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ABSTRACT: The Petlyuk configuration represents an attractive alternative to the simple distillation column sequences because
of its potential in energy saving. This point was extensively discussed for three-component mixtures. Moving to quaternary
mixtures the complexity of the Petlyuk configuration represents the main barrier of its possible implementation in the industrial
practice. In the present work, a set of new alternative distillation configurations to the four-component Petlyuk is presented. A
hydrocarbon and an alcohol mixture are considered to prove their applicability. The total annual cost, together with the
thermodynamic efficiency and the carbon dioxide emissions, are considered as comparison index between the Petlyuk and the
alternative configurations. The results obtained proved that for the cases considered at least one of the alternative configurations
showed a better or at least the same performance of the Petlyuk arrangement. For this reason, the new configurations are worth
of consideration when four-component mixtures are considered.

1. INTRODUCTION Figure la and b. In both cases, only one condenser and one

Distillation and energy saving are two topics interconnected by reboiler are employed. It was clearly demonstrated that for a

the necessity to reduce the operative costs of distillation units

increasing, at the same time, the profitability of the plant. For i—ﬁf

this reason, research and industrial experience are more than — A

ever focused in finding new and feasible configurations to An_|3

reduce the production’s energy demand. Many research works asc |1 4

have been focused on the screening of distillation alternatives 5 B

from the point of view of energy and economics. Lucia and >

McCallum' proposed an approach based on the stripping line BC g

distant function, Halvorsen and Skogestad2 reviewed different

distillation schemes using the Vmin diagram to determine the T;%—m

overall minimum energy requirement, and Kiss et al.’ proposed (@)

a scheme that by means of different selection criteria helps the Figure 1. Three-component Petlyuk scheme (a) and the correspond-

designer in the choice of the most appropriate distillation ent DWC (b).

technology. More recently, Luyben® quantitatively explored

how the value of the products and the difficulty of the

separation affects the design of the chemical processes. three-component mixture, the Petlyuk configuration can save
Two milestones are recognized by the research community up to 30% of the energy lgonsumption compared to the classical

as meaningful improvements in separations performed by separation sequences.”  Despite this evidence, at least three

distillation. The former is the introduction of structures with a valid hurdles contributed in the late development of Petlyuk

partition wall inside the shell and the latter can be considered and DWC configurations in the industrial practice. The first is

the definition of the Petlyuk conﬁguration.5’6 Both of them the absence of recognized design methods, the second is the

complexity of the structure, and the third reason is the difficult
in the process control. The research efforts, focused around
these three points, contributed to reach more than one hundred
operative DWCs around the world for ternary distillation."!

were introduced almost S0 years ago but only recently have
been successfully applied into the industrial practice for a
limited number of feed components. Considering three-
component separations, the Petlyuk arrangement is composed
by a prefractionator connected by two thermal couplings to the
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Regarding the first point, different design methods have been
proposed. Among all, Carlberg and Westerberg12 extended the
Underwood’s equations for the Petlyuk configuration,
Triantafyllou and Smith"® decomposed the Petlyuk config-
urations into three simple columns where the prefractionator
column is equipped with a partial condenser and a partial
reboiler. Ramirez-Corona et al.'* used a shortcut design model
to describe the system as nonlinear programming problem.
Guterrez-Antonio et al."> used a multiobjective genetic
algorithm to minimize both the heat duty and the number of
stages considering the constraints in the product purity. More
recently, Chen et al.'® introduced the overdesign as a method
to extent the process flexibility and operability.

The second hurdles about the complexity of the structure is
derived from the opposite transfer of one vapor stream between
the top of the prefractionator and the main column and
between the bottom of the main column and the
prefractionator. Agrawal'” proposed a set of more operable
configurations where the condenser and the reboiler are placed
on different columns. The same author introduced also
alternative configurations where the two-way thermal coupling
is substituted by a one-way liquid stream thr0u§h adding the
additional column section.'® Rong and Turunen presented a
new generalized method to produce all the thermodynamically
equivalent configurations for Petlyuk and any other thermally
coupled configurations. Thermodynamically equivalent config-
urations are more operable in terms of vapor transfer between
the columns compared to the Petlyuk arrangement.

Finally, the control issue was extensively discussed in the
literature,”® pointing out that without a proper control strateg%r,
it is not possible to achieve the potential energy savings.”'
Different approaches were proposed, from the use of
proportional—integral controller™ to the implementation of
model predictive control.”> Anyway, as summarized in the
review of Kiss and Bildea,** the DWC has good controllability
properties. It is possible to assert that for the case of three
component separations, the Petlyuk and its equivalent DWC
configuration has the potential of a noteworthy energy saving;
different design methods are available, structure complexities
are overcome by using the thermodynamically equivalent
configurations and moreover the control issues are solved. It is
clear that the same results are aimed for different number of
feed components. Moving from three to four components, the
complexity of the Petlyuk and DWC structure increases, and up
till now, only a few studies are focused on the possible
applications of these configurations.”>*® The aim of the present
study is to propose alternative configurations to the Petlyuk/
DWC arrangement for a four-component separation. The
benefit of the alternatives proposed is a simple design with a
less or comparable total annual cost compared to the
corresponding Petlyuk configuration. Two different case studies
are presented to support the new sequences.

2. SYNTHESIS PROCEDURE

The synthesis procedure is a systematic methodology that
allows the prediction of all the alternatives generable from a
configuration chosen as a reference. For a four or more
component mixture Rong and Turunen®” reported a method to
generate the heat-integrated thermally coupled alternatives for
the Petlyuk configuration starting from the unique nonsharp
sequence which has the same number of N — 1 columns for an
N-component mixture. Now, with the new synthesis procedure
reported in Rong et al.”® and Rong,* new alternatives with less
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than N — 1 columns for Petlyuk configuration can be generated
for an N-component mixture. The objective of this work is to
generate the new alternatives for quaternary distillations. For a
four-component mixture, the nonsharp configuration reported
in Figure 2 is considered. In this six-column sequence, usually

Figure 2. Fully sloppy configuration for a four-component feed.

referred as fully sloppy configuration, all the mixtures with three
or more components are separated by symmetric sloppy splits.
The corresponding Petlyuk configuration can be obtained in
two steps: in the first one the column sections where the same
mixture or component is separated are merged. In the case
considered, sections 4 and S, 8 and 9, 10, and 11 are combined,
reducing the number of column to three. Then, considering
that in the Petlyuk configuration there is only one condenser
and one reboiler independently from the number of
component to be separated, all the condensers and reboilers
associated with nonproduct streams can be substituted with a
thermal coupling. The corresponding configuration is showed
in Figure 3a. The quaternary DWC sequence is reported in
Figure 3b. The Petlyuk configuration has three columns and
five thermal couplings, the corresponding DWC has three
vertical partitions implemented in the same shell. Both
sequences are attractive for their potential in costs reduction
but the complexity of the system makes impractical a real
application. Intensified configurations alternative to the Petlyuk
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Figure 3. Four-component Petlyuk scheme (a) and the correspondent
DWC (b).
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Figure 4. Alternative configurations.

arrangement can be obtained starting from the fully sloppy
configuration of Figure 2 applying four different strategies:

1. Closed-heat-integration strategy to combine individual
columns. This strategy is used to combine two columns
by heat integration between a condenser and a reboiler
coproducing a same product. This will reduce the
number of columns.

2. Thermal coupling strategy to eliminate a condenser or a
reboiler. This strategy is used to eliminate a condenser or
a reboiler associated with a mixture of two or more
components. This will reduce the number of heat
exchangers.

3. Rearrangement of column sections strategy to generate
thermodynamically equivalent structures. This strategy is
used to recombine the column sections in a thermally
coupled configuration through movement of the movable
column sections. This will generate the thermodynami-
cally equivalent structures, which have different columns
than the original thermally coupled configuration.

4. Elimination of the single-section-side columns strategy to
produce the intensified distillation systems. For a
thermally coupled configuration, there are thermody-
namically equivalent structures in which there are single-
section-side columns. This strategy is used to eliminate
the single-section-side columns to generate the intensi-
fied distillation systems with fewer columns.

Applying the four point strategy presented, the five
configurations reported in Figure 4 are obtained. In particular,
the configuration reported in Figure 4a is obtained by applying

the strategy 1 to merge section 8 with section 9 and section 10
with section 11, then following the strategy 2 the condenser
associated with the submixture ABC and the reboiler associated
with the submixture BCD are substituted by thermal couplings.
Strategy 3 is used to rearrange section 3 above section 1 and
section 6 below section 2; finally, single sections 4 and 5 are
eliminated, as indicated in the strategy 4. Similarly the
configurations reported in Figure 4b—e are obtained. Analyzing
all the configurations generated is possible to notice that are all
composed by two columns, moreover in sequences 4b and 4d,
the stream C is obtained twice, in sequences 4c and 4e the
component B is recovered in two separate streams. Only to the
sequence 4a is associated the minimum number of streams.

As reported before, in the Petlyuk scheme, independent of
the number of components separated, only one condenser and
one reboiler are employed. The configuration of Figure 4a can
reach this target when the condenser and the reboiler
associated with the submixtures AB and CD, respectively, are
substituted by a thermal coupling. The resulting alternative is
reported in Figure S.

The synthesis procedure has been summarized in Figure 6.
The eight-step flowchart reports the general methodology
based on the four strategies described before.

3. CASE STUDY AND COMPARISON INDEXES

To test the applicability of the new intensified configurations,
two case studies have been considered. The first mixture is a
four-component n-paraffin feed. The composition and the
product purity targets are shown in Table 1. The second case
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Figure S. Thermally coupled alternative configuration.

intended individual splits for the given mixture, assign an individual column for each of
the intended individual splits (both sharp and sloppy splits).

11

L Step 1. Formulate a distinct separation sequence by introducing a distinct set of

Step 2. Determine the traditional distillation configurations (TDC) by sequencing or
combining the individual columns for the introduced individual splits in step 1.

11

[ Step 3. Select a TDC from the generated TDCs in step 2 for the formulated distinct

separation sequence.

Step 4. Generate the thermally coupled configurations (TCs) for the selected TDC in
step 3.

— )

1

Step 5. Generate the thermodynamically equivalent structures (TESs) for the TCs
generated in step 4.

Step 6. Generate the intensified configurations by eliminating the transport side
columns in the TES structures in step 5. Store the generated configurations in step 8.

—

Step 7. Select a remaining TDC and repeat steps from 4 to 6 until all the generated TDCs
in step 2 for the formulated distinct separation sequence have been selected.

[ Step 8. Summarize all the generated configurations and stop. J

Figure 6. Generalized procedure for the synthesis of the alternative
intensified configurations.

Table 1. Feed Composition and Purity Target for Case Study
1

component feed composition [mol frac.]  purity target [mol frac.]
A butane 0.0S 0.990
B hexane 0.10 0.970
C heptane 0.10 0.974
D nonane 0.75 0.997

considered is a mixture of alcohols with the composition and
purity targets specified in Table 2. For both cases, a saturated
liquid feed flow rate of 100 kmol h™" is considered.

Three different indexes were selected for the configurations
comparison: the total annual cost, the thermodynamic
efficiency, and the carbon dioxide emission. The total annual
cost (TAC) is obtained as a sum of the operative and the
annualized capital costs as reported in eq 1.
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Table 2. Feed Composition and Purity Target for Case Study
2

component feed composition [mol frac.] purity target [mol frac.]
A methanol 0.05 0.990
B ethanol 0.10 0.990
C 1-heptanol 0.10 0.990
D 1-decanol 0.75 0.990
Capital cost

TAC = z[(

) + (Operative costs):|
(1)

The operative costs were evaluated taking into account the
cost of the water and the vapor in the condenser and reboiler,
respectively. The costs of the auxiliary fluids were obtained
from Rev et al.>> The capital costs were considered as the sum
of the costs of the condensers, reboilers, column shell, and
trays, evaluated according to the Guthrie’s method.>’ A mean
investment time of 10 years was used to annualize the capital
costs. The second index considered is how efficient the energy
is being used. This information is expressed by the
thermodynamic efficiency (77) evaluated as reported by Seader
et al.>* and defined in eq 2

W,

min

- (_LW - Wmin)

Time of Investment

! @)
where W,;, [k] h™'] is the minimum work of separation and
LW [kJ h™'] the lost work. All the thermodynamic properties
for the thermodynamic efficiency evaluation were obtained
through the process simulator Aspen PlusV8.0 for the input and
output streams. The last index used to compare the different
configurations is the carbon dioxide emission (mcq,) because,

as a greenhouse gas, it is directly related to the global warming.
The amount of carbon dioxide emitted was evaluated by eq 3
following the method reported by Gadalla et al.*®

QrurL ( %C )
Meo, = | oy N 7n |2
»~ \'nav 100 3)
where Qg [kJ h™'] is the heat generated by the combustion

reaction, NHV [kJ kg™'] is the net heating value of a fuel with a
carbon content of %C, and «a the ratio of molar masses of CO,.

4. SIMULATION AND DESIGN

All the configurations were simulated by means of Aspen Plus
V8.0. The NRTL thermodynamic method was used and sieve
trays columns were considered. The column pressure was
optimized for each column considering the possibility to use
water in the condenser. The minimum temperature for the
columns overhead vapor was defined to 323 K.

In order to get the design parameters of all the alternative
sequences, the fully sloppy configuration of Figure 2 was first
simulated using the short-cut method of Underwood—Gilli-
land—Winn already implemented in Aspen Plus. The
parameters obtained were used to initialize the stage-to-stage
rigorous method RadFrac. The number of stages, feed
locations, and reflux ratios were then optimized for the
minimum energy consumption. The sensitivity tool was used
to define the optimal design and the total reboiler duty was
defined as objective function. The results obtained are reported
in Tables 3 and 4 for the hydrocarbon and alcohol feed,
respectively.
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Table 3. Case Study 1: Fully Sloppy Configuration’s Design
Parameters and Energy Consumption

G G G Cy Cs Cs
number of stages 16 27 14 25 33 19
reflux ratio 0.90 0.56 4.60 0.44 2.50 12.70
feed location 9 23 7 17 13 12
pressure [bar] 2 2.5 1 S 1 1
distillate [kmol/h] 140 115 85 48 35 20
diameter [m] 067 035 066 020 031 0.58
condenser duty [kW] 238 149 434 37 99 248
reboiler duty [kW] 541 162 247 70 95 260

Table 4. Case Study 2: Fully Sloppy Configuration’s Design
Parameters and Energy Consumption

G G G G, Cs Cs
number of stages 41 49 16 38 26 18
reflux ratio 0.14 0.17 1.98 0.13 1.80 10.80
feed location 21 40 9 23 12 12
pressure [bar] 1 1 1 1 1 1
distillate [kmol/h] 25.0 20.0 12.0 10.0 5.0 3.0
diameter [m] 0.94 049 073 031 038 072
condenser duty (kW] 412 321 479 111 171 472
reboiler duty [kw] 1203 342 575 165 179 499

4.1. Petlyuk Configuration. The design of the Petlyuk
configuration was performed using the sequential design
method based on the correspondent among the column
sections functionality.’*** In this way, once the design of the
fully sloppy configuration of Figure 2 was obtained, the
configuration parameters were transposed to the analogous
sections of the Petlyuk configuration. The thermal coupling the
flow rates were defined as the minimum possible value to
ensure the products purity targets.36 The results obtained,
together with the comparison indexes, are summarized in
Tables 5 for both case studies.

Table 5. Case Study 1 and 2: Petlyuk Configuration’s Design
Parameters and Comparison Indexes

case study 1 case study 2

G (€} G (] (€} G
number of stages 16 41 77 41 65 82
reflux ratio 27.08 14
feed location 9 27 38 21 49 50
pressure [bar] 2 2.5 S 1 1 1
distillate [kmol/h] 170 786 4.8 121 473 10
diameter [m] 0.56 080 1.1S 049 1.04 161
condenser duty [kW] 731 1465
reboiler duty [kW] 1506 2465
capital costs [k$/y] 4227 58.08
TAC [k$/y] 433 702
n [%] 47.0 37.8
CO, [kg/h] 658 1077

4.2. Alternative Configurations. Following the same
design methodology cited for the Petlyuk configuration, the
alternative configurations reported in Figure 4 have been
simulated using the correspondence of column sections
functionality. The results for the composition case 1 and 2
are reported in Table 6. It should be noted that only the results
for the configuration of Figure 4a are included in the table
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Table 6. Case Study 1 and 2: Design Parameters and
Comparison Indexes of the Alternative Configuration
Reported in Figure 4a

case study 1 case study 2

G G G G
number of stages 46 77 88 82
reflux ratio 3.9 6.2 0.7 425
feed location 43 37/39 61 53/55
pressure [bar] 2.5 S 1 1
distillate [kmol/h] 115 438 20 10
diameter [m] 0.89 0.74 1.03 0.83
condenser duty [kW] 468 186 468 S13
reboiler duty [kW] 920 577 1310 669
capital costs [k$/y] 31.67 42.74
TAC [k$/y] 430 572
7 (%) 517 469
CO, [kg/h] 654 865

because, for the composition cases considered, was the most
convenient alternative from the energy consumption point of
view. Among all the alternatives predicted, the one in Figure 4a,
is the only configuration that performs the separation of the
middle components once.

4.3. Thermally Coupled Alternative Configuration.
The performances of the configuration reported in Figure 5 are
here considered. This alternative represents the most close,
regarding the structural design, to the Petlyuk configuration but
with the extra benefit of a reduced number of thermal couplings
and columns. The columns design was defined considering the
corresponding parameters of the sequence of Figure 4a.
Because the main scope of the present work is to present
configurations with a simplified design, the thermally coupled
alternative was considered only for the case study 2 because the
pressure distribution among the columns allows the natural
flow of the vapor flow streams. The results obtained are
summarized in Table 7.

Table 7. Case Study 2: Design Parameters and Comparison
Indexes of the Thermally Coupled Alternative Configuration
Reported in Figure 5

G &}
number of stages 88 82
reflux ratio 8.9
feed location 61 53/55
pressure [bar] 1 1
distillate [kmol/h] 319 10.0
diameter [m] 0.95 143
condenser duty [kW] 967
reboiler duty [kW] 1967

capital costs [k$/y] 50.36
TAC [k$/y] 402
n [%] 506
CO, [kg/h] 859

5. RESULTS AND DISCUSSION

In this section, the results obtained for the two feed cases are
discussed and the Petlyuk configuration is compared with the
alternative sequences based on the TAC, the thermodynamic
efficiency, and the carbon dioxide emission.

DOI: 10.1021/ie504881c
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5.1. Case Study 1. The first feed case is a hydrocarbon
mixture already reported in the literature.”” The comparison
indexes for the Petlyuk and the alternative configuration are
reported in Tables S and 6, respectively.

5.1.1. TAC Comparison. 1t is possible to notice that, from an
economic point of view, the Petlyuk and the alternative
configuration showed almost the same value of the TAC.
Regarding the capital costs, the intensified alternative reaches a
33.5% lower value due to the smaller exchanger area of the
reboiler and condenser and the reduced number of column
stages.

5.1.2. Thermodynamic Efficiency Comparison. The alter-
native configuration has 9% higher thermodynamic efficiency
compared to the Petlyuk arrangement.

5.1.3. Carbon Dioxide Emission Comparison. As for the
TAC value, there are not relevant differences in the amount of
carbon dioxide emitted.

It is clear that in the case or equal or comparable indexes the
simplest design of the configuration of Figure 4a represents the
best alternative for the case considered. As discussed in Section
4.3, the thermally coupled configuration of Figure 5 was not
considered due to the disadvantageous pressure distribution.

5.2. Case Study 2. The second case study is the four-
alcohol mixture. As for the previous case, the data are reported
in Tables 5 and 6.

5.2.1. TAC Comparison. 1t is possible to notice that the
alternative configuration realizes a 18.5% reduction of the TAC
compare to the Petlyuk arrangement. Moreover 35.9% savings
in the capital costs are also observed.

5.2.2. Thermodynamic Efficiency Comparison. For the
alternative configuration, the thermodynamic efliciency is
24.1% higher than the Petluyk arrangement.

5.2.3. Carbon Dioxide Emission Comparison. For this case
study, the alternative configuration realizes a 19.7% saving in
the carbon dioxide emission.

If the results for the thermally coupled alternative reported in
Table 7 are considered, an impressive 42.7% saving in the TAC
is realized together with 20.2% saving in carbon dioxide
emission. Also, in this case, the thermodynamic efficiency is
33.9% higher than the corresponding Petlyuk configuration.
This case represents an evidence that for some composition
cases the alternative configurations proposed could be able to
outperform the Petlyuk scheme and for this reason could
represent the preferred choice.

6. CONCLUSIONS

The three-component Petlyuk configuration has been always
considered as one of the most interesting distillation options for
the achievable savings in the energy consumption. The attempt
to extend this result to four-component mixtures is considered
with some kind of skepticism for the complex design. In the
present work, a new set of alternative configurations are
presented as alternatives to the four-component Petlyuk
scheme. The alternatives are generated systematically from
the fully sloppy distillation sequence by means of a four-step
procedure that includes the combination of individual columns,
the introduction of thermal couplings, the column recombina-
tion and the elimination of single column sections. Two case
studies are reported to prove their potential in substitute the
complex Petlyuk arrangement. Three indexes are used for the
comparison: the TAC, the thermodynamic efficiency and the
carbon dioxide emission. In the first case considered, the
alternative configuration proposed reach the same indexes of
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the Petlyuk scheme, but when the simplicity of the design is
considered, it represents a more attractive solution. In the
second case, the alternative proposed outperform all the
indexes of the Petlyuk arrangements, reaching in the best case a
considerable 42.7% reduction in the TAC.

It is not possible to generalize these results to all the four-
component separation cases but is important to emphasize that
the alternatives proposed have the potential to reach the same
performances of the Petlyuk scheme. The designer has the
freedom to define a complete searching space of alternatives
including also combinations of simple and divided wall columns
or configurations with thermally coupled configurations or
thermodynamically equivalent structures; anyway, also, the new
configurations proposed should be included in the research
space when the optimal configuration is searched.
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