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In this paper the dynamic performance of Heat-Integrated Distillation Columns (HIDiC) is
presented. The dynamic performance was determined for the optimal HIDIiC designs
optimized previously using a constrained Boltzmann-based estimation of distribution
algorithm. Eight close-boiling mixtures, covering a range of relative volatility («) from 1.12
to 2.4, were used as case studies. The dynamic behavior was obtained under open and
closed-loop process analysis. The results obtained showed that the HIDiC columns un-
dergo worse dynamic performance than their equivalent traditional columns for all case
studies. Furthermore, it was notorious that the difference in the dynamic behavior of both
configurations kept a relatively uniform trend for most systems. However, a marked dif-
ference in the dynamic properties was determined for the mixture close to azeotropic
behavior, which experienced a considerably larger control effort.

Thus, the novel findings disclosed in this paper show that, although the HIDiC se-
quences experienced worse dynamics than the conventional columns, the HIDiC config-
urations reached a stable dynamic behavior for all the range of a of the mixtures under
study. Nevertheless, high control difficulties were particularly determined for the HIDiC
configuration used to separate the mixture with « close to unity (mixture of xylenes),
which in fact is the HIDiC sequence with the best energetic and economic benefits.

Hence, the energetic and economic potential of the HIDiC columns is not limited by the
dynamic behavior for most case studies analyzed, at least in theoretical terms. However,
such potential might be particularly reduced or unharnessed in the separation of the
mixture with o near the azeotropic behavior due to the dynamics of the HIDiC column for
this separation.

So, the findings presented in this paper allow to infer that sequential or simultaneous
dynamic studies must be achieved along with the optimization of the HIDiC columns to
determine the integral performance (energetic, economic and dynamic) of these config-
urations.

© 2023 Institution of Chemical Engineers. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Heat-Integrated Distillation Columns (HIDiC) are separation
technologies that provide large energy savings and reduce
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Fig. 1 - HIDiC configuration.

cooling water requirements and emissions of pollutants
(such as carbon dioxide) into the atmosphere. This perfor-
mance has been disclosed for optimal HIDiC sequences used
to separate multiple close-boiling mixtures (Gutiérrez-Guerra
et al.,, 2017).

The HIDiC configuration is shown in Fig. 1. In this con-
figuration, the stripping section (SS) represents the low
pressure column while RS represents the high pressure
column. Thus, the temperature driving forces are produced
between both columns and the heat transfer takes place
from RS to SS. The high pressure of RS is kept by compressing
the vapor stream withdrawn from the upper part of the SS
using the compressor (C). Then, this stream is introduced in
the bottoms of RS. Furthermore, SS is kept at low pressure by
regulating the pressure of the stream 10 using the throttling
valve (TV) and this stream is fed to the upper part of SS. In
illustrative terms, Q1-Q5 represent the heat flows transferred
from the rectifying section to the stripping section.

The main variables that determine the behavior of these
distillation configurations are the compression ratio (CR),
reflux ratio (RR) and total number of stages (TNS). From these
variables, CR plays a critical role in the design of these con-
figurations. In fact, this variable must be maintained at the
minimum possible value to obtain a suitable cost-benefit of
the HIDiC sequences. This is required due to that the com-
pressor is commonly driven by electricity and each electricity
unit used is equivalent to three thermal units (Qcomp=
3Qheat), Jana and Mali (2010). Thus, CR must be reduced as
much as possible in order to minimize the energy con-
sumption and total annual cost (TAC).

Powered by their large energy savings, 30-50 %, (Nakaiwa
et al., 2003, Iwakabe et al., 2006) the potential of the HIDiC
configurations has been continuously examined from dif-
ferent perspectives. For instance, the study of several struc-
tural arrangements, such as concentric columns and
configurations supported with external heat transfer panels
(Gadalla et al., 2007) has been performed. It allowed avoiding
the limitation of heat transfer area of the annular space
present in a concentric HIDiC. Besides, the distribution of the
heat integration along the columns has been explored (Wang
et al., 2020). So, it found that the heat integration is more
suitable at both ends of the column. However, it has also
been reported that other HIDIiC configurations with non-
uniform stages distribution between the stripping section

and rectifying section have led to energetic improvements
over the known typical HIDiC configuration (Wakabayashi
etal., 2019). Authors also suggest that good control properties
are expected for these novel configurations due to the ade-
quate heat exchange structure at limited points between
both sections of the HIDiC column. Likewise, several levels of
heat integration (internal and external heat integration) have
been achieved, Schmal et al. (2006). Also, some sensitivity
studies by manipulating CR, TNS and RR have been per-
formed (e.g. Jana and Mali, 2010). Hence, energy savings of
44% and TAC reductions of 14% at optimal CR of about 1.5
were determined in the analysis of a debutanizer HIDiC.
Thus, the major influence on the energy consumption and
TAC was determined for CR, followed by the influence of RR
and low influence of TNS. Notice also that rigorous optimi-
zation studies using stochastic algorithms, such as the
Boltzmann-based estimation of distribution algorithm
(Gutiérrez-Guerra et al., 2014), have been achieved. In this
case, energy savings between 52% and 84% and TAC reduc-
tions from 2% to HIDiC configurations with TAC 35% larger
than the conventional columns were obtained. In addition,
TAC reductions of 6.60-9.75% were determined by optimizing
the HIDIiC columns using Genetic algorithms (Shahandeh
et al.,, 2014). Besides, the optimization of HIDiC sequences by
using a constrained Boltzmann-based estimation of dis-
tribution algorithm (Gutiérrez-Guerra et al., 2016) and a
MINLP algorithm (Harwardt et al., 2010) conducted to estab-
lish that the maximum potential (energy savings and TAC) of
the HIDIC columns is obtained in the separation of mixtures
with low «. Similarly, the best energy savings and TAC were
identified for the separation of non-equimolar systems, 0.75/
0.25, (Gutiérrez-Guerra et al., 2017), by optimizing HIDIC se-
quences using a constrained Boltzmann-based estimation of
distribution algorithm. In this case, energy savings between
85% and 87% were computed. Similar reductions for the
cooling water and carbon dioxide emissions were calculated.
In addition, TAC reductions of 27% were obtained. Besides, it
is important to underline that the energetic and economic
performance of the HIDiC configurations have been mainly
focused on the separation of binary mixtures and only few
multicomponent mixtures have been considered.

On the other hand, although most research has been fo-
cused on design and optimization based on simulation and
thermodynamics analysis, HIDiC technologies have been
subject to experimental, industrial and commercial studies
and good results have been obtained (Wakabayashi et al,
2019, Rix et al., 2019, Fang et al., 2019, Marin-Gallego et al,,
2022). These examinations have demonstrated an adequate
level of approximation to the theoretical predictions in terms
of energy savings. Thus, HIDiC configurations are promissory
intensified distillation schemes able to reduce the energy and
cooling water consumption along with reductions of pollu-
tants released into the environment through their industrial
implementation. However, despite large energy savings and
competitive TAC (in relation with the traditional column)
and good industrial projections have been reported, the
control properties of HIDIiC sequences have not been com-
pletely explored, such as it has been observed in Fang et al.
(2019). In fact, most studies recently reported in literature
have been focused on the typical separation of benzene/to-
luene and only some cases on the other mixtures of hydro-
carbons and air fractioning. In addition, in the studies
reported has been claimed that HIDIiC columns are con-
trollable distillation configurations (Jana and Mali, 2010,
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Nakaiwa et al., 1998). However, despite this fact, it has also
been underlined (Bisgaard et al., 2017, Fang et al., 2019) that
more elaborated models are required to predict the adequate
control of these columns due to their complex dynamics. The
control properties have been analyzed using several control
schemes, such as internal model control (IMC) and propor-
tional, integral, and derivative (PID) control with singular
value decomposition (Yu and Liu, 2005). Moreover, the tem-
perature control using the temperature difference between
two stages as the controlled variable was able to deal with
the continuous pressure changes in the rectifying section,
leading to stable operation of the HIDiC around the steady
state. In fact, this control scheme showed a better dynamic
performance in comparison with a direct composition con-
trol scheme. (Huang et al., 2007). Also, the high-purity in-
ternal thermally coupled distillation column have been
analyzed using the dynamic matrix control (DMC). The Servo
and regulatory control implemented confirm the accuracy
and validity of DMC for this distillation column (Cong et al,,
2014). Besides, the development and implementation of an
Extended Generic Model Control for High-Purity Heat In-
tegrated Distillation Column Using Online Concentration
Estimation was achieved (Cong et al., 2015). Results pre-
sented indicate that EGMC shows a superior performance in
comparison with the Proportional Integral Derivative control
(PID) and a model predictive control scheme (MPC). In addi-
tion, the implementation of an adaptive generic model con-
trol shows advantages on servo control and regulatory
control when it is implemented on a high-purity heat in-
tegrated air separation column (Fu and Liu, 2015). Similarly,
in comparison with the standard Extended Generic Model
Control (EGMC) scheme and the PI controller, a Reduced Ex-
tended Generic Model Control (R-EGMC) scheme showed
better performance to track the dynamic behavior of the
HIDiC (Cong et al., 2019). Authors claim that R-EGMC con-
centrates its good performance on the top and bottom stages,
where the product quality is important for the control system
of the HIDIC.

On the other hand, the control properties of the HIDIC
sequences have been improved by adding a sensitive stage
temperature control scheme with set-point correction. These
results were determined through the implementation of this
scheme on two PID temperature controllers and two Generic
Model Control (GMC) schemes on a high-purity HIDiC column
(Cong and Liu, 2020). In a more recent work (Markowski et al.,
2022), the study of the control properties using novel model
of heat and mass exchanger in a transient state implemented
in the heat-integrated distillation columns was carried out.
The results showed that the channel-type exchanger is dy-
namically stable under industrial constraints. In addition
authors found that the distillate purity isn't strongly sensi-
tive to the constraints related with the heat transfer surface
or hold up of liquid inside the channel of exchanger. In fact,
authors claim that distillate purity deteriorates approxi-
mately by 1%. In addition, the study showed that the typical
PID controller represents a good alternative to deal with in-
dustrial constraints through the proposed technology.

According to the background shown, the studies about
control properties reported in literature have been directed
to determine the dynamic behavior for a limited number of
case studies. In fact, most studies have been focused on the
separation of the mixture made of Benzene and Toluene and
other few mixtures of hydrocarbons. So, generalized results
about control properties have not been established for this

separation technology. Hence, in this work is presented the
control properties of HIDiC columns implemented to sepa-
rate eight close-boiling equimolar binary mixtures, exploring
a range of a from 1.12 to 2.4. This range was selected due to
the large energetic and economic benefits obtained for these
kinds of systems.

The mixtures under study are: Benzene-Toluene (x=2.4),
Toluene-Ethylbenzene (x=2.11), Cyclohexane-n-Heptane
(x=1.68), Isobutanol-n-Butanol (x=1.44), n-Octane-
Ehtylbenzene («x=1.248), Ethylbenzene-o-Xylene (a=1.23),
111-Trichloroethane-Benzene («=1.20), m-Xylene-o-Xylene
(x=1.12). Product specifications (purity and recovery) around
0.995 were used for these mixtures.

Particularly, the goal of this work is to determine the
performance of the HIDiC columns in comparison with their
corresponding conventional sequences according to the « of
the mixtures and the consequent implications of the control
properties on the trends about design and optimization of
the HIDiC sequences.

The control properties are determined using open-loop
process analysis supported by the Singular Value
Decomposition (SVD) technique and closed-loop process
analysis supported by the minimization of the Integral
Absolute Error (IAE). The study was supported by rigorous
simulations carried out in Aspen Dynamics.

2. Control properties

Dynamic performance is an essential concern that must be
addressed for all chemical processes in order to identify their
behavior. This issue is related with the capability of the
process to drive disturbances that modify the current steady
state of the process. Thus, the response of the process is a
key factor that will define the insurance (or not) of the pro-
duction volume and the quality of the products processed,
but also keep (or not) the safety conditions for the process
itself and all resources around it.

In this work the control properties of HIDiC columns and
conventional sequences are analyzed under a couple of ap-
proaches. The first one is the open-loop process analysis and
the second one is the closed-loop process analysis. Notice
that the simultaneous implementation of both approaches
has not been achieved in previous dynamic studies of the
HIDiC columns used in the separation of mixtures with
variable a. Hence, it addition to increase the confidence of the
results obtained, the results will provide a background for
dynamic studies of the HIDiC columns under both methods
of analysis.

In this case, proportional integral controllers (PI) were
used. These are common controllers used in the chemical
processes due to their good performance and simplicity to be
implemented (Luyben and Yu, 2008). It has been proved
through their implementation to carry out the temperature
control of multicomponent distillation columns (e.g.
Baghmisheh et al., 2010).

2.1. Open-loop process analysis

Open-loop process analysis provides the natural response of
the process when a disturbance acts on it. The open-loop
dynamic properties of distillation columns are frequently
obtained by evaluating the variation of the rich product
composition of distillate and bottoms by disturbing the re-
boiler duty and reflux rate. The dynamic performance is
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obtained by determining the singular values and condition
number of the process. These parameters are found through
the singular value decomposition (SVD) of the transfer
function matrix (G), which is constituted by the transfer
functions determined for each rich product obtained with
the disturbances applied.

SVD of G is performed as follows: G = VEW*", where ==diag
(01... on), si=singular value of G=AiY3(GG"), V=(v1,v2,...) is
the matrix of left singular vectors and W= (w1,w2,...) is the
matrix of right singular vectors. In this work o+ is used to
represent the minimum singular value and ¢ * represents the
maximum singular value. In addition, y=¢*/o- is defined as
the condition number.

The minimum singular value is a measure of the invert-
ibility of the system and represents a measure of the po-
tential problems of the system under feedback control, while
the condition number indicates the sensitivity of the system
under uncertainties in process parameters and modeling
errors.

Hence, the configurations with the largest minimum sin-
gular value and minimum condition number are expected to
indicate the best dynamic properties of the process under
feedback control (Gabor and Mizsey, 2008).

Notice that, although SVD is an approach to analyze the
behavior of linear systems, it has been implemented in this
work to obtain the control properties of HIDiC configura-
tions, whose dynamic behavior is considered as nonlinear.
However, we believe that this is an adequate approach to
determine the control properties of these configurations
because of the small disturbances (1%) to be applied on the
manipulated variables and the small variations expected in
the product compositions. In other words, it is assumed that
small disturbances will reduce the nonlinearity of distilla-
tion columns (Skogestad and Morari, 1988). In fact, this value
of disturbance has been also applied on the manipulated
variables in related studies (e.g. Bisgaard et al., 2017, Meyer
et al., 2017). Besides, considering that the nonlinear behavior
has a larger influence in separations with high purity pro-
ducts, the reduction of the purity was achieved with the
disturbance applied. Thus, it is expected the nonlinear in-
fluence was also reduced using the direction of the dis-
turbance proposed. Besides, as it was described before, a
comparison of the control properties of the HIDiC columns
and their respective conventional columns is achieved.
Therefore, taking into account that both configurations will
be examined using the same approach (SVD) and dis-
turbance (1%) on the manipulated variables, a fair compar-
ison is expected.

Furthermore, the implementation of this control ap-
proach is achieved in this work because this technique has
allowed predicting the control properties for different dis-
tillation sequences reported in previous studies (e.g. Cabrera-
Ruiz et al.,, 2017, Jana and Mali, 2010, Meyer et al., 2017,
Murrieta-Duefias et al., 2011).

In this work, SVD was carried out with the next frequency
range: w=(0-1E+36). Although the upper limit represents a
large frequency, the interest mainly concentrates on the
frequencies near to the lower limit. That is, frequencies near
the steady state (w=0). However, the exploration of the upper
limit was established to identify the trend of the control
properties of the HIDIC configurations and their corre-
sponding conventional sequences when large frequencies
take place.

2.2. Closed-loop process analysis

This control strategy is based on the control action carried
out by a controller installed on the process. This controller
provides a response (control action) when the controlled
variables are disturbed from their original value (initial
steady state). In this case, the disturbance is handled by the
controller through the control actions to take the process to
the new steady state.

The closed-loop process analysis is performed using servo
and load disturbance scenarios, employing Proportional
Integral controllers (PI). The key factor to obtain the best
performance of these controllers is the implementation of a
right tuning process. This process consists of finding the
adequate values for gain (Kc) and integral time () by means
of an optimization process. The fitness function in this op-
timization process is the minimization of the Integral of the
Absolute Error (IAE). The value for this criterion is computed
through the generation of disturbances in the controlled
variables and the behavior of these variables under control
actions performed by the PI controller, taking as a reference
the new setpoint. As before, the evaluation of the control
properties under closed-loop analysis was carried out using
small disturbances (1%) on the purity of the rich products in
the bottoms and distillate. The selection of this percentage of
disturbance was made in order to preserve concordance with
the open-loop process analysis and make a fair comparison
between both control approaches. In addition, as before, this
level of disturbance is used to reduce the impact of the
nonlinear behavior on the control properties of these dis-
tillation columns. Although this level of disturbance is really
small and a realistic operation could lead to larger pertur-
bations, important results about the dynamic behavior of the
HIDiC columns are expected by means of the implementa-
tion of this approach.

Likewise, the small offset errors expected between the
product composition and the setpoint along the simulations
(due to small disturbances applied), motivated the selection
of the IAE index. IAE index is better than the ISE (integral of
the square error) index because a small value (less than 1)
raised to the power 2 becomes even smaller if ISE index is
used. Besides, it is expected that offsets occur for short per-
iods of time, so, ITAE (Integral of the Time-Weighted abso-
lute error) was not considered convenient. This statement
agrees with that established by Stephanopoulos (1984) and
partially with Zhang et al. (2018). Hence, the configurations
(either HIDiC or conventional columns) with lower IAE values
are those with the best control properties.

Notice that IAE index has been implemented in multiples
studies to disclose the control properties of distillation con-
figurations (Alcocer-Garcia et al.,, 2020, Farias Neto et al,
2021, Meyer et al., 2017, Liang et al., 2021, Liu et al., 2022,
Shan et al., 2021).

Through this approach PI controller manipulates the
Reboiler Duty, when the disturbance is applied on the rich
product of the bottoms, or the reflux rate, when the dis-
turbance is applied on the rich product of the distillate. The
selection of this relationship was supported on practical as-
pects related with distillation columns (Hdggblom and
Waller, 1992, Murrieta-Duenas et al., 2011). That is, the purity
of the distillate product is related with the manipulation of
the reflux rate while the bottom product is associated with
the manipulation of the reboiler duty.
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Table 1 - Optimal HIDiC configurations.

M1 M2
CONVENTIONAL HIDiC CONVENTIONAL HIDiC
TNS 28 28 28 28
RR 1.68 0.22 2.78 0.27
CR - 2.15 - 1.99
Recovery 0.9949 0.9949 0.9952 0.9949
Purity 0.9949 0.9949 0.9952 0.9950
TAC (USD/year) 387607.33 531022.04 573709.34 768770.52
QReb (kJ/h) 4375889.30 1454545.06 6438085.61 1431414.88
Qcomp (kJ/h) = 609019.98 = 984078.56
M3 M4
CONVENTIONAL HIDiC CONVENTIONAL HIDiC
TNS 56 56 72 72
RR 3.06 0.38 5.27 0.084
CR - 1.86 - 1.76
Recovery 0.9951 0.9949 0.9952 0.9952
Purity 0.9951 0.9949 0.9951 0.9950
TAC (USD/year) 609043.22 803937.05 1187928.65 1164170.08
QReb (kJ/h) 6126487.95 1534376.91 15815250.00 1043286.64
Qcomp (kJ/h) - 738895.52 = 1153724.86
M5 M6
CONVENTIONAL HIDiC CONVENTIONAL HIDiC
TNS 74 74 78 78
RR 23.56 9.63 13.20 2.55
CR = 1.34 = 1.46
Recovery 0.9949 0.9951 0.9953 0.9947
Purity 0.9949 0.9952 0.9950 0.9953
TAC (USD/year) 3329422.20 2730126.20 2421000.00 2421000.00
QReb (kJ/h) 40513398.75 16941201.86 25448924.92 3984716.82
Qcomp (kJ/h) = 1701190.44 = 2391899.12
M7 M8
CONVENTIONAL HIDiC CONVENTIONAL HIDiC
TNS 82 82 138 138
RR 24 6.63 33.92 4.25
CR = 1.35 = 1.56
Recovery 0.9948 0.9948 0.9953 0.9950
Purity 0.9948 0.9947 0.9953 0.9950
TAC (USD/year) 2214919.49 2613605.00 5306658.692 5678124.80
QReb (kJ/h) 27967688.10 9304639.36 72176583.60 1017917.75
Qcomp (kJ/h) - 1999288.00 - 8575761.36

The components of each mixture are: M1: Benzene-Toluene (a=2.4), M2: Toluene-Ethylbenzene («=2.11), M3: Cyclohexane-n-Heptane («=1.68),
M4: Isobutanol-n-Butanol (a=1.44), M5: n-Octane-Ehtylbenzene (x=1.248), M6: Ethylbenzene-o-Xylene (a=1.23), M7: 111-Trichloroethane-

Benzene (a=1.20), M8: m-Xylene-o-Xylene (a=1.12).

Particularly, the correlation between manipulated vari-
ables and product composition was used as a first approx-
imation to study the dynamic properties of the HIDIiC
sequences. Nevertheless, taking into account the structural
characteristics of these sequences, it is suggested to ex-
amine their dynamics under alternative control schemes in
a further study. For instance, considering CR as an addi-
tional manipulated variable. This examination will provide
an additional comparison of the dynamic behavior of HIDiC
columns in relation with the conventional sequences, but
also the comparison of performance between both ap-
proaches (with or without the inclusion of CR) will be ob-
tained. Thus, the results will also indicate the most
convenient approach to obtain the control properties of
HIDiC configurations.

3. Case study
The designs of the Heat-Integrated Distillation Columns de-

scribed in Table 1 are used as case studies. These case stu-
dies are the optimal HIDiC configurations obtained in a

previous work (Gutiérrez-Guerra et al.,, 2016). In this case, the
separation of eight equimolar binary mixtures whose a varies
from 1.12 to 2.4 is carried out. The thermodynamic model of
Chao-Seader was used as thermodynamic model to predict
the behavior of the mixtures M1-M3 and M5. These mixtures
are made up of hydrocarbons and they are separated in a
relatively easy way (Seader and Henley, 2006). In addition,
the mixture M6 and M8 were modeled by UNIQUAQ model.
This election was made due to the fact that it adequately
represents the thermodynamic properties of this mixture of
isomers (Rodrigues et al. 2005). Whereas, NRTL model was
used to estimate the thermodynamic properties for the
mixtures M4 and M7 taking into account the general guide-
lines given by Seader and Henley (2006). These optimal HIDiC
columns were obtained through an optimization process
using a constrained Boltzmann-based estimation of dis-
tribution algorithm (Gutiérrez-Guerra et al., 2016). The TAC
was used as fitness function while CR, TNS and RR were the
decision variables of the optimization problem. These op-
timal configurations showed large energy savings (larger
than 50%) and competitive TAC for most cases in relation
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with the traditional configuration. Besides, each HIDIiC de-
sign is operated using CR between 1.4 and 2.15, which agrees
with the values reported in other studies (Jana et al., 2010).
Observe also that RR and TNS were determined under rea-
sonable values in practical terms, considering the char-
acteristics of the mixtures separated.

Notice that the optimal HIDiC configurations and their
corresponding conventional columns were sized with the
same TNS. Besides, the energy integration (from rectifying
section to stripping section) was achieved in stages at the
same height of the columns, that is, no crossed heat in-
tegration was performed.

On the other hand, a flow rate of 100 kmol/h of saturated
liquid was introduced as feed on the first stage of the column
1 (SS) of the HIDiC, while recoveries and purities for the
products were established in values around 0.995. The same
specifications were established for the corresponding con-
ventional sequences.

The components of each mixture are: M1: Benzene-
Toluene (x=2.4), M2: Toluene-Ethylbenzene (x=2.11), M3:
Cyclohexane-n-Heptane (x=1.68), M4: Isobutanol-n-Butanol
(x=1.44), M5: n-Octane-Ehtylbenzene (x=1.248), Mé:
Ethylbenzene-o-Xylene (a=1.23), M7: 111-Trichloroethane-
Benzene («=1.20), M8: m-Xylene-o-Xylene (a=1.12).

As it was described before, the potential of the HIDiIiC
columns is given by the large energy savings achieved for
these configurations in relation with the conventional se-
quences. This potential has been considerably increased by
means of optimization processes. The optimization of the
HIDiC columns used as case studies in this work was per-
formed in a previous work. As it was described before, the
optimization was carried out by manipulating CR, RR and
TNS, having the total annual cost as the fitness function of
the optimization problem. In this case, the TAC was com-
puted using the procedure shown in Appendix A. In this
optimization, product specifications (purity and recovery)
of the mixtures were constrained to 0.995 + 0.0003. In ad-
dition, the amount of internally heat integrated from
stages of RS to stages of SS was achieved considering a
minimum temperature driving (1.67 K) between both sec-
tions. Besides, the condenser duty (QT) was used as the
amount of available heat to be transferred from the recti-
fying section to the stripping section. The selection of the
condenser duty was achieved considering the operational
principles of the traditional distillation columns. That is,
the heat used to fuel the reboiler in a conventional dis-
tillation column is released to the environment through
the cooling water used in the condenser. This is the reason
of the low thermodynamic efficiency of the conventional
distillation columns. So, instead to reject this amount of
energy to the environment, the energy quality (tempera-
ture) is increased by increasing the pressure of the recti-
fying section in the HIDIiC column and then this higher
quality energy is transferred from RS to SS. Particularly, the
temperature driving forces were controlled by CR in the
optimization process. So, the heat distribution was carried
out along the column depending on such temperature
driving forces between the stages of RS and SS. In this case,
the heat transfer from the stages of the rectifying section
to the stages of the stripping section was achieved using
heat flows in Aspen Plus.

Furthermore, heat integration carried out in the HIDiC
configurations under study was determined using the ap-
proach established by Suphanit (2010). In this approach,
the heat distribution stage by stage was computed using
Eq. (1) while the heat transfer area was determined using

Eq. (2).

Qr
Qi = ATygi_ssi| o0
' i SSI(Z?ﬂATRSi—SSi) 1)
o Qi
==
U ATgsi-ssi 2

In this case, i represents the corresponding stage and n is
the total number of stages of each column, either RS or SS.
Notice that ngrs=nss. Hence, ATgsi.ssi represents the differ-
ence of temperature between the stages of the rectifying
section and the corresponding stages of the stripping section.
QT and Qi represent the total internally heat integrated and
the internally heat integrated at each stage, respectively.
Moreover, the heat transfer takes place between stages at the
same level of RS and SS. Likewise, the value for the overall
heat transfer coefficient (U) used for sizing the heat transfer
areas was of 4085.62kJ/hm?k (Adapted from Turton
et al., 2004).

Notice that the HIDIiC columns designed and optimized
were assembled using the same TNS in both sections of the
column (rectifying section and stripping section). In fact, the
original optimization study was conducted based on this
criterion (Gutiérrez-Guerra et al., 2016). So, the HIDIC col-
umns subject to optimization were built by dividing the
conventional column into two sections with the same
number of stages. Therefore, the feed stream was introduced
in the first stage of the stripping section of the HIDiC column.
Hence, the feed stage was not considered as an optimization
variable. In fact, the design and optimization strategy stab-
lished in such optimization study was well supported by the
large energy savings and competitive TAC obtained, in
comparison with the conventional columns. Thus, these re-
sults encouraged the analysis of the control properties of the
optimal HIDiC columns performed in this work.

4, Problem statement

The control properties of HIDIiC and traditional configura-
tions for mixtures under study were determined using the
open-loop process analysis supported by the singular values
decomposition (SVD) technique and the closed-loop process
analysis supported by the minimization of the Integral of the
Absolute Error (IAE).

4.1. Open-loop process analysis

4.1.1. Stage 1
Step 1. Export HIDiC design from Aspen Plus to Aspen
Dynamics.

Step 2. Compute the new reboiler duty (QRebpew) and re-
flux rate (RRnew) values by applying 1% of disturbance on the
current values. Hence, QRebnew=0.99%(QReb) and
RRnew=0.99 *RR. Notice that CR for the HIDiC columns was
kept constant in the rigorous simulations performed in
Aspen Dynamics.
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Step 3. Apply the disturbance on the reboiler duty of the
HIDiC column and run the simulation. In this case, the per-
turbation is applied in SS. In this step, the composition of the
bottoms and distillate changes along the time until stabi-
lizes. Hence once the stabilization is achieved, the simulation
is stopped.

Step 4. Obtain and plot (in Excel) the composition profiles
(as a function of time) of the distillate product (Xp) and bot-
toms product (Xg) of the HIDiC column.

Step 5. Adjust each composition profile (Xg and Xp) to a
known transfer function (TF), such as first order, second
order, with or without time delay (dead time) and so on. The
fitting parameters [Gain (Kc), Integral time (r), time delay,
and so on] of the transfer functions are defined by the user.
The selected parameters used to fit the transfer functions
must minimize the error between the composition profile
given by the simulation and the adjustment achieved by the
transfer function proposed by the user. The fitting process
may be described as follows: Initially, user introduces the
values for the gain, integral time, time delay, and so on, to
the model of the transfer function, depending on the order of
it. Then, the deviation grade (error) between the original
composition profile (obtained from Aspen Dynamics) and the
approximation using the transfer function is computed with
the current setting parameters (gain, integral time, time
delay, and so on). Hereafter, an optimization process is
achieved, having as fitness function the minimization of the
error between the original composition profile and the ap-
proximation using the transfer function, by evaluating sev-
eral values of the parameters of the transfer function
described before. It is important to mention that the tool
called Goal Seek of Excel was used to carry out the mini-
mization of the Error.

In this case, two transfer functions (TF1 and TF2) are ob-
tained, one for the rich product of the bottoms (B) and one for
rich product of the distillate (D).

Step 6. Repeat steps 3-5 using the new reflux rate (RRnew)
instead the Rebolier duty in the HIDIiC column. In this case,
the perturbation is applied on RS. As a result, two additional
transfer functions are obtained (TF3, TF4).

In overall terms, steps 1-6 can be summarized in Fig. 2.

4.1.2. Stage 2
Step 7. Assemble the transfer function matrix. The form of the
transfer function matrix is given in Eq. (3).

OReb RR
X, (TF11 TF12
X, \TF21 TF22 )

Step 8. Perform SVD of G in Matlab.

Step 9. Repeat the previous loop (step 1 to step 8) for the
conventional configurations.

Step 10. Plot the minimum singular values of the HIDiC
columns on the same graphic as the minimum singular va-
lues of the conventional sequence. Similarly, the condition
numbers for the HIDiC are plotted on the same figure as the
condition number obtained for the traditional column.

Step 11. Perform the comparison of the control properties
of both configurations (HIDiC and conventional sequences)
and determine the configuration with the largest minimum
singular value and lowest condition number. The best

HIDiC / Conv. columns
(Aspen Dynamics)

A 4

Apply disturbance on
manipulate variable
and run simulation

!

Plot composition
profile of rich products

A 4

Select transfer
function for each
product

l

Fit transfer
functions (Kc, 1...)

A 4

Update Kc,

Fig. 2 - Flowsheet to obtain the open-loop process
responses of HIDiC sequences and conventional columns.

dynamic performance is expected for the configuration with
such values.

4.2. Closed-loop process analysis

4.2.1. Stagel
Step 1. Export HIDIiC design from Aspen Plus to Aspen
Dynamics.

Step 2. Add PI controller and IAE module to the bottoms
(PI-B, IAE-B) and distillate (PI-D, IAE-D) of the HIDiC column.
See Fig. 3.

Fig. 3 - HIDIC configuration used for closed-loop process
analysis.
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Step 3. Determine the new composition of the rich pro-
duct of the bottoms (Xppew) and the new composition of the
rich product of the distillate (Xpnew) of the HIDIC column by
applying a disturbance of 1%. That is, Xpnew=0.99 "Xy and
Xpnew=0.99*Xg Thus, Xpnew and Xpnew represents the new
setpoint to be reached in the process through the control
action performed by the PI controller. The reboiler duty
(QReb) and reflux rate (RR) are the manipulated variables to
drive the rich product composition of bottoms and the rich
composition of distillate, respectively.

Step 4. Configure the PI-B controller and IAE module. The
PI-B controller is configured when user introduces the gain
(Kc) and integral time (r) values while IAE-B module is con-
figured using Xpnew Value.

Step 5. Run the simulation and obtain the value of IAE-B
when the composition of the bottoms equals to the setpoint,
through the automatic manipulation of the reboiler duty
achieved by the controller. As before, CR for the HIDiC col-
umns was kept constant in the rigorous simulations per-
formed in Aspen Dynamics.

Step 6. Repeat the steps 4-5, updating Kc and r, until the
minimization of the IAE value is achieved. Again, user in-
troduces each pair of parameters and performs the simula-
tion in Aspen dynamics.

Step 7. Repeat steps 4-6 for PI-D and IAE-D instead PI-B
and IAE-B, respectively, by manipulating the reflux rate in-
stead reboiler duty. Notice that when PI-B is closed, PI-D is
open and vice versa. This tuning strategy is supported due to
the fact that the influence among the control loops is re-
duced considering the simultaneous reduction of the non-
linearity of the process under the small disturbances (1%)
applied on it. This consideration is made taking into account
the analysis of the control properties of distillation columns
conducted by Skogestad and Morari (1988). They decoupled
the flows dynamics from the composition dynamics for small
variations in the product compositions and found low effect
of the non-linearity on the control properties of the distilla-
tion columns under this assumption.

Step 8. Perform steps 1-7 for the conventional sequence.

In this case, steps 1-8 can be summarized in Fig. 4.

Notice that the first step to perform the tuning of the PI
controllers was the exploration of the search space for
identifying the region where the pairs (Kc and t) provide
lower values of IAE. To make this exploration, firstly was
delimited the search space. It was conducted by establishing
a rectangle formed by four pairs of gain and integral time and
determining the respective IAE values, see Fig. 5 The first pair
(Kc1, ©1) was formed by small values of gain and integral
time, while the second pair (Kc1, ©2) was assembled using a
small value of the gain but a large value of the integral time.
The third pair (Kc2, 1) was formed by a large value of the
gain but a small value of the integral time. Whereas, the
fourth pair (Kc2, t2) was made with large values of the gain
and integral time. Notice that the initial values of the gain
and integral time were randomly established. Once the initial
exploration was achieved, the search was conducted in the
direction of the region where lower IAE values were de-
termined. Of course, the search space was reconfigured when
the trend of the best search zone was out of the original
search space established. In general terms, the search space
was continuously limited by evaluating several pairs of gain
and integral time until to segregate the best search space
where the optimal values of IAE were obtained. The search is

l

HIDIiC / Conv. columns
(Aspen Dynamics)

A4

Include PI
controller and IAE

A 4

Configure
PI and TIAE

A\ 4

PI tuning
(Ke, 1)

A\ 4

Fig. 4 - Flowsheet to obtain the closed-loop process
responses of HIDIiC and conventional columns.

Kcl, T1, IAEI Kcl, 12, IAE2

Kc2, T1, IAE3 Kc2, T2, IAE4

Fig. 5 - Delimitation of the search space.

finalized when the IAE values was unchangeable or when
they experienced relatively low variations.

4.2.2. Stage 2

Step 9. Perform the comparison of the IAE values of the HIDiC
column and IAE values of the corresponding conventional
sequence, for the respective rich component of the bottoms
and distillate obtained in steps 1-8.

Step 10. Determine the configuration with the best control
properties through the comparison achieved in step 9. In this
case, the configuration with the best dynamic properties will
be the column with lower IAE values.

5. Results and discussion

In the first part of this section are presented the results for
the open-loop process analysis. The discussion concentrates
on the comparison of the minimum singular values and
condition numbers obtained through the SVD technique. In
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Fig. 6 — Open-loop process analysis/Minimum Singular
Values.

this case, the analysis is carried out considering a range of
frequency between 1E-04-1E+ 02 for the minimum singular
values and 1E-04-1E+04 for the condition number. In a
complementary analysis, the comparison of the closed-loop
process analysis is shown in the second part. In this case, the
analysis focuses on the IAE values. In both dynamic proper-
ties analysis, the comparison between the control properties
of the HIDiC configuration and the control properties of the
conventional sequence is performed. In the third part, the
results analysis and their implications on the HIDIC are dis-
cussed.

5.1. Open-loop process analysis

In Fig. 6 the minimum singular values for the HIDiC se-
quences and their corresponding conventional columns are
presented. As it can be observed, the minimum singular va-
lues tend to decrease as frequency increases. This behavior is
experienced for all cases. However, it is observed that the
minimum singular values continuously decrease with rela-
tively small reductions (from 1E-01-7E+01) at low fre-
quencies. In contrast, the minimum singular values undergo
large reductions as the frequency increases.

The trend of the dynamic behavior depicted in Fig. 6
shows that the largest minimum singular values of the HIDiC
are lower than the minimum singular values of their corre-
sponding conventional sequence for all mixtures. Besides,
notice that the major difference between the minimum sin-
gular values (0.4 for the HIDIiC and 60 for the conventional)
was found in the steady state (w<1) for the system MS§,
whose « is 1.12.

The behavior of the condition numbers shown in Fig. 7
describes a non-uniform trend at low frequencies (1E-04-1E
+02). In fact, the condition number values experience a var-
iation from 1 to 604 in this range of frequency considering all
mixtures analyzed. In addition, Fig. 7 depicts lower condition
numbers for the conventional sequences than for the HIDiC
sequences for most case studies. However, there exists one
system (M7) whose condition number is larger than the
HIDiC column at frequencies lower than 1, but this trend is
inverted at larger frequencies. So, a competence for the best
control properties is identified for this mixture in terms of
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===M3-HIDiC
1E+02 ===M3-Conv
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Fig. 7 - Open-loop process analysis/condition numbers.

this parameter. Besides, although the condition number for
the mixture M1 becomes slightly lower for the HIDIiC than the
conventional column for frequencies larger than 5, the con-
dition number for the conventional column is considerably
lower at frequencies lower than 5.

Since other point of view, the trend of the condition
number shown in Fig. 7 indicates that at large frequencies
the plant is less influenced by disturbances in the process.
Thus, it is expected that the PI controller handles the dis-
turbances effectively because of the uniform trend (linear
trend) experienced for this criteria (CN) at large frequencies.
Nonetheless, notice there exists a large influence of the dis-
turbances in the operation conditions as the system ap-
proximates to steady state. In fact, there exists a range of
frequencies (1E-02 <w < 1E+02) at which the system experi-
ences a transition state where the marked nonlinear beha-
vior takes place. This behavior denotes that a larger control
effort must be made by the PI controller around the steady
state of the process. However, the steady state is reached by
conventional and HIDIiC configurations at frequencies lower
than 1E-02. Therefore, the similar behavior observed for
HIDIiC columns and conventional sequences enables us to
say that this trend could be mainly produced by the char-
acteristics of the mixtures, i.e., close-boiling mixtures with
low o and high purity products.

Therefore, the best control properties for this system are
attributed to the conventional sequence in terms of the
condition number. On the other hand, notice that the system
with lowest a (M8) undergoes the major difference of the
condition number between both configurations. In fact, the
largest condition number for the HIDIiC configuration was
about 604 while the largest value for the conventional se-
quence was about 31. In addition, the minimum condition
number for the HIDIC sequences was 18.21 while the
minimum condition number for the conventional column
was of 1.9. Therefore, based on this parameter, the control
properties for the conventional column are predominantly
better than the HIDIC for this mixture.

A complementary representation of the minimum sin-
gular values and condition numbers is shown in Table 2.
Particularly, these parameters represent the steady state
(w=0) of HIDIiC configurations and conventional sequences.
Here, SV-ratio is given by the minimum singular value of the
HIDiC column divided by the minimum singular value of the
conventional sequence. Similarly, CN-ratio represents the
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Table 2 - Minimum singular value and condition number at steady state.

Minimum Singular Values

Condition Numbers

Mixture HIDiC CONV SV-ratio HIDiC CONV CN-ratio
M1 0.12 4.71 0.0259 14.46 1.72 8.41
M2 0.19 6.18 0.0303 9.24 1.77 5.21
M3 0.35 13.79 0.0251 7.44 1.19 6.25
M4 0.14 25.50 0.0053 11.22 1.85 6.06
M5 23.82 44.89 0.5306 1.61 1.90 0.85
M6 5.82 32.49 0.1790 1.46 1.54 0.95
M7 5.96 7.41 0.8043 3.00 7.94 0.38
M8 0.40 60.15 0.0066 32.87 1.89 17.39

condition number of the HIDIiC column divided by the con- are shown in Eq. (4) and eq. (5), respectively.

dition number of the traditional sequence. As it is depicted in Q Reb RR

Table 2, the minimum singular values of the HIDiC columns

were less than the corresponding values of the conventional X 0.584 —0.3568

sequences. In fact, SV-ratio was considerably less (< < 1) for D 1+2.3S 1+4S

most cases. Furthermore, the condition numbers of the G(S) = )

HIDIiC columns were larger than the condition numbers for X —1.5492  0.3928

the conventional sequences for most case studies. Thus, CN- B 1+4S8 1+4.58 (4)

ratio > 1 was determined for most case studies. As before, the

. OReb RR

steady state results confirm the better dynamic performance

of the traditional sequences in comparison with the HIDiC 0% 0.8744 —6.6324

sequences. D

Thus, the open-loop analysis reveals that the conven- G(S) = 1+28 1+2.28
tional columns have better control properties than the HIDiC X -10.47 1.9804
configurations. This statement is applicable even to the B 2,2582 +3S+1 1+2S (5)

mixture M7 due to that despite it undergoes competence in
terms of condition number, the minimum singular values are
larger for the conventional columns than for the HIDIiC se-
quences. On the other hand, it is evident that the conven-
tional column showed considerably better control properties
than the HIDiC sequence for the mixture M8, which allows to
infer major control difficulties for this mixture in relation
with the other systems with larger o. Finally, with the aim to
provide a more detailed visualization of the trends for the
minimum singular values and condition numbers, the in-
dividual comparison (HIDiC versus conventional sequence)
for each mixture along the range of frequency established, is
presented in Appendix B.

In addition, in order to justify the dynamic performance of
the HIDIiC configurations and traditional columns, a set of
data has been collected in Table 3. As an illustrative case,
these data were obtained for the response of the rich com-
ponent of the distillate of the HIDiC columns.

The analysis of Table 3 shows that the inputs and outputs
of the HIDIiC configurations and also those of the conven-
tional columns are modeled by first order and second order
transfer functions, such as it was described before. Besides,
the value of the gains for the HIDiC configurations is lower
than the values of the gains for the conventional sequences.
Similarly, the integral time values were larger for the HIDiC
configurations in comparison with the traditional columns.
Moreover, due to the relatively small values of the gain for
most HIDIiC configurations, it is expected that the PI con-
troller becomes less sensitive when disturbances take place
and, consequently, less effective control actions are per-
formed and larger stabilization times are required. This fact
supports the better dynamic behavior determined for the
conventional columns.

As illustrative cases, the transfer function matrices for the
HIDIiC sequence and conventional column (for mixture M2)

Similarly, the transfer function matrices for the mixture
M8 (Xylenes mixture) are shown through Eqg. (6) and eq. (7) for
the HIDIiC configuration and conventional column, respec-
tively.

OReb RR
¥ 0.0192 ~12.896
G(s) = P 111508 566448 +476S+1
~0.4084 2.3204
2\ 10000S? +200S + 1 1+30S
©)
OReb RR
¥ 1.2968 ~60.2188
7 1+4S 4008 +40S+1
G(s)=
~113.3476 2.54
#118.498% +8.6S+1 1+2S

(7)

The transfer function matrices (Egs. 4-7) show the form
through which the inputs and outputs of the HIDiC config-
urations and also those of the conventional columns are re-
lated by means of first order and second order transfer
functions. As it was described before, larger gains and lower
integral times were determined for the transfer functions of
the conventional sequences compared with the parameters
of the HIDiC columns.

In addition to the previous analysis, Table 4 shows the
heat distribution in the stripping and rectifying sections of
the HIDIiC columns. The aim of Table 4 is to present the
fraction of the energy supplied in the reboiler and removed in
the condenser of the HIDiC configurations. Here, Qint. re-
presents the amount of internally heat integrated from
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Table 3 - Tuning parameters for PI controller of HIDiC and conventional columns.

HIDiC configuration

Conventional column

Mixture Order of the transfer function Kc © (h) Order of the transfer function Kc 7 (h)
M1 First order -0.2996 2.3 First order -5.0152 5.0
M2 First order -0.3568 4.0 First order -6.6324 2.2
M3 First order -0.5040 8.0 Second order -15.6332 4.0
M4 First order -0.2884 13.0 Second order -47.0820 2.5
M5 Second order -23.8900 18.0 Second order -44.9180 8.0
M6 Second order -7.2424 20.0 Second order -32.6340 3.2
M7 Second order -6.1892 9.0 Second order -7.4632 2.0
M8 Second order -12.9000 238.0 Second order -60.2188 20.0

rectifying section to stripping section. In this case, Qint.=-
Qint.gs=Qint.gg, which indicates that the heat released in the
rectifying section is taken by the stripping section. Besides,
QReb and Qcona. represent the reboiler duty and condenser
duty, respectively. Thus, Qratioss and Qratiogs are given by
Eqg. (8) and eqg. (9):

Q " _ QReb.
ratioss = ~ . A~
s QReb. + ant.ss (8)
Q i _ QCond,
ratiors =
RS QCond. + antRS (9)

As it can be observed, the internal heat integration pro-
vides more than 80% of the energy required to perform the
separation of most mixtures. In fact, the separation of some
mixtures is performed taking even more than 90% of the
energy by means of the internal heat integration. Notice also
that more than 75% of the energy was removed from the
process by means of the internal heat integration for most
mixtures. As before, there exists even one mixture whose
condenser removes less than 10% of the heat released in the
process. Thus, the heat supplied by the reboiler and the heat
removed by the condenser represents less than 20% and 25%,
respectively, of the total energy involved in the separation of
most mixtures.

So, it can be assumed that the dynamic behavior for the
HIDiC columns is mostly influenced by the liquid and vapor
internal flows generated with the internally heat integrated
in comparison with the effect of the external flows. Hence, it
would be interesting to explore the implementation of an
additional control loop by involving CR as an additional
manipulated variable in order to improve the performance of
the PI controller to deal with the disturbances of the HIDIiC
configurations.

5.2. Closed-loop process analysis

The results of the closed-loop process analysis for the HIDiC
and conventional columns are shown in Table 5. In this case,
there are two IAE values reported. One IAE value corresponds
to the IAE obtained from the PI controller of the rich com-
ponent of the distillate while the other value corresponds to
the IAE value determined for the PI controller of the rich
component of the bottoms. As it is illustratively shown in
Appendix C, for the case of HIDIiC configurations, these re-
sults were obtained by evaluating several pairs of gain and
integral time for the HIDiC configurations.

As it can be observed in Table 5, the values of the IAE for

the HIDiC sequences are larger than the IAE values for the
conventional sequences for the Distillate product when
this product is disturbed. In fact, the IAE of the HIDiC col-
umns for some mixtures (M1, M2, M3 and M6) is one order
of magnitude larger than the IAE values of the conven-
tional sequences. In addition, the IAE value for the HIDiC
(mixture M4) is two orders of magnitude larger than the
conventional sequence. On the other side, notice that the
IAE values for the HIDiC columns (mixtures M5 and M7)
were larger but with equal order of magnitude as IAE va-
lues for the conventional columns. However, notice that
IAE values for the conventional sequence (mixture MS8)
were three orders of magnitude lower than the IAE values
for the HIDIC.

Moreover, the IAE values for the bottoms product (dis-
turbed product) were larger for the HIDiC columns than the
IAE values for the conventional columns. For instance, the
IAE values for the HIDiC (M2 and M5) were larger but with the
same order of magnitude as the conventional sequences, for
their respective values of IAE. Likewise, the IAE values for the
conventional sequences (mixtures M3, M4 and M6) were one
order of magnitude lower than the IAE values for the HIDiC
columns. However, IAE values with equal order of magnitude
but slightly larger were determined for the conventional se-
quences (M1 and M7) compared with the IAE values for the
HIDiC columns. It is important to note that the IAE value for
the conventional sequence (mixture M8) was three orders of
magnitude lower than the IAE values for the HIDIC, such as it
was observed when the disturbance was applied on the
Distillate product.

According to the results described under IAE criterion, the
conventional sequences showed better dynamic perfor-
mance than the HIDiC sequences for all case studies. This
condition is also applied to the mixtures M1 and M7 due to
that the respective total values of IAE (IAE of bottoms plus
IAE of distillate) of the conventional configurations are lower
than the respective total values of IAE of the HIDiC config-
urations.

Again, notice that the control properties of the conven-
tional columns are considerably better than the HIDIC for the
system with the lowest «, M8 (mixture of xylenes).

On the other hand, Fig. 8 illustrates the typical behavior of
the composition for the HIDIiC configurations and their
counterpart conventional columns for the mixtures M2 and
MS8. Notice that the conventional columns require less time
to get the stabilization on the new setpoint produced with
the disturbance. At the same time, the overshoots are less
pronounced in the conventional sequences than in the HIDiC
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Table 4 - Distribution of heat duty in the HIDiC columns.

Stripping section

Rectifying section

Mixture QReb (kJ/h) Qint.ss (kJ/h) Qratiogg QCond. (kJ/h) Qratiogg
M1 1,454,545.06 3,776,723.96 0.278 1,798,572.10 0.323
M2 1,431,414.88 8,059,422.56 0.151 2,018,985.00 0.200
M3 1,534,376.91 7,074,605.05 0.180 1,978,934.10 0.219
M4 1,043,286.64 15,026,765.10 0.065 2,165,327.10 0.126
M5 16,941,201.86 22,464,730.30 0.430 18,525,041.00 0.452
M6 3,984,716.82 38,770,314.10 0.093 6,185,164.00 0.138
M7 9,304,639.36 37,761,710.40 0.198 11,210,541.00 0.229
M8 1,017,917.75 129,315,322.00 0.008 9,339,536.50 0.067

Notice that Qratiors was computed considering that Qint.zs=Qint.ss

Table 5 - IAE values for HIDiC and conventional
configurations.

HIDiC CONV
Mixture Component IAE
M1 Benzene 1.16E-03 2.65E-04
Toluene 1.62E-03 1.97E-03
M2 Toluene 1.77E-03 1.77E-04
Ethylbenzene 1.47E-03 1.04 E-03
M3 Cyclohexane 2.00E-03 2.07E-04
n-Heptane 1.06E-02 1.08E-03
M4 Isobutanol 1.12E-02 1.64E-04
n-Butanol 2.31E-03 4.80E-04
M5 n-Octane 6.49E-04 3.16E-04
Ethylbenzene 5.74E-04 3.05E-04
M6 Ethylbenzene 1.69E-03 2.08E-04
o-Xylene 2.05E-03 7.16E-04
M7 111-Trichloroethane 8.14E-04 2.10E-04
Benzene 7.25E-04 8.81E-04
M8 m-Xylene 1.42E-01 4.45E-04
o-Xylene 1.10E-01 7.58E-04

configurations, which lead them to lower IAE values. Observe
also that the HIDIC sequence used to separate the mixture
M8 (« of 1.12) stabilizes on time values between 70h and
100 h while the corresponding conventional columns require
less than 1.5h. Appendix D shows the behavior of composi-
tion and manipulated variables of the HIDIiC and conven-
tional columns for the other mixtures analyzed.

The behavior experienced by the manipulated variables is
related with the effort made by the PI controller for settling
the current composition over the setpoint generated by the
disturbance applied. Therefore, the size of the changes ex-
perienced by the manipulated variables depends on the
offset along the settling process. As it is expected, the largest
offsets are observed at the beginning of the settling process,
which continuously decrease as the process advances, until
the settling is achieved and the setpoint is overlapped by the
composition profile. However, it is noticed that there exist
large changes of the manipulated variables at the beginning
of the process. This phenomenon is identified in most HIDiC
sequences and conventional configurations. This behavior
reflects the relatively high difficulties experienced by the PI
controller to track the behavior of the composition at the
beginning of the settling process. Due to the fact that this
behavior is experienced by both kinds of configurations, it is
assumed that this phenomenon is the result of using high
initial purities of the products and also, of course, due to the
low o of the mixtures under study. Regarding this point, it is

important to underline that the separation of these kinds of
mixtures with high purities of the products, by means of
conventional sequences, is related with large reflux rates and
large heat duties. Therefore, the initial actions of the PI
controller tend to make abrupt changes trying to reach the
setpoint since the first approximations. Nevertheless, as the
settling proceeds, the feedback provided by the control loop
reduces the variation of the manipulated variables.
Moreover, although HIDIC configurations require both rela-
tively low external reflux rates and heat duties in the opti-
mized designs under steady state, the internal heat
integration indirectly influences the size of the changes of
the manipulated variable. That is, due to the fact that the PI
controller does not have knowledge nor direct control on the
internal liquid and vapor flows (produced by the internal
heat integration), which implicitly contributes to the dy-
namics of the process, the single option for the PI controller
is to produce large external reflux rates and heat duties
pretending to reduce the offset. However, as the settling
process advances, the PI controller modulates the changes of
the manipulated variable through the feedback of the control
loop until steady state is reached.

5.3.  Analysis of results and their implications on the
HIDiC

As it was described before, the best control properties were
determined for the conventional columns. These results
were consistent in both control analysis approaches (SVD
and IAE). That is, the largest minimum singular values and
lowest condition numbers and the minimum values of IAE
were obtained for the conventional sequences for the mix-
tures along the range of « analyzed. Therefore, the con-
cordance of these results supports the application of both
approaches for determining the control properties of HIDiC
and conventional configurations.

According with the results presented before, the largest
minimum singular values and the lowest condition numbers
were determined for the relative volatilities from 1.2 to 1.248
(mixtures M5-M7). The medium values for these parameters
were obtained for the relative volatilities larger than 1.4
(mixtures M1-M4). However, in comparison with before
cases, notice that considerably lower minimum singular va-
lues and considerably larger condition numbers were com-
puted for « of 1.12 (mixture of xylenes, M8). Thus, the trend
found under these criteria (condition numbers and minimum
singular values) disclose that the best performance of the
HIDiC configurations is obtained for the mixtures with «
within an intermediate value of the range analyzed. As
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before, it is established due to that the HIDIiC configurations
with the best performance are those with the largest
minimum singular values and lowest condition numbers. At
the same time, the trend also disclose that worse control
properties are found for the lowest a analyzed (1.12), mixture
M8. It means that, in relation with the medium relative vo-
latilities, as a is increased, the control difficulties are also

8 - Trend of the composition under closed-loop process analysis (IAE)-Case M2 and M8.

increased. This behavior is also observed for reductions in a,
however, the control difficulties are severely increased in
this direction, which was shown for the system (M8) with «
near to unity. Thus, in general terms, this behavior indicates
that the largest control effort (if control is possible) must be
directed to the separation of mixtures near the azeotropic
behavior.
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On the other hand, a similar analysis was performed for
the IAE values along the o under study. In this case, a total
IAE (IAE of the light component plus IAE of the heavy com-
ponent) value was computed for each HIDiC column. As be-
fore, this analysis shows also that the best dynamic
performance was determined for relative volatilities between
1.2 and 1.248. Besides, having this range as a reference, it is
evidenced that worse control properties were determined for
the mixtures with relative volatilities larger than 1.4. Notice
also that the worst control properties were again obtained for
« of 1.12 (mixture of xylenes). Interestingly, this analysis also
revealed that the control properties for o of 1.23 were worse
in comparison with the mixtures with a of 1.20 and the
mixture with o of 1.248. This trend is attributed to the in-
teraction of the components of the mixture, which is also a
mixture of isomers as the mixture M8. Although of course, in
comparison with the mixture M8, the dynamic performance
for the mixture M6 was better due to its larger o.

These results reveal the sensitivity of the HIDIiC column
derived from its structural configuration and operative
characteristics. This statement is established due to that the
HIDiC columns are designed based on the CR between the
stripping section and rectifying section, RR and TNS. From
these variables, CR provides the major influence on the
process. Thus, according to this CR, the temperature profiles
are produced and the corresponding temperature driving
forces between both sections are generated. At the same
time, depending on the temperature driving forces, the
amount of heat transferred from the rectifying section to the
striping section is performed.

Hence, larger control difficulties and major control effort
is expected for HIDiC configurations in comparison with the
conventional columns. At the same time, it is assumed that
when a disturbance takes place on these configurations, the
temperature profiles of the columns (RS and SS) and the
temperature driving forces between them become unstable
and the heat transfer from RS to SS is disturbed.

In fact, depending on the size of the disturbance, tem-
perature driving forces could be reduced considerably,
causing a reduction in the heat transfer. So, the instability of
the process is produced. In addition, although a new steady-
state being reached under a disturbance, the results showed
that the stabilization of the HIDiC configuration is more dif-
ficult than the stabilization for the conventional sequences.

Similarly, as it has been described in the background, the
heat transfer can be distributed along the stages of the col-
umns but there are some regions where the most favorable
operation is obtained. Nonetheless, the perturbation on the
columns could trigger changes in this condition and the most
efficient operation condition could be lost.

On the other side, a more complicated operational condi-
tion could take place when the temperature driving force is
inverted (negative temperature driving force). That is, the
temperature of the rectifying section could be lower than the
temperature of the stripping section, and a severe destabili-
zation will be experienced. This situation could take place
considering that the design and optimization of these config-
urations are based on the maximum heat transfer practically
possible, such a way that only some Kelvin degrees are defined
as the temperature driving forces to perform the heat transfer
from the stages of RS to stages of SS. Therefore, the dis-
turbances on highly sensitive stages could undergo this op-
erative condition and the heat transfer will be inverted. Based
on the operational principles of the HIDiC columns, this

behavior would be mainly influenced by CR. In fact, the major
problem would be expected for configurations with too low CR.

At the same time, depending on the level of disturbance,
the sizing of the heat transfer areas is affected due to that
these heat transfer surfaces are computed using the tem-
perature driving forces established in the process.

Thus, this study shows that the energetic efficiency of the
HIDIiC configurations must be complemented with the re-
spective analysis of their control properties in order to de-
termine the operative boundaries where large energetic
efficiency and good dynamic performance are preserved.
Hence, a robust control scheme must be assembled with
control loops able to drive disturbances by adjusting the in-
ternal heat integration in an efficient way, keeping the
compression requirements, water steam fed to the reboiler
and cooling water fed to the condenser as low as possible.

In fact, according to the results obtained and considering
the operational principles of HIDIiC columns, it is suggested
the analysis of an alternative control scheme in order to deal
more directly with the influence of the internally produced
vapor and liquid flows by the internal heat integration. The
exploration of other control schemes is proposed due to the
fact that the dynamic performance of HIDiC columns may be
predominantly promoted by the heat transfer between
stages of RS and stages of SS instead of the reboiler duty and
condenser duty. So, the control actions performed by ma-
nipulating the reboiler duty and flow rate could not have
enough effect on the controlled variables. Therefore, the
control properties might be improved by the dynamic ma-
nipulating of CR as an additional process variable for driving
disturbances.

Consequently, it is recommended to carry out the design
and optimization of the HIDIiC configurations considering
simultaneously the dynamic behavior of the temperature
profiles and the temperature driving forces in order to de-
termine suitable operative ranges under the presence of
disturbances.

In addition, it is important to underline that special at-
tention must be directed to the systems with o near to 1.12
due to the dynamic performance determined in this work.

6. Conclusions

In this paper is presented the dynamic performance of the
Heat-Integrated Distillation Columns (HIDiC) considering the
effect of relative volatility of the mixtures. The dynamic
performance was determined for the optimal HIDIC designs
optimized in an earlier study using a constrained Boltzmann-
based estimation of distribution algorithm. A set of equi-
molar binary mixtures whose « varies from 1.12 to 2.4 were
used as case studies. The study was carried out using open
and closed-loop process analysis.

The comparative analysis showed that the HIDiC columns
experience worse control properties than the conventional
configurations. In addition, it was also determined that the
worst control properties were obtained for the HIDiC used to
separate the mixture of xylenes, whose o is 1.12.

At the same time, the novel findings disclosed in this
paper show that despite the HIDIiC sequences have worse
dynamics than the conventional columns, these configura-
tions were able to drive the disturbances and reach a stable
dynamic behavior for all the range of o analyzed.
Nevertheless, a high control effort was particularly found for
the HIDiC configuration used to separate the mixture with «
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close to the azeotropic behavior (mixture of xylenes), which
in fact, provides the largest energetic and economic benefits.
Hence, at least in theoretical terms under the disturbances
applied, the high energetic and economic potential of the
HIDIC columns is not limited by the dynamic behavior for
most case studies analyzed. However, such potential might
be particularly reduced or unharnessed in the separation of
the mixture with a near the azeotropic behavior due to the
dynamics of the HIDIiC column for this separation.

So, the main concern around the HIDiC configurations is
to find an effective way to deal the disturbances and keep
temperature feasible and stable driving forces to perform the
heat transfer from RS to SS. In this sense, it is suggested that
the implementation of a control scheme that uses CR as an
additional manipulated dynamic variable could improve the
dynamics of the HIDIiC configurations. Through this control
scheme the effect of the internal liquid and vapor flows on
the control properties of the HIDiC columns would be con-
sidered, due to their relation with the internally integrated
heat in this configuration.

At the same time, the results presented in this paper
allow to infer that sequential or simultaneous dynamic stu-
dies must be performed along with the optimization of the
HIDiC columns with the aim to determine the integral per-
formance (energetic, economic and dynamic) of these con-
figurations.

Finally, although this analysis was carried out using
binary mixtures as case studies, the study of a considerable
number of them has been achieved and some important
mixtures of isomers were considered. Hence, the findings
obtained provide some important remarks for guiding the
searching for HIDiC designs with a dynamic behavior that
allows to harness the large energetic and economic benefits
for more complex HIDiC configurations, e.g. the separation of
multicomponent mixtures.
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