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Design and Optimization of Thermally Coupled Distillation Schemes for the
Separation of Multicomponent Mixtures
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The design of thermally coupled distillation sequences for the separation of multicomponent mixtures is complex
because of the greater number of degrees of freedom in comparison to distillation sequences based on
conventional columns. The energy-efficient design procedure for thermally coupled distillation sequences for
the separation of ternary and quaternary mixtures is extended to the separation of five or more component
mixtures [Blancarte-Palacios, J. L.; Bautista-Valdés, M. N.; Hernandez, S.; Rico-Ramirez, V.; Jiménez, A.
Energy-Efficient Designs of Thermally Coupled Distillation Sequences for Four-Component Mikidre.

Eng. Chem. Re003,42, 5157]. The schemes analyzed (five fully thermally coupled sequences and two
partially thermally coupled sequences) include side rectifiers, side strippers, or both types of side columns.
The procedure uses initial designs for thermally coupled distillation sequences obtained from the distribution
of tray sections of conventional distillation sequences and then optimized for energy consumption using the
interconnecting flows as search variables. The methodology provides a robust tool for the design of
multicomponent thermally coupled distillation schemes. The proposed design strategy results in thermally
coupled sequences that not only achieve the specified separation but also require lower energy consumptions
and better thermodynamic efficiencies than conventional distillation schemes.

1. Introduction results have promoted the development of design methods for
o . . . integrated systenfs11
Distillation is the most widespread separation method in There are few works on extensions toward the design of

industry, but it is highly inefficient in the use of energy. For intearated svstems for mixtures of more than three com-
decades, the purpose of some research groups has been tgongnt312*14yThe lack of desian stratedies is due to the
develop tools for the design of separation schemes as simpleIO A an. 9Ie .

mbinatorial problem of the possible configurations for mul-

nd profitabl ible. Several str ies hav n ) .
and profitable as possible. Several strategies have been adopte icomponent mixtures and the lack of experience and knowledge

to improve the energy performance of distillation systems. . .
Nonconventional distillation sequences involve the use of on the separation of fo!”or more components _by using th_ermally
thermal couplings in which heat transfer is accomplished by coupled ;cheméé.OpUmal synthesis and design of ”?“'“CO”"
direct contact of material flows between the columns of the ponent distillation processes are usgally performed in a search
system. In the case of ternary mixtures, these thermally coupledigﬁcfeéh%igﬁg:gﬁs St?ﬁe(;ferlss'dg?ég:tf Ofacosmgifé(u:hzren;f“h/
arrangements include the side stripper, the side rectifier, and p : y: ) 9
the fully thermally (Petlyuk scheme) coupled column, among procedure has been_ fe.pOTted for the design of mu_ltlcomponent
others. As examples, the side stripper has been widely used inthermally coupled.dlstlllatlon cqumr_ié.AI;o, effective com-
the processing of crude diind the side rectifier has been used putational strategies based on disjunctive programming and
proper thermodynamic initialization are emerging. An optimal

in the cryogenic separation of air into oxygen, nitrogen, and . AT N
yo9 b Y9 9 synthesis of complex distillation columns using rigorous models

argon? Recently, the Petlyuk column has gained acceptance in has been reportédithe synthesis involves several mathematical
the process industrigbecause it can be implemented through €p ’ ynt .
programming approaches including NLP, MINLP, and general-

the use of a divided-wall distillation column. There is a ! ed disiunctive proaramming model

considerable amount of literature on the analysis of the relative 'ZI h'_SJu :(V progr N9 S'ﬁ.. desi q

advantages of the thermally coupled distillation schemes (TCDS) , !N this work, we present an energy-efficient design procedure
for thermally coupled distillation sequences for the separation

for ternary separatiorfs:2 In these studies, it has been reported Fi it Although | A
that thermally coupled configurations are capable of achieving ot five-component mixtures. 'ough several arrahgements can
be conceptually obtained for five-component mixtutesye

energy savings of up to 30% in contrast to the conventional

direct and indirect distillation sequences for the separation of hhave fﬁcused |O(Lj” attention olr:1_ seven scréemes: f'Ye” fully
feeds with low or high content of the intermediate component, thermally coupled sequences (Figures5) and two partially

and that the energy savings depend on the amount of thethermally coupled sequences (Figures 6 and 7). Such sequences

intermediate component. When the energy savings of integratedwere select_ed pecause of their potential for energy savings and
schemes are calculated, it has been found that the Petlyuk systen'ﬁr industrial implementation. In general, the most used

offers better savings than the systems with side columns. These ermally coupled column is.the.PetIyuk column, which can be
implemented through the dividing-wall column proposed by

Kaibel and Schoenmake¥sThis thermally coupled distillation

* To whom correspondence should be addressed. E-mail: hernasa@

quijote.ugto.mx. qolumn can offer savings in both capital .and energy consump-
T Universidad de Guanajuato. tion. Also, for the case of the separation of three or more
¥ Instituto Tecnolégico de Celaya. component mixtures, Halvorsen and Skoge¥tzd have used
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Figure 1. Preliminary design of the fully thermally coupled sequence (TCDS-1) from a conventional distillation sequence.
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Figure 2. Preliminary design of the fully thermally coupled sequence (TCDS-2) from a conventional distillation sequence.

diagrams of the minimum vapor generated in the reboiler to suitable for optimization procedures with mathematical pro-
achieve the separation at minimum reflux conditions and have gramming techniques. However, the task is complicated and is
found that Petlyuk-type schemes present the largest energylikely to fail due to numerical issues. Two efforts for the optimal
savings (around 40%). The Petlyuk-type option can reduce bothdesign of TCDS schemes for separation of ternary mixtures in
energy and capital costs. Also, BASF has reported that most ofthe area of mathematical programming are the work of-Du
the thermally coupled distillation schemes implemented in the nebier and Pantelidésand the research of Caballero and
new developments are Petlyuk-type column. Grossmani® For a multicomponent mixture, the problem is
Finally, an analysis on thermodynamic efficiency) (is clearly more complicated as the combinatorial nature of the
included, since one could be reducing energy consumption only System results in a superstructure that it is significantly more
to use more expensive energy. Some works have reported thacomplex to solve.
not all thermally coupled distillation schemes can have better In this work, to overcome the complexity of the simultaneous
thermodynamic efficiencies than the corresponding thermally solution of the tray arrangement and energy consumption within
coupled distillation sequencébAlso, some other options such  a formal optimization algorithm, we have decoupled the design
as diabatic distillation columns can be attractive alternatives for problem in two stages: (1) tray configuration; (2) energy-
reducing the energy consumption and improving the thermo- efficient design (optimal energy consumption).

dynamic efficiency?>2® In the first stage, our approach begins with the development
of preliminary designs for the complex systems based on the
2. Deve|0pment of the Design and Opt|m|zat|0n Strategies deSignS of the conventional distillation sequences (See Figures
1-7). For the conventional sequences, it is assumed that each

It is well-known that the design of the thermally coupled column performs its respective split (i.e., the separation of the

distillation sequences can be modeled through superstructuredight and heavy key components) with molar recoveries of 98%
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Figure 3. Preliminary design of the fully thermally coupled sequence (TCDS-3) from a conventional distillation sequence.
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Figure 4. Preliminary design of the fully thermally coupled sequence (TCDS-4) from a conventional distillation sequence.
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Figure 5. Preliminary design of the fully thermally coupled sequence (TCDS-5) from a conventional distillation sequence.

respectively. Then, by use of the shortcut method of Fenske number of the trays in each conventional distillation column is

Underwood—Gilliland, the tray structures of conventional obtained by considering a reflux ratio of 1.33 times the minimum
distillation schemes are obtained. As an initial heuristic, the reflux ratio.
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Figure 6. Preliminary design of the partially thermally coupled sequence (TCDS-6) from a conventional distillation sequence.
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Figure 7. Preliminary design of the partially thermally coupled sequence (TCDS-7) from a conventional distillation sequence.

The conventional distillation sequences (Figures7a) show procedure allows the comparison of different designs to detect
eight different tray sections. These sections are used as a basithe design with superior performance in terms of energy
for the arrangement of the tray structure of the coupled schemesconsumption. In practice, the procedure is limited by the number
through a section analogy procedure. For instance, in the mainof tray arrangements that the designer decides to consider.
column of the integrated sequence of Figure 1b, the total number The remaining degrees of freedom after design specifications
of trays is obtained by conceptually moving the stripper sections and tray arrangement are used to obtain the proper values of
(sections 4, 6, and 8 from Figure 1a) from the second, third, the interconnecting vapor streams which provide minimum
and fourth columns of the conventional sequence to the bottomenergy consumption. Three or two degrees of freedom (depend-
of the first column. The reboilers of the first, second, and third ing on the number of thermal links; see Figures7) remain
columns are replaced by vapdiquid interconnections with  for each integrated sequence. Our selections for these degrees
side rectifiers. The number of trays in the side rectifiers of the of freedom are the interconnecting flows (vapor or liquid,
complex scheme is equal to the number of trays in the rectifier depending of the scheme). The search procedure provides the
section in the second, third, and fourth columns of the optimal values of the interconnecting flows to minimize the
conventional arrangement, respectively (sections 3, 5, and 7 fromenergy consumption for the separation. The design is successful
Figure 1a). A similar procedure is applied to obtain the other if it meets the product specifications. The optimization procedure
thermally coupled schemes. See Figures 1—7. is described in Figure 8.

After the tray arrangements for the integrated designs have The optimization strategy can then be summarized as fol-
been obtained, an optimization procedure is used to minimize lows: (a) A base design for the complex schemes is obtained.
the heat duty supplied to the reboilers of each coupled scheme (b) A value for each interconnecting flow (vapor or liquid) is
taking into account the constraints imposed by the required assumed. (c) A rigorous model, based on the MESH equations,
purities of the five product streams. Although the number of is used for the simulation of the coupled schemes with the
trays is not formally optimized, a parametric analysis is carried proposed tray arrangement. In this work, the process simulator
out to test different tray arrangements by changing the recoveriesAspen Plus 11.1 is used for this purpose. If the product
of the key components. The resulting sections serve as a basi€ompositions are obtained, then the design is kept; otherwise,
for the tray arrangements of the complex scheme; such aproper adjustments must be made. (d) The value of intercon-
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Figure 8. Optimization strategy.

necting flow (F3) is changed and the algorithm goes back to 0.35) and F2 (A= 0.125, B= 0.25, C= 0.25, D= 0.25, E=

step ¢ until a local minimum in energy consumption is 0.125) for each mixture are analyzed. Molar recoveries of 98,
determined for the assumed values of the other interconnecting94, 94, 94, and 97 are assumed for each component in the
flows (F1 and F2). A similar procedure is used for F2 and F1. products. A feed flow rate of 45.5 kmol/h as saturated liquid is
(e) The value of F2 is modified (F1 is kept constant), going used. The operational pressure for each column is chosen to
back to step c until the energy consumption is minimum. (f) guarantee the use of cooling water in the condensers. The
The value of F1 is modified, going back to step ¢ until the pressure drop for a single tray is given based on the heuristics
minimum energy consumption supplied to the reboilers is of Kister?28

obtained. When the procedure ends, an optimum value has been

detected for the design of the complex schemes. This methodol-4. Results

ogy is valid for the optimization of the thermally coupled
distillation schemes involving three interconnecting streams
(Figures 1-5). Still, the algorithm can also be used when two
interconnecting streams are presented (Figures 6 and 7).

The resulting designs and their performances with respect to
energy consumption and thermodynamic efficiency are discussed
in the following sections.

4.1. Sequences with Three Thermal Couplings (Fully
3 C Thermally Coupled). The design and energy optimization of
. Case Study .

fully thermally coupled sequences for each feed mixture were

The analysis presented in this work is based on the separationarried out. Typical optimization surfaces for the TCDS-1,
of two different five-component mixtures. The components of mixture 1 and feed F1, are shown in Figure 9, where the
the mixtures considered ame-butane,n-pentane,n-hexane, combination of interconnecting flow rates that provides the
n-heptane, and-hexane for mixture 1, angtbutane, isopentane,  minimum energy consumption was determined. The tray ar-
n-pentanen-hexane, and-heptane for mixture 2. Two molar  rangements and some important design variables for that
compositions F1 (A&~ 0.35,B=0.1,C=10.1,D=0.1, E= sequence after the optimization task are given in Table 1. The
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a) FV1=13.65 kmol/h. Total reboiler b) FV1=15 kmol/h. Total reboiler
heat duty = 905.4 kW. heat duty = 867 kW.
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Figure 9. Search for the energy-efficient design of the TCDS-1, mixture 1, composition F1.
Table 1. Design Variables for the TCDS-1, Mixture 1, Feed F1 Table 2. Optimum Energy Requirements (kW) and Thermodynamic
- Efficiencies for Fully Thermally Coupled Sequences, Mixture 1
column variables
main column stages 41 feed sequence total reboiler duty (kW) 1 (%)
feed stage= 9 F1 CS-1 1090.2 15.65
reflux ratio= 1.72 TCDS-1 841.1 26.67
FV1=15.5 kmol/h CSs-2 1181.5 20.60
FV2 = 43.2 kmol/h TCDS-2 793.7 29.67
FV3=51.5 kmol/h CS-3 1062.8 17.8
pressure= 4.52 atm TCDS-3 931.6 24.9
side rectifier 1 stages= 10 CS-4 1168.0 18.0
(where component B is purified) TCDS-4 708.0 335
distillate flow rate= 4.47 kmol/h CS-5 1092.2 15.65
side rectifier 2 stages= 11 TCDS-5 841 26.67
(where component C is purified) F2 Cs-1 2032.8 5.47
distillate flow rate= 4.41 kmol/h TCDS-1 1246.7 14.40
side rectifier 3 stages= 11 CS-2 2039.5 11.62
(where component D is purified) TCDS-2 1471.8 12.61
distillate flow rate= 4.39 kmol/h CS-3 1213.5 15.4
. . . TCDS-3 1123.0 16.9
res_u_lts obtained for energy consumption and.thermodynarnlc CS-4 13325 16.8
efficiency (computed through standard expressions as explained TCDS-4 960.5 19.4
in Seader and Henle¥,;see the Appendix) for the five fully CS-5 2032.8 5.47
thermally coupled sequences for each case study are summarized TCDS-5 1246.6 14.40

in Tables 2 and 3. In general, the TCDS presented energyin feed F1 than in feed F2. For most of the cases studied here,
savings in the range between 10 and 38% in contrast tothe second-law efficiency of the TCDS is higher than that of
conventional distillation sequences (Table 4). It can be noted the corresponding conventional distillation option. The inef-
that the energy requirements are lower for feed F1 than for feedficiency of conventional sequences has been reported as a
F2 for each TCDS analyzed (Tables 2 and 3). Similar behavior consequence of remixir§:3! Therefore, proper optimization

is shown for the thermodynamic efficiencies: they are higher of fully thermally coupled sequences should avoid such a
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Table 3. Optimum Energy Requirements (kW) and Thermodynamic Table 5. Optimum Energy Requirements (kW) and Thermodynamic

Efficiencies for Fully Thermally Coupled Sequences, Mixture 2 Efficiencies for Partially Thermally Coupled Sequences, Mixture 1
feed sequence total reboiler duty (kW) 7 (%) feed sequence total reboiler duty (kW) 1 (%)
F1 Cs-1 1363.5 26.84 F1 CS-6 1446.4 12.95
TCDS-1 1027.2 23.70 TCDS-6 1157.7 25.80
CSs-2 2921.2 6.62 CSs-7 1484.2 15.80
TCDS-2 2185.8 9.29 TCDS-7 1096.5 22.21
Cs-3 1070.8 16.7 F2 CS-6 1222.5 15.59
TCDS-3 837.1 23.8 TCDS-6 960 17.74
CS-4 1196.6 17.4 CSs-7 1482.7 9.29
TCDS-4 827.41 27.7 TCDS-7 1241, 15.62
Cs-1 1363.5 26.84
TCDS-1 1027.3 23.70 Table 6. Energy Savings of the Partially Thermally Coupled
F2 CS-1 2390.3 9.76 Sequences in Comparison with Their Corresponding Conventional
TCDS-1 1560.7 13.02 Distillation Sequences, Mixture 1
CSs-2 3998.6 4.14 -
TCDS-2 2064.1 571 feed sequence % of energy savings
Ccs-3 1551.6 13.1 F1 TCDS-6 19.95
TCDS-3 1428.7 11.5 TCDS-7 26.11
CS-4 1652.1 14.9 F2 TCDS-6 21.47
TCDS-4 1514.7 13.3 TCDS-7 16.3
Ccs-1 2390.3 9.76 a i ith | ional
TCDS-1 1560.6 13.02 In comparison with its conventiona sequence.
Table 4. Energy Savings of the Fully Thermally Coupled Sequences lead to a significant deterioration of its energy consumption.
in Comparison with Their Corresponding Conventional Distillation The control design of this system appears to be an important
Sequ_ences task to develop. In all cases analyzed, the results show that, in
mixture feed sequence % of energy savings the optimal region of interconnection flow rates, the design is
mixture 1 F1 TCDS-1 22.8 not very sensitive, in terms of its energy consumption, to
%Bg% igg changes in the interconnecting flow (Figure 9c).
TODS-4 39.4 One detalil is worth highlighting: the TCDS-1 and TCDS-5
TCDS-5 22.8 are thermodynamically equivalent schemes. A simple column
mixture 1 F2 TCDS-1 38.7 has two sections, the rectifying and stripping sections. Based
%ng 2;-3 on the function of each of the column sections in a complex
TCDS:4 279 distillation scheme (i.e., either rectifying sections or stripping
TCDS-5 38.7 sections), a complex scheme can be converted into a sequence
mixture 2 F1 TCDS-1 24.6 in which each unit has only one rectifying column section and
TCDS-2 25.2 one stripping column section. Then the connections of the units
%ggj gé'g are determined according to the interconnections of their
TCDS-5 246 streams. Thus, for the TCDS-1 scheme, TCDS-5 could be
mixture 2 F2 TCDS-1 34.7 obtained. That converted sequehée a thermodynamically
TCDS-2 25.9 equivalent scheme of the corresponding TCDS-1. In this work,
%ng ;-g we show that both sequences have similar energy consumption
TCDS5 347 and second-law efficiencies, therefore verifying their thermo-

dynamic equivalence (Tables 2 and 3).
4.2. Sequences Partially Thermally CoupledFor the case

remixing problem. The methodology proposed generates design?f sequences partially thermally coupled (structures with reduc-
where the effect of the remixing is eliminated. Three trends for tion in thermal couplings), the results are presented in Tables 5
fu||y therma”y Coup|ed sequences were obtained: (1) fu||y and 6. In Figure 10, the search for the optimal interconnection
thermally coupled sequences always required less energyflow rate for TCDS-6 (mixture 1, composition F1) is shown.
consumption to achieve the separation for both feed composi-In all cases, TCDS-6 and TCDS-7 schemes show heat loads
tions considered; (2) energy savings were higher in the feed much lower than conventional sequences. The thermodynamic
composition with low content of the intermediate components; €fficiency in the complex systems is higher in comparison to
(3) the second-law efficiencies calculated show that the intro- that of conventional arrangements. Similarly to fully thermally
duction of optimized thermal links increased the thermodynamic coupled schemes, the structures with a reduction in thermal

efficiency. In general, the results show that the optimization of couplings presented energy savings in the range between 15
these thermal links causes significant energy savings andand 25% in contrast to conventional distillation sequences (Table

improves the values of second-law efficiencies. 6). When the optimization surface (Figure 10) for TCDS-6
Figure 9 displays the response surfaces for the optimization sequence is analyzed, the shape of the response surface suggests
of the TCDS-1 option. The response surfaces show an interesting? lower sensitivity of energy consumption to changes in
effect of the search variables. The design is sensitive, in termsoperating conditions.
of its energy consumption, to changes in the interconnecting A remark on partially thermally coupled structures can be
flow rates (Figure 9b). On the other hand, there are combinationsestablished. As expected, the schemes with a reduction in
of interconnecting flow rates in which the energy consumption thermal couplings have total reboiler duty lower in comparison
does not vary significantly (Figure 9a). An implication of to conventional arrangements. However, for fully thermally
this observation has to do with operational considerations. In coupled schemes, the energy savings were above those obtained
some regions of interconnecting flow rates, minor changes in for partially thermally coupled structures. The results show that
the operating conditions of the thermally coupled schemes canthe reduction in the number of interconnection streams increases

aIn comparison with its conventional sequence.
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thermodynamics. We used for this task the equations reported
in the textbook by Seader and HenR&yThe equations are as
follows:

first law of thermodynamics
Z (nh+Q+ W) — Z (nh+Q+W)=0 (1)
outo system

into system
second law of thermodynamics

Z (ns+ QIT) — Z (ns+QIMY=AS, (2
out of system

into system

exergy balance
T

nb+ Q1 — —| +w -
into system Ts
To
. . . . Z nb+ Q|1 ——|+ WJ[=LwW (3)
Figure 10. Minimum energy consumption for the TCDS-6, mixture 1, out FSystem '|'s

composition F1.

the total energy demand in_th.e reb.oilers o_f complex schemes,minimum work of separation
for the same separation. This is an interesting situation because
some authof833have claimed that the reduction of intercon- Woin = Z nb— nb (4)
nection flows in complex arrangements might provide better out of system into‘System

operating properties. As a result, we would expect that the .
controllability properties could be improved at expenses of Second-law efficiency

higher energy consumptions. This observation opens the field Wi,
for the development of research of the effect of the number of T= W W (5)
thermal links in the control properties of TCDS systems. min

whereb = h — Tgsis the exergy function, LW= ToASy is the
lost work in the system, anwlis the thermodynamic efficiency.
The design and optimization of thermally coupled distillation The thermodynamic properties such as enthalpies and entropies
sequences (fully or partially coupled) for the separation of five- of the streams of the distillation sequences were evaluated
component mixtures were studied. A general energy-efficient through the use of the simulator of processes Aspen Plus 11.1.
design procedure is developed for any type of the thermally
coupled scheme. The method is based on a section analogyNomenclature
procedure with respect to the characteristics of a conventional
distillation sequence. The methodology provides a robust tool
for the design of multicomponent thermally coupled distillation
schemes. The examples have shown that the design procedureQ
can provide all of the operating parameters needed. Some trends ~ molar entropy .
were observed: (i) TCDS presented energy savings between'® — temperature of the surroundings
20 and 30% in contrast to the conventional schemes. (ii) Ts = temperature of the system !
Regarding thermodynamic efficiency, in all cases, the introduc- Wmin = minimum work for separation
tion of thermal links increased its value. (iii) The possibilities Ws = shaft work -
for the use of five-component thermally coupled distillation 7 =~ Second-law efficiency
arrangements depend on the characteristics of the mixtures and | .
the distribution of the feed compositions (amount of intermediate Literature Cited
components). (iv) The reduction in the number of thermal links (1) watkins, R. N.Petroleum Refinery Distillation, 2nd ed.; Gulf
increases the total energy demand in the reboilers of complexPublishing: Houston, TX, 1979.
schemes. (v) The optimization surfaces obtained for each design (2) Seidel, M. German Patent 610503, 1935. _
seem fondicate thal he designs are sensiive,interms of energy (2} P10, . 106 D 1 Detlarorchen frooss A 52,
consumption, to changes in the interconnecting flow rates so pat | pesign Comparison&IChE J.1978,24, 303.
that these structures are suitable candidates for analysis of their (5) Glinos, K.; Malone, M. F. Optimality Regions for Complex Column
dynamic properties. Alternatives in Distillation System&£hem. Eng. Res. De$988,66, 229.
(6) Carlberg, N.; Westerberg, W. Temperature-Heat Diagrams for
mplex Columns. 2. Underwood’s Meth i trippers and Enrichers.
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