal design models, the linear
models required for the indexes calculation are obtained using system
identification of the dynamic responses in open-loop of each optimized
from the Aspen Dynamics 8.8 simulator. A step disturbance was im-
plemented around the nominal operating point. The magnitude of the
step change was +0.5 % of each potential variable manipulated, se-
lected by means of a sensitivity analysis of the system, taking as cri-
terion that with a minor disturbance, the influence of non-linearities is

RGA(G) = A(G) £ GR(G™ @

Where ® denotes an element multiplication per element (Schur pro-
duct). Bristol [68] originally introduced RGA as a stable state of

Aspen plus design
v
Aspen dynamics

design
T

v v

Perform disturbances in
feed flow

Perform perturbations of
manipulable variables

avoided [52]. In addition, similar studies [64-66] have shown that
intensified systems are sensitive to these small disturbances.

v

v

Perform graphics of

Perform approximation by

Based on the optimized designs reported by Alcocer-Garcia et al.
[40] the simulation of those schemes in Aspen plus were exported to
Aspen Dynamics, to the latter with the aim of performing disturbances
in the system and obtaining dynamic responses. For inventories in dy-
namic distillation columns, the dimensions for reboiler and reflux drum
were 3 ft in length and 2 ft in diameter, according to reboiler and drum
sizes reported by Buckley et al. [67]. Once dynamic designs and re-
sponses to disturbances are obtained, the responses are adjusted to a
transfer function, which is used for the calculation of y and RGA. For
the calculation of SI, only the dynamic responses obtained when dis-
turbing the feeding are taken, then its calculation is made by finite
differences and obtained the norm. The open-loop methodology is il-
lustrated in Fig. 3.

2.1.1. Relative gain array

The calculation of RGA is used to design control structures from a
single input-single output perspective. This analysis was performed
aiming to find the best control pairing between manipulable and con-
trolled variables of the system. The RGA calculation is based on the
system gain array, which is obtained through the transfer functions
resulting from the disturbances. The RGA of a not singular square
matrix G is a square matrix defined as [50]:
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Fig. 3. Dynamic and operability analysis open-loop methodology.
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interactions measure for decentralized control structures. Un-
fortunately, according to the original definition, many people have
ruled out that RGA is only significant at zero frequency (steady-state).
On the contrary, in most cases the value of RGA phase crossover fre-
quency is more important, since it would indicate us that the control
structure can vary to different frequency values (w) [50], so in this
study RGA was obtained for 3 different frequencies to analyze if the
control structure is maintained, the frequencies studied were: 0, 0.001
and le5 (rad/h), which are representative to steady-state, close to
steady-state and high frequencies.

The RGA results in an array containing the manipulable variables of
the system and which one controls each output of interest. For con-
ventional distillation columns LV configuration is chosen (the distillate
composition is controlled with the reflux and the bottom composition
with the reboiler heat duty), because the framed literature has proved
its economical viability because of the proximity of the control loop and
is, therefore, the most used in distillation columns [67,69], see Fig. 4.
However, through the calculation of RGA, different configurations can
be found to the LV (DV), which means that there can be more pairings
between the manipulable and the output variables, which comply with
a stable control structure.

In this case of study, existing schemes with dividing wall columns,
so their control structure depends not only on the reflux and the re-
boiler heat duty. Halvorsen y Skogestad [70] established five manipu-
lated variables for a DWC, which are the reflux ratio, the overheating
service, the flow rate of the side stream, flow rate of steam flow and
flow rate of liquid flow, these two last being translated as inter-
connection flows.

For our case of study, the calculation of the sensitivity indexes
considers LV configuration (for the reasons mentioned above) for the
designs of the schemes A, B and C, controlling the distillation flow with
the reflux and the bottom flow with reboiler thermal load. For scheme
D, Fig. 1(D), the composition in the distillate flow was controlled with
the reflux of its section, the composition in bottom flow with reboiler
head duty and the lateral composition with the flow rate of the same
side stream. In the extractive column of all designs, the composition of
the bottom flow was controlled with the extractant flow. The control
variables considered in this study are the composition of: levulinic acid,
water, formic acid, and furfural. The purities of those components were
considered since the compositions are considered as control variables.
The minimum purity objectives resulting from the optimization were at
98 % (%wt) for levulinic acid, 85 % for formic acid and 99.9 % for
furfural. The purities for levulinic acid and formic acid were considered
according to industrial uses and the purity of the furfural for being used
and recycled in the same process [71,72]. Usually, the control com-
position in industrial practice requires chromatographs on-line for
composition measurement.

2.1.2. Condition number

The condition number has been used as an input-output controll-
ability measure, assessing the influence of uncertainties in process
parameters and modelling errors on the system performance. In addi-
tion, it indicates the difficulties to decouple the interaction of the
control loops that can occur for systems with high values of the con-
dition number [73]. The condition number is obtained by SVD meth-
odology, and it is a very useful tool in the theory of linear systems and
plays an important role in the analysis and design of control systems for
real processes in the industry [74].

For the calculation of vy, linear models are obtained for the system
using the same disturbances as in RGA, using the same manipulative
variables and output variables. Once all dynamic responses were ob-
tained by using the Aspen Dynamics simulator, the transfer function
matrices (G) were collected and subjected to SVD. It is important to
emphasize that the transfer function matrices contain all the dynamic of
the plant. The calculation of the SVD was carried out as follows:

Chemical Engineering & Processing: Process Intensification 147 (2020) 107745

G=vy,wh (2

Where ), =diag(o, 0,...0,), o= singular value of G = %(GG”),
V = (W, V5, ...V,) singular matrix of left vectors and W = (W, W3, ..W,)
singular matrix of right vectors. From the SVD of G, the two parameters
of interest are the minimum singular value o+ and the ratio of the
maximum to minimum singular values ¢*, called the condition number
which can be determined at the frequency of interest [50],

it is calculated as follows:

Y= 3)

Recently, Santaella et al. [66], proposed the calculation of the
condition number as a function of the frequency and then determine an
accumulated index called total condition number (TCN), calculating the
area generated by the condition and frequency number curve:

w2
TCN = [G yde @

For this study, the frequeny response of the condition number was
calculated and the integral of the curve generated from condition
number vs frequency was performed. The frequency range studied was
from 0.001 to 1e5, this range was chosen based on works performing
condition number analysis and using this range [64,65].

The comparison between condition numbers shows whether one
system may be more likely to have control problems than another,
given a control structure. So, if the condition number is large then this
may indicate control problems. A large condition number can be caused
by a small value of o*, which is generally undesirable (on the other
hand, a high value of o* should not necessarily be a problem). A large
condition number implies that the system is sensitive to input un-
certainty, but this type of uncertainty often does not occur in practice.
Therefore, we cannot conclude that a system with a large number of
conditions is sensitive to uncertainties [50]. In general, schemes with
lower status values would be expected to show better dynamic perfor-
mance under the proposed feedback control structure [75].

2.1.3. Sensitivity index

The sensitivity index (SI) is based on the disturbances in the input
variables. This index was proposed by Prado-Rubio et al. [24] to
evaluate the dynamic sensitivity of the control variables to the input
manipulable variables:

vT

— D

F = Feed rate
Z; = Feed composition

v
o D

D and B = distillate (top)
and bottoms protuct flow rate

L =reflux flow

V= boilup flow

Fig. 4. Conventional distillation column with a control LV structure.
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X [Fn(t) + AFn ()] — X(F) Fin(0)
AF, X (0) )

SI(t) =

Where X means the state of interest to evaluate the sensitivity. The
dimensionless sensitivity is selected to do a fair comparison between
the two variables of the system since the measurement will not be af-
fected by the selection of units and the scale of the variables. The ac-
curacy of the approximation of the finite quotient of the derivatives is
proportional to the square root of the increment used for the evaluation.
The resulting sensitivities will be nonlinear functions of time from a
t = 0 to the stationary state. This index contains important dynamic
information that would otherwise be difficult to obtain for this system.
The scale values chosen are the initial conditions before the perturba-
tion is applied, that is, in t0 = 0 [24].

In order to calculate the sensitivity index, the same Aspen Dynamics
file generated for the calculation of TCN and RGA is used. The output
and input variables are then identified. In this case, the output variables
were the same as those considered for the calculation of RGA and TCN,
and the manipulable variables were the composition of levulinic acid
and the flow of levulinic acid in the feed, corresponding to the most
likely disturbances. These manipulative variables were considered be-
cause levulinic acid is the interest product. The other input variables
required to solve the model are fixed to constant values. The purpose of
this step is to determine the operation at nominal values of the input
variables [76]. Once the variables have been identified, disturbances of
+0.5 % are performed, analogously to the other indices. In this case
with two manipulable variables and four outputs, at the end of the
disturbances, we must have 8 data sets. Using Eq. (5) for each data set
(concentration vs time) the approximation by finite differences is per-
formed, it is normalized using the initial values of the manipulable
variables, then chose the maximum value of all-time range. With the
standard values or each perturbation, the sensitivity matrix (P) is as-
sembled and its norm is evaluated, obtaining a single value for both
disturbances.

If P = [ay] is a mxn matrix of real or complex elements, the norm of
P, designated by IIPIl, is defined as the nonnegative number given by:

m m
IPIl =" laijl
i=1 j=1

(6)

That is, the norm of P is the sum of the absolute values of all its
elements [77]. Being the value of the norm, the index that tells us how
sensitive the system is to the disturbances in the input, so low values of
this indicates that the system is more robust to disturbances in the feed.

2.2. Closed-loop analysis methodology

Starting from the design in Aspen Dynamics 8.8, the closed-loop test
was performed as follow: (i) a step change was induced in the setpoint
for the levulinic acid composition under single-input single-output
feedback control at each output flow rate; and (ii) 1 %, 5 %, 10 % and
30 % changes in the composition of one component (adjusting the
proportion in the composition of other components) was implemented
as feed disturbance. For the closed-loop control evaluation, proportio-
nal-integral (PI) composition controllers were implemented according
to the determined control structure, in this case, the control variable for
levulinic composition is the reboiler duty for the four schemes. The
reason for using composition controllers is simply that a ‘back-off’ from
the purity specifications makes composition control simpler [50]. PI
controller was chosen because of its wide use in industrial practice. In
this study, a common strategy was considered to compare and optimize
the controller parameters. Because we considered PI controllers, the
proportional gain (Kc) and the reset times (ti) were tuned for each
scheme studied here [78], the tuning criterion was the minimization of
the IAE, Fig. 5.
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3. Results

This section presents the results of open-loop and closed-loop con-
trol analysis, potential difficulties to control the system, and how sen-
sitive is the systems to input disturbances. All designs were modeled
and simulated in Aspen plus using the rigorous RADFRAC unit.
Therefore, all designs were designed robustly considering the MESH
equations (mass balance, balance ratios, sum of constraints and matter
balance). Subsequently, they were exported to a dynamic model in
Aspen Dynamics, disturbances were performed and control indicators
were calculated.

3.1. Open-loop control analysis

Table 1 shows the results of the 3 performance indices for the 20
designs studied. In the RGA study it was found that some designs pre-
sented an LV control structure at all frequencies studied; other designs
presented a different pairing than the LV control structure. (DLV) re-
mained constant at the frequencies studied, this implies that the dis-
tillate is not necessarily controlled with the reflux ratio and that the
bottoms are not necessarily controlled by reboiler heat duty. Also, in
some designs, their control structure was not the same in the fre-
quencies studied, which implies that presents different control ar-
rangement (DCA) in each frequency evaluated. It is interesting that
more than 50 % of the schemes studied present a structure of control
DCA, see Table 1, seeing here the importance of studying the

Start
Y
Fix Kc
Y
Fix ti <

A 4
Modify the set point and

register obtained IAE

>

No

Yes

Fix a new value for Kc

\
Modify the set point and

register obtained IAE

No
Yes
Optimal parameter for PI
controller

Fig. 5. Flowsheet for tuning PI controllers.
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Table 1
Summary of Results for all designs studied.

TAC EI99 TCN SI RGA
Al 1.8687E+07 5.3591E+09 2.77E+07 8.11 DLV
A2 1.8630E + 07 5.3591E + 09 1.16E+08 14.17 LV
A3 1.8571E+07 5.3592E+09 2.01E+09 10.30 DCA
A4 1.8535E+07 5.3594E+09 5.87E+09 13.37 DCA
A5 1.8530E +07 5.3608E + 09 1.01E+11 15.22 DCA
Bl 1.7100E + 07 4.8316E+09 9.65E+07 12.36 DCA
B2 1.7098E + 07 4.8316E+09 6.52E+05 11.98 DCA
B3 1.7096E + 07 4.8316E+09 6.34E+05 11.98 Lv
B4 1.7095E + 07 4.8317E+09 4.35E+06 12.38 DLV
B5 1.7094E + 07 4.8322E+09 1.46E +09 11.98 DLV
C1 5.2888E +07 5.2347E+09 4.34E+08 5.70 LV
c2 4.5247E+07 5.2608E + 09 1.02E+10 4.90 DCA
C3 3.1841E+07 5.3251E+09 3.39E+11 2.89 DCA
C4 1.6939E + 07 5.5807E+09 2.87E+09 22.06 DLV
c5 1.8509E +07 7.0155E + 09 1.87E+11 28.36 DCA
D1 2.0574E+07 5.5797E+09 5.88E+06 12.56 DCA
D2 2.0571E+07 5.5797E+09 8.35E+06 4.56 DCA
D3 2.0568E +07 5.5797E+09 1.48E+06 8.85 DLV
D4 2.0565E + 07 5.5797E+09 5.25E+05 6.90 LV
D5 2.0565E + 07 5.5797E+09 5.15E+05 11.76 DLV

Table 2
Influence of the amount of extractant and the dimensions of the first distillation
column in the SI.

A4 B4 Cc4 D4
Extractant (kg/h) 106722.836 107975.270 115139.838 107752.080
Number of stages 28 28 25 16
Diameter (m) 3.642 3.577 1.437 0.573
SI 13.367 12.381 22.06 6.90

controllability of these schemes.

From conventional scheme (A), design Al design has the lowest
sensitivity to disturbances of the manipulable variables of the system,
with the lowest values of TCN and SI. The robustness to the dis-
turbances in this design is due to its has the largest diameters compared
to the other conventional designs increasing its holdup. Design A2 is the
second design with larger dimensions of conventional designs, which
favors a low value of TCN. Both designs Al and A2, have a stable
structure in the whole range of frequencies studied, DLV and LV, re-
spectively. Note that a stable structure favors stability of dynamic be-
havior. On the other hand, design A4, considered optimal of this
scheme, shows a reduction in the size of its equipment, which favors its
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values of TAC and EI99. However, it has consequences at the control
level since this design exhibits a changing control structure at different
frequencies and large TCN values. Based on these results, we can evi-
dence that having greater dimensions favors obtaining better control
properties. Then, it can be inferred that an improvement in the control
properties respect to the optimal design of the conventional scheme
(A4) with the A1, produce an increase in the size of the equipment.
Consequently, it is presented a penalty of 0.821 % in TAC and its EI99
value remains almost equal.

In scheme B, design B3 presents the best control properties of these
designs, since it has the smallest TCN and a stable LV control structure
at the frequencies studied. In this case, the diameter of the first column
in the conventional distillation has a great influence on the dynamic
behavior of the system, since the designs with larger diameters in this
column result in lower TCN values. The SI is affected by the dimensions
of the first two columns: the liquid-liquid extraction column and the
conventional column. For this scheme, design B3 and B4 present similar
values of TAC and Eco-99, this because they have very similar design
variables. However, the B3 design has larger diameters in all the col-
umns with respect to the B4 design and this is what favors improving its
control properties.

Scheme C, presents a thermal coupling between the DWC and a
conventional column, following the trend where larger dimensions
favor the control properties. However, the trend of SI is not clearly
reflected in these schemes, the latter being attributed to recirculation
having an effect on input disturbances. It is important to visualize that
in this case the design considered optimal (C4) presents the second-best
value in TCN in this scheme, but presents bad values of SI, and a control
structure different to LV for all frequencies. It is even more important to
analyze that in this scheme, if you wanted to select the best design
based on the best control (design C3) is necessary an increase in the
TAC of 46.8 % respect the design with the best TAC (C4), which would
be equivalent to $14,902,341 USD, which for practical purposes in
engineering would not be viable.

The diameter of column 4 of the schemes with double dividing wall
(D), represents the size of the total diameter of the column and it is this
diameter that directly affects the TCN, since based on the results, the
bigger the diameter gives the better values of TCN and the designs
present a stable structure through RGA. For these designs, the variable
with the greatest impact on SI is the extractor flow used, since the
designs D2 and D4 present the smallest flows and the lowest values of
SI, this is because of the greater amount of flow, the greater the dis-
turbance in the system.

Therefore, for the sensitivity index, it is seen that for all studied
designs, increasing the amount of extractant has a negative effect on SI,

sl Diameter of liquid-liquid extraction column 2.000
30
1.800
25 1.600
1.400
20 1.200
F
1.000 &
@ 15 g
]
0.800 &
10 0.600
0.400
5
I I 0.200
0 I 0.000

Al A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 CS5 D1 D2 D3 D4 DS

Disefios

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 D1 D2 D3 D4 D5

Fig. 6. Influence of the diameter of the liquid-liquid extraction column in the SI.
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Diameters of destillation columns
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Fig. 7. Influence of diameter on total condition number.

Table 3
LV control structure for design B3.

Frequency (w) Bottom flow of levulinic acid, column

Flow of water, column 3

Distillation Flow of formic acid, column Bottom Flow of furfural, column

2 4 4
0 RHD- column 2 1.097 0.000 0.000 -0.097
RR-column 3 0.000 0.999 0.001 0.000
RR - column 4  0.000 0.001 0.999 0.000
RHD- column 4 —0.097 0.000 0.000 1.097
0.001 RHD- column 2 0.995 0.000 0.000 0.005
RR- column 3 0.000 0.999 0.001 0.000
RR - column 4  0.000 0.001 0.999 0.000
RHD- column 4  0.005 0.000 0.000 0.995
1E+05 RHD- column 2 0.987 0.000 0.000 0.013
RR- column 3 0.000 1.000 0.000 0.000
RR - column 4  0.000 0.000 1.000 0.000
RHD- column 4  0.013 0.000 0.000 0.987
Table 4 increasing the size of both the extraction columns, these disturbances
Design parameters of B3 desings. are damped, improving the performance of the system in the event of
B3 disturbances in the feed. Note Fig. 6, all designs with a smaller diameter
have the highest SI values in each set of designs.
Column 1 Number of stages 21 In addition, it is important to visualize the relationship that exists
Extractant (kg/h) 107991.982 between a stable control structure (from RGA), the values of TCN and
Diameter (m) 0.581 the di " £ th 1 . the desi ith ter di t
Operative pressure (kPa) 101.325 e diameter of the columns, since the designs with greater diameter,
Column 2 Number of stages 28 have the lowest values of TCN and stable structures of control. Fig. 7
Feed stage 11 shows the relationship between the condition number and the diameter
Reflux 0.069 of all distillation columns of the designs. Analyzing the behavior of each
Reboiler heat duty(KW) 23188.496 . o . .
Diameter (m) 3623 scheme, in the 4 schemes it is clear the tendency that when increasing
Operative pressure (kPa) 101.325 the value of the diameter of the columns, the natural dynamics of the
Column 3 Number of stages 20 process is favored, this is because the system have a larger hold-up/
Feed stage 4 inertia, then it mitigates disturbances.
Reboiler heat duty (KW) 0.000 Interestingly, the most intensified designs belonging to D schemes
Diameter (m) 1.760 . .
. have low TCN values and SI values below the average in comparison
Operative pressure (kPa) 101.325 R R i K X . R
Column 4 Number of stages 63 with all the designs studied. Contrarily to what is stated in literature
Feed stage 20 where control problems are associated with process intensification
Reflux 8.186 [18], the implementation of a double dividing wall may favor the
?;Zﬁeéotxi;:u /t’;ngW) ;‘332'302; 5 control properties. For example, the results of the designs of scheme B
Steam outlet stage a and C, it would be expected that the control properties favored the
Diameter (m) 1.994 more intensified scheme, in this case to C. However, when comparing
Operative pressure (kPa) 101.325 TCN values, designs B have lower values than designs C. This may be
Purity Levulinic Acid %w/w 0.980 due to the fact that C designs in their structure have a thermal and mass
Formic Acid %w/w 0.952 li than desi B. losi d f freed d .
Furfural Y%w,/w 0.999 coupling more than designs B, losing degrees of freedom and causing

see Table 2. This increase in the extractant in some designs is due to the
fact that as the amount of levulinic acid is disturbed, more extractant
will be required, and if extractant is in excess it will generate a dis-
turbance that spread throughout the system. On the other hand, by

both a more restricted and more sensitive system. On the other hand,
the recycles caused by this extra coupling in designs C, cause a decrease
in the sensitivity index, dampening the disturbances in the system
caused by perturbing the feed. However, in this case study it is im-
portant to emphasize that, by means of the control study, it was found
that it is possible to obtain better control properties of intensified
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Fig. 8. Design specification of conventional sequence (A4).
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Fig. 9. Design specification of dividing wall sequence with decanter (B4).

schemes in comparison to conventional schemes. Note within the
schemes studied, there are alternatives that present economic-en-
vironmental savings through intensification and at the same time con-
trol properties are favored.

For schemes with a stable control structure, low values of SI, TCN,
TAC and EI99, the best designs are: from scheme C the design C4 and
scheme B the designs B3 and B4. The design C3 presents the best value
of TAC and also good value of EI99, which also presents a stable control
structure. However, design C3 presents greater sensitivity to both feed
disturbances and process variables, through its high values of SI and
TCN, respectively, compared to designs B3 and B4. The design B4 shows
savings in both TAC and Eco-indicator 99 compared to the design B3.
On the other hand, the scheme B3 presents lower values of TCN and SI,
this can be attributed to has larger columns than the B4 design. In
addition, the design B3 has a stable LV structure, as shown in Table 3.
So, the design B3 has the best control properties of the schemes studied
and has good values of TAC and EI99, which consists of a liquid-liquid
extraction column, a conventional column and a dividing wall column
with a decanter, its design parameters are shown in Table 4. It is worth
mentioning that in this design, column 3 represent one internal section
in dividing wall column and column 4 represents the shell of the

dividing wall column.

3.2. Closed-loop control analysis

This analysis was extended to the designs considered optimal in
each Pareto: A4, B4, C4 and D4, these designs were showed in
Figs. 8-11. Only these designs were considered because the objective of
the closed-loop analysis is to compare the results with those obtained in
the open-loop. The closed-loop responses of the four designs analyzed
are shown in Fig. 12, and the results of tuning the PI controller in
Table 5. Based on the results obtained in open-loop, we would expect
the D4 design to present the lowest values of IAE, which is consistent
with the data shown in Table 5. In addition, the other designs follow the
behavior found with the TCN, since the values found in IAE are con-
sistent with the values found in TCN. This behavior is consistent with all
set point tracking from nominal point studied. Obtaining with this that
through an open-loop analysis, an approximation of the dynamic be-
havior of closed-loop can be obtained. Through the analysis at different
step changes in the nominal set point at closed-loop, its observed that
regardless of size step, the behavior obtained by the TCN remained. At
minor step changes (1 %) similar dynamic responses were presented
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Fig. 10. Design specification of dividing wall sequence with decanter and thermal coupling (C4).
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Fig. 11. Complete mass balance of schematic diagram of dividing wall sequence with column of double dividing wall and decanter (D4).

(Fig. 12, case a), this was due to the fact that at small disturbances, it that exists between the RGA, the TCN and the diameter of the columns

was very close to the nominal value. However, when studying major was notorious, since the designs that presented a constant arrangement
changes (5 %, 10 % and 30 %), it was clearly differentiated the beha- in the RGA, present the best values of TCN and the largest diameters in
vior of each design, (Fig. 12, case b, ¢ and d). the schemas studied. This relationship exists due to changing control

structure will generate greater sensitivity thus TCN, and the increase in
diameter favors the buffering of disturbances of system variables. In
general terms, the control properties of a system are benefited by the
size of the equipment, for example: the diameter and the type of pairing
in the control structure.

Interestingly, this case study has shown that intensification favors
the control properties of most designs compared to conventional

4. Conclusions

In this work, an operability analysis was performed on 20 designs of
4 schemes for obtaining levulinic acid (LA). Operative performance
indexes are used as criteria to both assess and discard process designs
with good economics and environmental properties. The relationship

10
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Fig. 12. Set point tracking in representative designs for the levulinic stream. At 1 % (a), 5 % (b), 10 % (c) and 30 % (d).
Table 5
PI controller tuning results, IAE and TCN values.
Design A4 Design B4 Design C4 Design D4
Step IAE Kc T IAE Ke T IAE Kc T IAE Ke T
change (%%) (min) (%%) (min) (%%) (min) (%%) (min)
1% 8.11E-04 245 5 1.58E-04 250 1 8.63E-04 250 5 1.58E-04 240 1
5% 4.12E-03 250 5 4.06E-03 250 5 4.10E-03 250 4 3.81E-04 250 5
10 % 3.26E-02 240 5 1.58E-03 250 2 3.28E-02 250 1 9.38E-04 245 4
30 % 2.43E-02 250 4 4.74E-03 245 4 2.44E-02 250 5 2.29E-03 250 1
TCN 5.87E+09 4.35E+06 2.87E+09 5.25E+05

schemes. It was also observed that the degree of intensification and
improvement in the control properties does not occur in a linear
manner, since schemes with a lower degree of intensification may have
better control properties than a more intensified one. Through this
study the importance of the evaluation of the dynamic performance of
intensified schemes is observed, since, being complex configurations,
these may or may not have an appropriate control structure. In other
words, the control arrangement in intensified schemes is not necessarily
the LV control structure, and this is not possible to know a priori
without an analysis of its control properties.

Looking for a design that meets the economic-environmental ob-
jectives and good control properties. Design B3 has small values of TAC
and EI99, and show good dynamic behavior. The last one because this
design has a sensitivity index below the average this due to its large
flow of extractant, its control structure remained stable at the fre-
quencies studied and it has a value of the smallest of the TCN designs
studied this due to the dimensions of its columns.

The designs in scheme D, which consists of a liquid-liquid extraction
column and a double-wall dividing column, which showed greater in-
tensification, presented the best TCN values, within the configurations
evaluated, but these does not present low values of TAC and EI99. This
is due to the fact that the increase of its internal flows decreases the
perturbations of the variables of the system, with respect to the output
variables of the system. This guideline was reflected in all the schemes
studied, since the higher the degree of intensification the TCN was
lower. Additionally, the results obtained in closed-loop are consistent
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with the open-loop study, these results indicate that the degree of in-
tensification may favor the control properties.

In summary, it is possible to obtain designs that meet economic,
environmental and control objectives, although, these are not ne-
cessarily the most intensified designs.
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