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Abstract—The objective of this study was to find process simulations of the plant-wide scale lactic acid recovery pro-
cess using thermally coupled distillation columns to mitigate the remixing effect. The remixing effect has been widely
discussed because in a conventional column arrangement it induces a need for a significant amount of energy for repu-
rification in lactic acid recovery processes. One way to overcome high energy consumption is by using thermally cou-
pled distillation columns. This paper suggests and compares two types of thermally coupled distillation columns
applied to the plant-wide scale lactic acid recovery process for removing the remixing effect considering a heavy
organic impurity and lactic acid oligomerization in the process. The equilibrium stage model based on the RADFRAC
module of Aspen Plus was employed for simulating the thermally coupled distillation columns. Simulation results
showed that thermally coupled distillation columns can eliminate the remixing effect and reduce energy consumption

compared to conventional lactic acid recovery processes.
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INTRODUCTION

Over the last few decades, much of the chemical process research
has focused on process intensification to save energy. Process inten-
sification, which uses an integrated multifunctional unit to replace
single function units in chemical processes, has two general ap-
proaches. The first is the heat integration method in which the hot
process streams exchange heat with cold process streams by in-
creasing pressure at one part of the column. Examples of the heat
integration method include multi-effect distillation [1-4], vapor
recompression columns [5,6] and dividing wall column [7,8]. The
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Fig. 1. Remixing effect [10].
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other approach uses a thermally coupled distillation column by con-
necting several towers. When streams are mixed at the feed, top,
and bottom of conventional column arrangements, problems exist
in terms of the inefficiency produced by thermodynamic irrevers-
ibility [9]. This is called the remixing effect. It is defined by an oc-
currence when the concentration profile for one component reaches
into its highest purity in some tray and it starts to dilute because of
an increase in concentration of the other component (presented in
Fig. 1) [10]. Thus, a large amount of energy is consumed during
the re-separation process. This phenomenon occurs when separat-
ing more than a ternary mixture. The remixing effect could be solved
by using thermal coupling between columns without a reboiler
and condenser. If thermally coupled distillation columns are applied
to a process, the operating costs can be reduced by increasing the
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Fig. 2. Comparison of (a) a conventional sequence and (b) a ther-
mally coupled distillation system [11].
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energy efficiency. Fig. 2 shows why thermally coupled distillation col-
umns are more efficient than conventional column arrangements.
Thermally coupled distillation columns prevent the need for re-
peated separations, as shown in Fig. 2 [11]. The types of thermally
coupled distillation columns include partially thermally coupled
distillation columns and fully thermally coupled distillation col-
umns. Studies have shown that the thermally coupled distillation
columns can achieve energy savings of 30% greater than conven-
tional column arrangements [12-14].

Lactic acid (2-hydroxypropionic acid) is the most widely occur-
ring hydroxy-carboxylic acid. It is used in various industrial fields,
including biodegradable polymers and plant growth regulators, and
is a common chemical intermediate. In addition, lactic acid has
significant potential as a platform chemical. The yearly production
of lactic acid is expected to exceed 259,000 metric tons [15]. Gen-
erally, lactic acid can be produced by chemical synthesis or fer-
mentation. Lactic acid obtained from chemical synthesis is cheap
but is mixed with D and L type lactic acid. Mixed lactic acid is not
useful in the production degradable polymers like polylactic acid
(PLA) and other applications. PLA is environmentally friendly and
biocompatible. It can replace non-degradable plastics such as poly-
ethylene, polystyrene and polypropylene. For these reasons, demand
for PLA is expected to increase [16]. The useful form of PLA is the
L-lactic acid form. Since both the L and D isomers of lactic acid
are formed via non-biological chemical synthesis routes, fermenta-
tion is the more favorable method by which to produce lactic acid,
because only one type of lactic acid isomer is produced. Fermenta-
tion, however, has some drawbacks. Undesired byproducts are pro-
duced, such as calcium sulfate [17] and other organic acids, after fer-
mentation step, which requires removal of these byproducts. Ex-
traction, ultrafiltration, reverse osmosis and adsorption are used for
purification processes of lactic acid [17]. However, these processes
result in low lactic acid recovery and have the following limitations.
In solvent extraction [18], a relatively large amount of solvent is re-
quired and high purity lactic acid is difficult to obtain. Ultrafiltra-
tion [19] and osmosis [20] are not suitable for a large amount of
raw material, and efficiency declines in parallel with a fall in mem-
brane performance. Adsorption [21] has several problems, includ-
ing particle selectivity; capacity;, and regeneration. Reactive distillation,
described as follows, has been proposed to alleviate these limita-
tions. First, the lactic acid is reacted with methanol and methyl
lactate is produced. Methyl lactate can be more easily purified by
distillation. Then methyl lactate is sent to a hydrolysis column and
recovered by the hydrolysis reaction. The advantages of this purifi-
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Fig. 3. Block diagram of the lactic acid recovery process described
in US. patent [22].

cation method are the ability of handling large capacities of raw
materials and achieving high lactic acid recovery [17]. The block
diagram of this method is described in Fig. 3 [22].

In this study, we extended the lactic acid recovery process to
plant-wide scale configurations from previously presented ther-
mally coupled distillation columns [23]. Thermally coupled distil-
lation system has one condenser and reboiler only in the second
column (Fig. 2(b)). This system provides choices of special inter-
est for the separation of ternary mixtures because of their poten-
tial energy savings [24]. Total capital costs of the lactic acid recovery
process using the thermally coupled distillation columns may be
reduced because it uses fewer pieces of major equipment than the
conventional columns [24]. Thermally coupled distillation columns
can be more efficient to supply the feed at saturated liquid phase
because of heat degradation and save total annual cost more than
other configurations [25]. We added two more columns for remov-
ing water and methanol from the previous design [23], and we
also considered a heavy organic impurity and lactic acid oligomer-
ization. Partially thermally coupled distillation columns and fully
thermally coupled distillation columns were applied for eliminat-
ing the remixing effect and reducing energy consumption in the
process and compared to see which is appropriate for the lactic
acid recovery process. Vapor-liquid and vapor-liquid-liquid equi-
libria were calculated using Aspen Plus with UNIQUAC.

PROCESS STATEMENT
1. Conventional Column Arrangements

More than 95% of the petrochemical and refining processes con-
sists of a distillation process that consumes a significant amount of
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Fig. 4. (a) Direct sequence, (b) indirect sequence, (c) prefraction-
ator arrangement, and (d) distributed sequence [28].
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energy in the evaporation/condensation process [26]. The operat-
ing cost of a distillation column is one of the important factors
that determines the profitability of distillation processes. Shah and
Agrawal suggest that by rearranging the distillation sequence, it is
possible to reduce the energy cost by millions of dollars every year
[27]. It is necessary to understand the arrangement of various dis-
tillation columns and select the appropriate distillation column
arrangement to reduce the energy cost. Direct sequence, indirect
sequence, distributed sequence and prefractionator arrangement
are generally used in conventional column arrangements. These
configurations are shown in Fig. 4 [28]. Direct sequence separates
light component at top of the first column. Intermediate boiling
point components and heavy component are sent to next columns
and heavy component is separated. The indirect sequence is the
opposite type of direct sequence, as it separates heavy component
at bottom of the first column. Intermediate boiling point compo-
nents and light component are sent to next columns and light com-
ponent is separated. Prefractionator arrangement and distributed
sequence are similar to each other. They do not completely separate
one component at the first column, and then two split streams are
sent to next columns from the first column. After separating in first
column, distributed sequence send streams to two different col-
umns while prefractionator arrangement sent components to one
column. The advantage of these arrangements is that low-quality
energy can be used because they do not separate mixtures to high
purity at the first column. However, distributed sequence needs addi-
tional column and heat exchanger compared with the other arrange-
ments.
2. Nonconventional Column Arrangements

Many studies have tried to reduce the operating cost of distilla-
tion columns by a variety of methods. For example, there are multi-
effect columns [1-4] and heat pump-assisted distillation columns
[5,6]. Recent research into thermally coupled distillation columns
has increased. Thermally coupled distillation columns are accom-
plished by direct contact of materials flowing between the columns
[29]. The thermally coupled distillation columns are shown in Fig,
5 [28] and are designated as the side rectifier; side stripper and Pet-
lyuk column. The side rectifier and side stripper are connected to
the side of the main column. The side columns do not have a reboiler
or condenser. These columns are called partially thermally coupled
distillation columns. The Petlyuk column is similar to the distrib-
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uted sequence or prefractionator arrangement, and does not have a
reboiler or a condenser at the first column. Vapor and liquid streams
are exchanged between the first column and second column. Since
one column is completely connected to the other without a reboiler
and a condenser, this column is called a fully thermally coupled distil-
lation column.

3. Design Method of Distillation Systems

Conventional arrangements have the number of stages, reflux
ratio and heat load of the reboiler as design parameters, but ther-
mally coupled distillation columns have more design parameters
than conventional arrangements. The reason is that in thermally cou-
pled distillation columns two or more columns are connected to
each other. Liquid split ratio, vapor split ratio and side-product flow
rate are variables needed additionally when thermally coupled dis-
tillation columns are used. Thermally coupled distillation columns
have more degrees of freedom than conventional arrangements, but
the initial design procedures are similar.

For design of thermally coupled distillation columns, some ini-
tial estimates are used based on a conventional arrangement. The
total number of stages is the same or less than the conventional ar-
rangement. Total duties of reboiler are about 70% compared to con-
ventional arrangement. Vapor and liquid splits are equal. These rules
are for initial convergence. For the optimization, much adjustment
is needed. Some of the shortcut methods are introduced below.

The Fenske equation is used for calculating the minimum theo-
retical number of stages at the condition of total reflux [28], and
the Underwood equation is used for calculating the minimum reflux
ratio for multicomponent distillation [28]. The feed location is
decided using an empirical equation developed by Kirkbride [28].
V,.in diagram method simply shows how the minimum energy con-
sumption is related to the feed-component distribution [28]. This
method is introduced by Halvorsen and Skogestad [30]. It is based
on Underwood equations with assumptions of constant molar flows,
constant relative volatilities and infinite number of stages. V,,;, is
calculated by using feed composition, liquid fraction of feed, K-
values and, recovery of component. It can present a V,;, as a func-
tion of vapor flow rate per feed flowrate (V/F) and flowrate of the
top product per feed flowrate (D/F) using each of the points where
recovery of component is 1 or 0. We found the initials from the
above methods and optimized by varying one variable with fixing
others from the initials.
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Fig. 5. Partially thermally coupled distillation system [28] (a) side stripper, (b) side rectifier and, (c) fully thermally coupled distillation sys-

tem Petlyuk column.
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Table 1. Kinetic data for the esterification and oligomerization reac-
tions

System Kinetic model

r=m, (kjaLACaMeOH_ kayercan,o)
ky=2.98x10" exp(—51300/RT)
k,=2.74x10* exp(—47200/RT)

Methyl lactate [31]

r=me, (kfXLACXLAC_ k1XL2XHzO)
k;=1.1x10 exp(-52000/RT)
k,=5.54x10 exp(—52000/RT)

Dilactate [32]

r=m, (kfXLZXLAC_ kX;5%;,0)
ky=4.56x10"* exp(—50800/RT)
k,=2.28%10 exp(—50800/RT)
R=8.314 [kj/(kmol-K)] T[K], r [kmol/s],

m,, (kg), x; (mole fraction), a; (activity)

Trilactate [32]

PROCESS SIMULATION

Esterification, hydrolysis with methanol and oligomerization reac-
tion of the lactic acid can be represented by the following reaction
sequence:

CH,;CH(OH)COOH , CH,;OH
(lactic acid) (methanol)

ki CH,CH(OH)COOCH, 6 H,O
ki (methyl lactate) (water)

CH3CH(OH)COOH+CH3OH(OH)COOH
(lactic acid) (lactic acid)
e, CgHyOs | H,0

k. (dilactate) (water)

©)

C¢H,005 , CH,CH(OH)COOH
(dilactate) (lactic acid)
kg CQH 1 407 HZO
=t b n
ks (trilactate) (water)

(10)

Reactions only occurred in reactive sections with catalysts. To sim-
ulate these reactions, kinetic parameters in Table 1 were obtained
from data using solid catalysts. Kinetic equations are represented

Impurities

Water
Feerl ’g
- o T Q)
Preconcentrator Esterification

Fig. 6. Modeling of the conventional process [17] by Aspen Plus.

Table 2. Boiling point temperatures

Estimated value ~ Experimental value
Component Boiling point (°C)
Methanol 64.53 64.7
Water/Methyl lactate 99.86 99
Water 100.02 100
Methyl lactate 144.84 144-145

Lactic acid 120.7 (@ 12mmHg) 122 (@ 12 mmHg)

Table 3. Composition and conditions of the feed stream

Mole percentage

Flow rate Pressure Temperature et -
(kmol/h)  (atm) (C) CE Water oY
acid impurity

50 2 35 84 90.5 1.1

in pseudo homogeneous form. Table 1 shows the esterification and
oligomerization reaction kinetic rate. The oligomerization reaction
can occur in the reactive sections the same as the esterification. All
reaction kinetics are represented as a function of the catalyst-weight
(m,,). When using Aspen Plus, a commercial process simulator,
we assumed that the solid catalyst occupies 50% of the tray holdup
volume and that the density of the catalyst is 770 kg/m’, which
was used to calculate the holdup volume [17].

To calculate the equilibrium composition of the vapor-liquid and
vapor-liquid-liquid, the UNIQUAC activity coefficient model was
used. If parameters were not in the database, they were calculated
by the UNIFAC model. The Hayden-O’'Connell second virial coef-
ficient was used for the vapor phase. Association parameters in
Aspen Plus were used to calculate fugacity coefficients. Table 2
shows the normal boiling point components calculated from the
binary interaction parameters. The conventional lactic acid recov-
ery process is expressed in Fig. 6. A feed stream produced by fer-
mentation was fed into the preconcentrator. The excess water
hindered esterification and as did impurities included in the feed
(Table 3 shows compositions of the feed stream.). In the precon-
centrator, excess water was removed and left in the top product,
while lactic acid and the heavy impurity were sent to the esterifica-
tion column. The temperature of the bottom product stream was

Water

* Lactic acid and water © Water
(Product stream)

Hydrolysis Recovery
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Table 4. Conditions of the design of thermally coupled distillation

columns
Partially thermally coupled
Trays 88,21
Feed stage 23,10
Recycle stage 1,10
Condenser type Total
Reboiler type Kettle
Pressure 1
Fully thermally coupled

Trays 91
Feed stage 8
Liquid recycle stage 89
Vapor recycle stage 24
Condenser type Total
Reboiler type Kettle
Pressure 1

lower than 80 °C to prevent the production of oligomers. The lac-
tic acid, which was sent to the esterification column, was esterified
with methanol and the heavy impurity was removed at the bot-
tom of the esterification column. The methyl lactate, ie., esterified
lactic acid, was hydrolyzed with water in the hydrolysis column,
and a mixture of water and lactic acid were obtained as bottom
products. Water and methanol were sent to the recovery column
and the methanol was recycled into the esterification column. Fig. 6
shows the process flow diagram of the lactic acid recovery process
simulated using Aspen Plus [17]. Energy inefficiencies caused by the
remixing effect are the focus of this paper. Energy consumption for
the entire process was 1,762.601 kW, and the portion of the hydroly-
sis and recovery column of energy consumption was 48.2%. In the
upper section of the hydrolysis column, the mole fraction of water
went through a maximum then decreased in the distillate. Large
energy consumption was required due to the re-separating mixture.
Thermally coupled distillation columns were applied to the hydrolysis
column and the recovery column to mitigate the remixing effect.
Composition and conditions of the lactic acid product were main-
tained to compare the energy consumption of the conventional pro-
cess, and two types of thermally coupled distillation columns (side
stripper and Petlyuk column) were applied to the process to show

Fig. 8. Modeling of fully thermally coupled distillation system by
Aspen Plus.

which is more suitable for the process. The conditions of the design
are shown in Table 4. The reactive zone was placed in 2-20 stages
in the esterification column and 5-67 stages in the hydrolysis col-
umn in the partially thermally coupled distillation system, in 30-
90 stages in the esterification column and 1-66 stages in the hydro-
lysis column in the fully thermally coupled distillation system.

RESULTS AND DISCUSSION

The equilibrium stage model based on the RADFRAC module
of Aspen Plus was used to simulate the conventional process and
two types of thermally coupled distillation columns. Either con-
denser or reboiler was removed and a hydrolysis column and recov-
ery column were connected via vapor and liquid streams. Locations
of product streams of the partially thermally coupled distillation
columns were the same as with the conventional process. In the
fully thermally coupled distillation columns, methanol, lactic acid
and water were obtained from the top (stream no. 11), bottom
(stream no. 8) and side product (stream no. 10), respectively (pro-
cess flow diagrams are shown in Figs. 7 and 8). A comparison of
the product streams (which contain lactic acid) of the conventional
process, the partially thermally coupled distillation columns and the
fully thermally coupled distillation columns are shown in Table 5.
The mole fraction of lactic acid in the product stream of fully ther-
mally coupled distillation columns was 0.578 and was lower than
the conventional process. The mole fraction of lactic acid in the
product stream of the partially thermally coupled distillation col-
umns was 0.580 and was similar to the conventional process. This
result was affected by the composition of the stream which was sent

Fig. 7. Modeling of partially thermally coupled distillation system by Aspen Plus.
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Table 5. Composition of product streams

Table 6. Mole fraction of methanol of stream no. 6

Partially Fully Partially Fully
Component Conventional thermally ~ thermally Stream no. 6 Conventional thermally ~ thermally
coupled coupled coupled coupled
La.ctlc acid 0.580 0.580 0.578 Mole fraction 0.476 0476 0483
Dilactate 0.01 0.01 0.01 of methanol
Methyl lactate 0.002 0.002 0.002
Water 0.408 0.408 0.408

to the hydrolysis column (stream no. 6). Hydrolysis was disturbed
in the hydrolysis column due to a higher purity of methanol than
the conventional column in stream no. 6. Therefore, the purity of
lactic acid in the product stream (stream no. 8) was slightly lower
than the conventional column. The mole fraction of methanol in
stream no. 6 is shown in Table 6. Results of each stream for the
conventional process and partially and fully thermally coupled dis-
tillation columns are shown in Tables 7, 8 and 9.

Results of each column for the conventional system, the par-
tially thermally coupled distillation system and the fully thermally
coupled distillation system are shown in Table 10. Energy consump-
tions of these systems were compared in Table 11. The reboiler
duty of the hydrolysis column and recovery column in partially
thermally coupled distillation columns was 612.793 kW, which was
27.8% lower than the conventional process. The reboiler duty of
hydrolysis column and recovery column in the fully thermally cou-
pled distillation columns was 560.776 kW, which was 34.0% lower
than the conventional process. Two types of thermally coupled distil-
lation columns reduced the energy consumption by about 30%
compared to the conventional columns. Energy consumption was

Table 7. Stream results of the conventional system

shown to be more efficient when using thermally coupled distilla-
tion columns. Mitigation of the remixing effect is the same as operat-
ing with a reversible split. In conventional columns, the reflux flow
must be in equilibrium with the vapor flow leaving from the top
stage to operate a reversible split. Equilibrium was impossible unless
the liquid product flow rate was zero in the conventional column.
Thermally coupled distillation columns made streams in equilib-
rium. Due to these results, thermodynamic inefficiencies were re-
moved and energy consumption was reduced (conventional col-
umns and thermally coupled distillation columns are compared in
Fig. 9). In the beginning of stages on Fig. 9, we highlighted that com-
ponents were completely separated in the beginning of stages of the
thermally coupled column and were diluted in the conventional
column. This showed that the remixing effect was removed when
the thermally coupled columns applied.

The reboiler duty of the fully thermally coupled distillation col-
umns was lower than the partially thermally coupled distillation
columns because of the lower vapor flow rate in the hydrolysis col-
umn. Flowrates in the columns are compared in Table 12. Fully ther-
mally coupled distillation columns reduced energy consumption in
the reactive distillation since vapor and liquid streams between the
hydrolysis column and the recovery column replaced reboiler and

Stream number

1 2 3 4 5 6
Temperature [°C] 35 46.06 68.85 30 229.05 39.18
Flowrate [kmol/hr] 50 39.834 10.166 0.2 0.564 26.464
Lactic acid 0.0836 0.000039 0.41103 0 0.00592 0.00117
Dilactic acid 0 0 0 0 0.04717 0.000002
Mol Trilactic acid 0 0 0 0 0.00006 0
(;rzcﬁon Methyl lactate 0 0 0 0 0.00478 0.15447
Succinic acid 0.01062 0.0000002 0.05223 0 0.94145 0.0000008
Methanol 0 0 0 1 0.00058 0.47606
Water 0.90578 0.99996 0.53674 0 0.00003 0.36829
7 8 9 10 11
Temperature [°C] 30 129.83 73.27 102.19 64.69
Flowrate [kmol/hr] 14 6.806 33.658 16.996 16.662
Lactic acid 0 0.57995 0.0000003 0.0000006 0
Dilactic acid 0 0.00992 0 0 0
Mole Trilactic acid 0 0.000006 0 0 0
. Methyl lactate 0 0.00185 0.00072 0.00143 0
fraction N
Succinic acid 0 0.000003 0 0 0
Methanol 0 0.000004 0.49467 0.00941 0.98965
Water 1 0.40826 0.5046 0.98915 0.01035

Korean J. Chem. Eng.(Vol. 34, No. 5)
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Table 8. Stream results of the partially thermally coupled distillation system

Stream number

1 2 3 4 5 6
Temperature [°C] 35 46.06 68.85 30 229.25 39.19
Flowrate [kmol/hr] 50 39.834 10.166 0.2 0.564 26.464
Lactic acid 0.0836 0.000039 0.41103 0 0.0059 0.00117
Dilactic acid 0 0 0 0 0.047262 0.000001
Mol Trilactic acid 0 0 0 0 0.00006 0
(;rzction Methyl lactate 0 0 0 0 0.00471 0.15447
Succinic acid 0.01062 0.0000002 0.05223 0 0.94145 0.0000008
Methanol 0 0 0 1 0.00057 0.47554
Water 0.90578 0.99996 0.53674 0 0.000028 0.36881
7 8 9 10 11
Temperature [°C] 30 129.94 88.31 98.84 64.70
Flowrate [kmol/hr] 14 6.806 43.658 16.996 16.662
Lactic acid 0 0.58051 0 0 0
Dilactic acid 0 0.00679 0 0 0
Mol Trilactic acid 0 0.0000002 0 0 0
o€ Methyl lactate 0 0.00669 0.00102 0.00177 0
fraction S
Succinic acid 0 0.000003 0 0 0
Methanol 0 0 0.40819 0.00719 0.988806
Water 1 0.405999 0.59078 0.99104 0.011194

Table 9. Stream results of the fully thermally coupled distillation system

Stream number

1 2 3 4 5 6
Temperature [°C] 35 46.06 68.85 30 226.64 39.02
Flowrate [kmol/hr] 50 39.834 10.166 0.2 0.564 26.464
Lactic acid 0.0836 0.000039 0.41103 0 0.006084 0.001156
Dilactic acid 0 0 0 0 0.046112 0.0000017
Mol Trilactic acid 0 0 0 0 0.000049 0
‘;rzcﬁon Methyl lactate 0 0 0 0 0.00564 0.15451
Succinic acid 0.01062 0.0000002 0.05223 0 0.94145 0.0000008
Methanol 0 0 0 1 0.000638 0.482507
Water 0.90578 0.99996 0.53674 0 0.000017 0.36182
7 8 9 10 11
Temperature [°C] 30 125.98 83.14 98.78 64.53
Flowrate [kmol/hr] 14 6.80629 5.8 16.996 16.662
Lactic acid 0 0.578733 0 0 0
Dilactic acid 0 0.008357 0 0 0
Mol Trilactic acid 0 0.0000004 0 0 0
oe . Methyl lactate 0 0.009747 0.000078 0.000037 0
fraction R
Succinic acid 0 0.000003 0 0 0
Methanol 0 0.00002 0.181539 0.007609 0.999982
Water 1 0.403138 0.818383 0.99235 0.000018
condenser. Therefore, the reboiler duty of fully thermally coupled CONCLUSION
distillation columns was lower than the reboiler duty of the partially
thermally coupled distillation columns. An equilibrium stage model based on the RADFRAC model of
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Table 10. Column results of the conventional and nonconventional systems

Conventional system

Preconcentrator Esterification Hydrolysis Recovery
Distillate rate [kmol/hr] 39.834 26.464 33.658 16.662
Reflux ratio 0.1445 0.0815 0.2418 0.9517
Reboiler duty [kW] 583.439 330.098 520.453 328.611
Condenser duty [kW] 548.846 349.608 456.036 319.597
Partially thermally coupled distillation system
Preconcentrator Esterification Hydrolysis Recovery
Distillate rate [kmol/hr] 39.834 26.464 43.658 16.662
Reflux ratio 0.1445 0.0814 0.2287 2.302
Reboiler duty [kW] 583.439 330.098 545.458 65.5766
Condenser duty [kW] 548.846 349.588 - 540.733
Fully thermally coupled distillation system
Preconcentrator Esterification Hydrolysis+Recovery
Distillate rate [kmol/hr] 39.834 26.464 16.662
Reflux ratio 0.1445 0.0831 2
Reboiler duty [kW] 583.439 330.098 560.776
Condenser duty [kW] 548.846 349.859 489.776

Table 11. Comparison of reboiler duty Aspen Plus was applied for process simulations of the plant-wide

Reboiler duty Total Energy scale lactic acid recovery process by two types of thermally cou-
(KW) (kW)  reduction pled designs considering a heavy organic impurity and lactic acid
- oligomerization. The UNIQUAC-HOC model was used to calcu-
Conventional Hydrolysis 520453 849.071 - late the activity coefficient and fugacity coefficient. Two types of
Recovery 328611 thermally coupled distillation systems reduced the energy con-
PTCD Hydrolysis ~ 545.284 612793 27 8% sumption by more than 30% relative to the conventional column
Recovery 67.509 arrangement, and the fully thermally coupled distillation had the
FTCD 560776  560.776 34.0% lowest energy consumption because the fully thermally coupled
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Fig. 9. Comparison of conventional columns and thermally coupled distillation columns.
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Table 12. Comparison of flowrate in the columns

Partially thermally coupled Fully thermally coupled
Stage Liquid flow rate (kmol/hr) Vapor flow rate (kmol/hr) Liquid flow rate (kmol/hr) Vapor flow rate (kmol/hr)
2 38.209 55.018 33.324 49.986
3 37.972 54.871 33.323 49.986
4 37.594 54.634 33.323 49.985
5 37.002 54.256 33.322 49.985

distillation used vapor and liquid streams between the hydrolysis
column and the recovery column instead of using reboiler and con-
denser; and had lower vapor flow rate in the hydrolysis column
than the partially thermally coupled distillation. The reboiler duty
of the fully thermally coupled distillation eliminated 34% of the
energy consumption. The thermodynamic inefficiency of the remix-
ing effect in the lactic acid recovery process was removed and
energy consumption was reduced. An analysis of energy consump-
tion showed that applying the thermally coupled distillation sys-
tem for the plant-wide configurations of the lactic acid recovery pro-
cess is more efficient than the conventional column arrangement.
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