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Abstract

Objectives. The study aims to investigate the effectiveness of the use of various options for
organizing the process of diabatic distillation in the separation of a mixture of acetone—toluene—
n-butanol by extractive distillation using dimethylformamide as an entrainer in a scheme with
preliminary separation of azeotropic components.

Methods. As the main research method, mathematical modeling in the Aspen Plus V. 12 software
package was used. As a model for describing vapor-liquid equilibrium, the local composition
Non-Random Two Liquid equation model was used. Parametric optimization of diabatic schemes
was carried out according to the criterion of reduced energy costs.

Results. Based on the scheme for extractive distillation of an acetone-toluene—-n-butanol mixture
with preliminary separation of azeotropic components, five options for organizing diabatic
distillation schemes were considered, both with and without use of a compressor to reach a
required flows temperature.

Conclusion. It is shown that the use of diabatic schemes in the extractive distillation of a
acetone—toluene-n-butanol mixture with dimethylformamide makes it possible to diminish the
reduced energy costs by 8.9-43.5%. Meanwhile the maximum reduction in energy consumption
is achieved in a scheme where upper vapor flows of two other columns are used to heat the
azeotropic components separating column.
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AHHOMaAyus

Ilenu. HccnedosaHue sHepzemuueckoll sgpcpekmusHocmu npumeHeHust Heaoduabamuueckoil
9KCMPaKmueHoli pexkmupurkayuu npu pasodenieHul. Cmecu auemoH—MOoAYON—H-6YmaHON ¢
oumemungpopmamudom 8 Kauecmee paszdessoulez0 azeHma 8 cxeme C npedsapumesbHblM
omoesieHuem a3zeomponoodpasyrouUx KOMNOHEHMOS.

Memoowsl. B kauecmee OCHO8HO20 Memooa UCCNed08AHUSL NPUMEHSIOCh MAMEeMAMUUecKoe
MOO0eNUPOBAHUE C UCTIONTb308AHUEM NPOPAMMHO20 Komnaekca Aspen Plus V. 12. Modenuposarue
naposKuoKocmHo20 pPasHOBecUsl NPOU3BO0UNOCL NO  YPABHEHUI JIOKAJbHbLX COCMasos
Non-Random Two Liquid. Ilapamempuueckass onmumusayusi Heaouabamuueckux cxem
NnpoeooUNACE NO KPUMEPUIo NPUBEOEeHHbLX IHepeemuUecKux sampam.

Pesynemameot. Ha ocHose cxembl SKCMPaKmueHOU peKmupukayuil CMecu auemoH—moyost—H-6ymaHosn
c npedsapumenbHblM omoesieHuem azeomponoobpasyrouux KomnaHeHmos 6bL10 paccmompe-
HO NAMb 8aPUAHMO8 OP20HU3AYUUU CXeM Headuabamuueckoli peKmugpurayuu, KaK ¢ UCnoab30-
saHuem Komnpeccopa 0t 00CMuUIKeHUst Heobxo0uMoll memnepamypsblL nomokos, makx u b6e3 Hezo.
Buteoowst. [TokazaHo, umo npumeHeHue Headuadbamuueckoll SKCmpaKmueHoll. peKmupurayuu
8 cxeme paszoesieHusl CMeCU AUemMOH—MONYONA—H-OYmaHOoL ¢ OUMEMUNPOPMAMUOOM C npedsa-
pumesibHbM omoeseHuem a3eomponoodpasyrouux KOMNOHEHMO8 No380Jsilem CHU3UMb Nnpu-
gedeHHble dHepzemuueckue 3ampamsl Ha 8.9-43.5%, npu smom marKcumanbHoe CHUIKeHUe
9Hepzozampam 0ocmuzaemesi 8 cxeme C UCNONAb308aHUeM Ot 00602pesa KOJOHHbL OmoesneHUs
a3eomponoobpasyrouLUx KOMNOHEHMO8 8ePXHUX NAPO8bLX NOMOK08 08YX OpY2uUX KOJIOHH.

Knroueesle cnoea: sxcmpaKkmugHasl peKmuurKayus, meniouHmezpayus, Heduabamuueckas
pexmugurayus, sHepaocbeperxeHue

Jlna yumuposanus: Knaysuep I1.C., Pynako JI.I, Anoxuna E.A., Tumorenko A.B. TlpumeHeHue cxeM HeaauabaTHIeCKOH
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INTRODUCTION

The extractive distillation (ED) method is
used in the basic organic and petrochemical
synthesis  industries to  separate  non-ideal
mixtures. However, the use of ED in large-tonnage
processes is associated with significant energy
consumption, which makes reducing energy
costs for its implementation an important task.
As in the case of conventional distillation,
various methods can be used for this, including
internal [1-3] and external [4-6] thermal
integration, as well as a combination of these
approaches [7-9].

One approach to reducing energy costs
in the ED process involves the use of diabatic
distillation schemes, in which the external
supply (or removal) of heat to the column
plates is carried out by means of integrating heat
flows between different scheme devices. Although

diabatic distillation schemes offer numerous
advantages over other thermal integration
approaches [10], the specific features and

patterns of their application in ED have as
yet been little studied.

In a previous work [11], we evaluated the
energy efficiency of the wuse of diabatic
distillation in the ED scheme of a mixture of
acetone—toluene—n-butanol with dimethylformamide
(DMF), in which the entrainer is used in the
first column of the scheme. Based on this
scheme, four diabatic distillation schemes were
proposed, two of which proved to be workable
without increasing the pressure of steam flows
in compressors, while in the other two,
compression of flows in the compressor was
necessary to ensure the temperature difference
necessary for heat exchange. It was shown that,
due to this organization of the diabatic process,
the applicable energy costs can be reduced by
11-17%; however, in this case, diabatic distillation
schemes with a compressor do not offer
significant energy efficiency advantages as
compared to schemes without a compressor.

The work set out to synthesize diabatic
distillation schemes based on another variant of
the conventional ED scheme of a mixture of
acetone—toluene—n-butanol with DMF involving
preliminary  isolation  of  azeotrope-forming
components (Fig. 1) and evaluate their energy efficiency.

CALCULATION SECTION

Modeling and determination of optimal scheme
parameters were performed in the Aspen Plus v.12.1
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Fig. 1. Scheme of extractive distillation of the
acetone—toluene—n-butanol mixture with dimethylformamide
as the entrainer with preliminary separation
of azeotropic components. Hereinafter: C1 — extractive
distillation column, C2 — acetone—toluene separation
column, C3 — entrainer regeneration column;

1 — entrainer (DMF); 2 — feed; 3 — acetone; 4 — toluene,
5 — n-butanol.

software package (Aspen Technology, USA). As initial
data for the development of diabatic distillation
schemes, the results of optimizing the conventional
ED scheme of the studied mixture set out in the
dissertation of E.A. Anokhina' were used (Fig. 1). In
order to describe the vapor—liquid equilibrium in the
acetone—toluene—n-butanol system with DMEF, the
Non-Random Two Liquid equation of local
compositions of, whose parameters were also published
by E.A. Anokhina, was used.

As in our previous work [11], the calculations
of the schemes were carried out on 1000 kg/h
of the initial mixture containing 71.3 wt %
acetone, 14.7 wt % toluene, and 14.0 wt % n-butanol.
The temperature of the feed stream was 61.8°C;
the pressure was 101.3 kPa. The pressure of
the top of the columns was assumed to be
101.3 kPa; columns with theoretical plates were
considered. The calculations were carried out
in the design-verification variant having a fixed
product flow quality, which was set to be the
same as in the work [11] and the dissertation
of E.A. Anokhina—namely, at a 99.5 wt %
concentration of acetone and n-butanol, a
toluene concentration of 99.6 wt %, and a DMF
concentration of 99.99 wt %. The optimal operating
parameters of the conventional scheme are given
in Table 1.

' Anokhina E.A. Extractive distillation in complexes
with partially coupled heat and material flows. Dr. Sci. Thesis
(Eng.). Moscow; 2020. 549 p. (in Russ.)
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For the practical implementation of diabatic
distillation schemes, it is necessary to ensure that
the temperature difference of the flow, whose heat
is intended for use (i.e., the heat source), as well as
the temperature on the plates of the distillation
section of the columns into which this heat is
directed (the heat receiver), is sufficient to provide
the driving force of heat exchange. As in our previous
work [11], when modeling schemes, the temperature
difference AT between the heat source and receiver
was assumed to be at least 10°C. To assess the
feasibility of implementing diabatic ED schemes
with specified heat transfer parameters and preliminary

selection of the required compression ratio £ in
the compressor, an analysis of the temperature
profiles of all columns of the conventional scheme
was carried out as shown in Fig. 2.

As can be seen, the highest temperatures are
observed on the plates of the rectifying sections
of columns C1 and C3. Since the temperature on
the plates of the rectifying section of column C2
is much lower, only the upper steam flows of
columns Cl and C3 were considered for the purposes
of ensuring heat transfer in diabatic schemes. Thus,
based on the analysis of profiles, five variants of
diabatic distillation schemes can be proposed (Fig. 3).

Table 1. Optimal operating parameters of extractive distillation scheme with preliminary separation of azeotropic

components (Footnote 1)

Parameters C1 C2 C3

otal 45 18 44
N, 35 10 9
N 20 - _
0., kW 92.3 153.1 107.1
O e KW 78.3 146.3 107.1
R 4.4 0.44 3.7

ront C 110.3 56.2 117.8

" C 142.0 105.9 151.8
S, kg/h 395.3 - -
T,, °C 100 - —
O, r KW 352.6

Note: C1 is the extractive distillation column; C2 is the acetone separation column; C3 is the entrainer regeneration column;
N, is the total number of plates in a column; N, is the feed plate number in a column; N is the number of the plate with the

total

entrainer in a column; Q_ is the reboiler heat duty; O

cond

temperature; 7, is the reboiler temperature; S is the entrainer flow rate; 7 is the entrainer temperature; O

is the condenser heat duty; R is the reflux ratio; T

g 18 the condenser
is the total heat duty.

total
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Fig. 2. Temperature profiles of columns of conventional extractive distillation scheme:
(a) column Cl1, (b) column C2, (¢) column C3.

Scheme I (Fig. 3a). The upper steam flow of the
C3 column is used to heat the C2 column.
In this case, the flow temperature is sufficient to
provide heat supply to any plate of the distillation
section of the C2 column without additional
compression.

Scheme II (Fig. 3b). Heating of the C2 column
is provided using the upper steam flow of the CI1
column. In this case, heat supply without the use of a
compressor is possible on plates from the 11th to
the 14th.

Scheme III (Fig. 3c). Heating of the C2 column
is carried out simultaneously with the use of steam
flows of the C1 and C3 columns.

Scheme IV (Fig. 3d). The upper steam flow of
column C1 is used to heat column C3. In this case, in
order to ensure a given temperature difference AT
between the heat source and receiver, it is necessary
to use a compressor with a compression ratio of at
least 2.4.

Scheme V (Fig. 3e). To heat the column CI,
the upper steam flow of the column C3 is used.
In this case, in order to provide the driving
force of heat exchange, it is also necessary
to compress the flow with compression ratio
lL6<E <22 When E_ >221t1$p05$1bleto
supply heat to the reboiler of the column C1 and,
thus, the implementation of an adiabatic scheme
with a heat pump.

Note that in the schemes using a compressor,
a preheater is installed in front of it to prevent
possible cavitation. The thermal duty on the
preheater is designated by O,

A comparison of diabatic distillation schemes
with the conventional ED scheme was carried
out according to the criterion of reduced energy
costs (Q..), which were calculated according
to the formula proposed by the authors [12]:

Qcons = Qlotal +3 VVcomp’ (1)

where Q  is the total energy costs in the column
reboilers, kW; W is the power consumed by
the compressor, kW.

The correct relative evaluation of schemes
involves comparing their energy consumption
with an optimal set of operating parameters for
each of them. The optimal parameters of the
conventional ED scheme, which are defined in the
dissertation of E.A. Anokhina (Footnote 1), ar
presented in Table 1.

The criterion for optimizing diabatic schemes
was the given energy costs, Q_ . The optimization
parameters were the position of the heat
supply plate to the stripping section of the
column, N, the amount of heat supplied, Q,.;
and the compression ratio in the compressor,
E, . necessary to ensure the accepted value AT.
At the same time, the optimization procedure
had some features for each of the schemes under
consideration.

As already mentioned, the temperature of
the flow coming out of the top of the column C3
(T, , = 117.8°C) in Scheme 1 is sufficient

d
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Fig. 3. Diabatic extractive distillation schemes:
(a) Scheme I, (b) Scheme 11, (c) Scheme III, (d) Scheme IV, (e) Scheme V.

to provide heat supply to any of the plates of the
stripping section of the column C2. At the same
time, all the heat given off by this flow at full
condensation, 107.2 kW, can be used. Thus, for
this scheme, the only optimization parameter
is the position of the heat supply plate N, . The
results reflecting the search for the optimal
position of N, are presented in Table 2.

It can be seen that, the closer the heat supply
plate N, is located to the reboiler, the lower the

reflux ratio and the duty on the column reboiler.
The most effective variant is the heat supply to the
lower (17th) plate of the column. The optimal operating
parameters of Scheme I are presented in Table 3.

The optimization of Scheme II was carried out
similarly, the only difference being that here the
temperature of the upper steam flow of column C1
(T, = 110.3°C) is sufficient only to supply
heat to the plates of the distillation section of

column C2 from the 11th to the 14th. The results
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Table 2. Dependence of the parameters of column C2 for diabatic Scheme I on the position of the heat supply stage NV,

Ny Qs KW 0. kW R®
11 107.2 57.18 0.56
12 107.2 53.38 0.52
13 107.2 51.16 0.52
14 107.2 49.52 0.48
15 107.2 48.20 0.47
16 107.2 47.16 0.46
17 107.2 46.39 0.45
Note: N, is the heat supply plate number in the heat exchanger; Q, . is the exchanger heat duty; C2 is the acetone

HE

separation column; Q  ©* is the reboiler heat duty in C2; R is the reflux ratio in C2.

Table 3. Optimal operation parameters for diabatic Scheme |

Parameters C1 C2 C3
total 45 18 44
N, - 17 -
0., kW 92.3 46.4 107.1
R 4.4 0.45 3.7
Oy KW - 107.2 -
O one KW 245.8
Note: N, is the total number of plates in the column; N, is the heat supply plate number in the heat exchanger;

0., 1s the reboiler heat duty; R is the reflux ratio; O, is the exchanger heat duty; O is the reduced energy consumption in the

scheme with thermal integration.

of determining the optimal position of N,
in the C2 column of Scheme II are presented
in Table 4, and the optimal operating parameters
for the diabatic Scheme II are shown in Table 5.

For Scheme III, it is necessary to determine
the optimal positions of two heat supply

plates—N,.' (from column Cl) and N>
(from column C3)—into column C2, as well
as the amount of heat supplied transferred
from the steam flow of column C1 (Q,.")

and the steam flow of column C3 (Q,.%. The
optimization results are shown in Table 6.
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Table 4. Dependence of the parameters of column C2 for diabatic Scheme II on the position of the heat supply stage NV, .

Nyp 0o KW 0. kW R
11 78.3 80.27 0.50
12 78.3 77.95 0.48
13 78.3 76.93 0.47
14 78.3 76.29 0.46

Note: N, is the heat supply plate number in the heat exchanger; O, is the exchanger heat duty; C2 is the acetone
separation column; Q_ “* is the reboiler heat duty in C2; R® is the reflux ratio in C2.

Table 5. Optimal operation parameters for diabatic Scheme 11

Parameters C1 C2 C3
total 45 18 44
N, - 14 -
0. ., kW 923 76.3 107.1
R 44 0.46 3.7
Oy KW - 78.3 -
0. kW 275.7
Note: N, is the total number of plates in the column; N, is the heat supply plate number in the heat exchanger;

total

0., is the reboiler heat duty; R is the reflux ratio; O, is the exchanger heat duty; QO is the reduced energy consumption in the

scheme with thermal integration.

It can be seen that the amount of heat released
during the complete condensation of steam
flows at the position N, > = 16 or N> = 17 is
excessive; when implementing such a scheme,
additional heat supply to the reboiler of the
C2 column is not required. At the same time, the
lowest values of the reflux ratio in the C2 column
are observed at N,,' = 13 and N, > = 17. The optimal
operating parameters of Scheme III are presented
in Table 7.

In Scheme IV (Fig. 3d), the temperature of the

upper steam flow of column Cl1 (T, = 110.3°C)

is insufficient to provide heating of the
distillation section of column C3. To achieve the
necessary temperature difference, it is necessary
to increase the flow pressure in the compressor.
Thus, for this scheme it is necessary to determine
both the optimal position of the plate N, and
the optimal value of the compression ratio in
the compressor E e It follows from Eq. (1) that
the minimum value of the reduced energy costs
(Q. ) will be achieved with a minimum W

cons comp?

and, accordingly, with a minimum FE at

comp’

which the necessary temperature difference
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Table 6. Results of the search for optimal operating parameters of the diabatic Scheme I1I

Ny Ny 0. kW 0. kW R“ 3 kW
11 78.3 107.2 0.92 2791
12 78.3 107.2 0.87 22.80
13 78.3 107.2 0.82 17.67
11 14 78.3 107.2 0.76 11.95
15 78.3 107.2 0.70 5.25
16 68.6 107.2 0.59 0.00
17 54.0 107.2 0.47 0.00
11 78.3 107.2 0.87 23.25
12 78.3 107.2 0.86 22.17
13 78.3 107.2 0.81 17.04
12 14 78.3 107.2 0.76 11.29
15 78.3 107.2 0.69 4.49
16 66.0 107.2 0.57 0.00
17 52.6 107.2 0.46 0.00
11 78.3 107.2 0.83 18.55
12 78.3 107.2 0.82 17.45
13 78.3 107.2 0.81 16.47
13 14 78.3 107.2 0.75 10.70
15 78.3 107.2 0.68 3.80
16 64.7 107.2 0.56 0.00
17 51.9 107.2 0.45 0.00
11 78.3 107.2 0.78 13.32
12 78.3 107.2 0.76 12.15
13 78.3 107.2 0.75 11.11
14 14 78.3 107.2 0.74 10.15
15 78.3 107.2 0.68 3.13
16 63.2 107.2 0.54 0.00
17 513 107.2 0.49 0.00

Note: N,.' is the heat supply plate number in the heat exchanger to column C2 from column C1; N, is the heat supply
plate number in the heat exchanger to column C2 from column C3; Q' is the exchanger heat duty from the steam flow
of column C1; Q. is the exchanger heat duty from the steam flow of column C3; C2 is the acetone separation column;
0., is the reboiler heat duty in C2; R® is the reflux ratio in C2.
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Table 7. Optimal operation parameters for diabatic Scheme III

Parameters Cl1 C2 C3
otal 45 18 44
Ni' - 13 -
Ny’ - 17 -
0., kW 92.3 0 107.1
R 4.4 0.45 3.7
Oi'» kKW - 51.9 -
Oy, kW - 107.2 -
0, e kKW 199.4
Note: N, is the total number of plates in the column; N, ' is the heat supply plate number in the heat exchanger to

column C2 from column Cl; N, ? is the heat supply plate number in the heat exchanger to column C2 from column C3;
0., is the reboiler heat duty; R is the reflux ratio; Q,.' is the exchanger heat duty from the steam flow of column C1; Q,* is the
exchanger heat duty from the steam flow of column C3; Q,, is the heat duty in the preheater; £ is the compressor
compression ratio, W __is the compressor power consumption; Q is the reduced energy consumption in the scheme

. . . comp
with heat integration.

cons

Table 8. Results of the search for optimal operating parameters of the diabatic Scheme IV

i g 1507 N Q> KW > KW Qi KW 0. KW
24 9.0 10 71.4 99.7 45 131.2
25 9.5 12 71.3 96.2 45 129.2
2.6 9.9 14 71.0 92.9 45 127.1
2.7 10.3 15 70.9 91.3 4.9 127.1
2.8 10.8 43 70.9 36.8 5.2 74.4

Note: E_ s the compressor compression ratio; W, is the compressor power consumption; N, is the heat supply
plate number in the heat exchanger; O, is the exchanger heat duty; C3 is the extractive distillation column; Q © is the
reboiler heat duty in C3; O, is the heat duty in the preheater; O is the reduced energy consumption in the scheme
with thermal integration.

cons
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between the heat source and receiver is provided.
At the same time, the minimum value of E_
depends on the position of the heat supply plate.
The results of optimization of Scheme IV are
shown in Table 8.

It is interesting to note that, with an increase
in Ecomp from 2.4 to 2.7, the range of plates
in the exhaustive section, to which heat supply
in the C3 column is possible, increases smoothly;
with £~ = 238, there is a sharp jump, and heat
supply becomes possible to any plate of the
stripping section of the column. This is probably
due to the characteristics of the temperature profile
along the height of the column C3 (Fig. 2c¢), in
the stripping section of which there is a zone
where the temperature along the height of the column
practically does not change. The optimal operating
parameters of Scheme IV are presented in Table 9.

The optimization of Scheme V was carried out
in a similar way. The results are presented in

RESULTS AND DISCUSSION

Table 12 shows the values of the reduced
energy  consumption  for  the conventional
two-column ED scheme and the diabatic ED
schemes obtained on its basis. The decrease of the
reduced energy consumption AQ ~ was calculated

by Eq. (2):

AQcons - (Qtotal - Qcons) / Qtotal x 100%’ (2)

where Q _  is the total energy costs in the reboilers
of the columns of the conventional ED scheme,
and Q is the reduced energy costs of the diabatic
distillation scheme.

Table 12 shows that the greatest reduction
in energy consumption compared to the conventional
scheme is provided by diabatic Schemes I, II,

Tables 10 and 11. and I, in which there are no compressors.
Table 9. Optimal operation parameters for diabatic Scheme IV
Parameters C1 C2 C3
- 45 18 44
N, - - 43
0., kw 92.3 153.1 36.8
R 4.4 0.44 3.7
0, kW - - 70.9
0, kW 5.2 - -
2.8 - -
comp
, 10.8 - -
comp
0. kW 319.8
Note: N, is the total number of plates in the column; N, is the heat supply plate number in the heat exchanger;

total

0., 1is the reboiler heat duty; R is the reflux ratio; O, is the exchanger heat duty; O
E_ . 1s the compressor compression ratio; W, is the compressor power consumption; O,

com,

in the scheme with thermal integration.

is the heat duty in the preheater;
is the reduced energy consumption

PH

cons
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Table 10. Results of the search for optimal operating parameters of the diabatic Scheme V

W KW Ny Qo kW | QKW 0y KW Q0 kW
1.6 1.1 37 10.8 89.3 0.2 92.8
1.7 1.3 38 12.4 87.4 0.3 91.6
1.8 1.4 39 14.4 85.4 0.3 89.9
1.9 2.0 42 27.9 71.7 0.5 78.2
2.0 3.1 43 40.1 59.6 0.7 69.6
2.2 4.0 44 44.3 50.1 0.9 63.0

Note: E is the compressor compression ratio; W is the compressor power consumption; N, is the heat supply
plate number in the heat exchanger; Q. is the exchanger heat duty; C1 is the extractive distillation column; Q ' is the
reboiler heat duty in C1; Q,,, is the heat duty in the preheater; O is the reduced energy consumption in the scheme with thermal

integration.

cons

Table 11. Optimal operation parameters for diabatic Scheme V

Parameters C1 C2 C3

N_. 45 18 44
N, 44 - -
0. kW 50.1 153.1 107.1
R 4.4 0.44 3.7
Oyer KW 443 - _
O,y KW - - 0.9

comp - - 22

comp> KW - - 4.0
Oone KW 323.2

Note: N, is the total number of plates in the column; N, is the heat supply plate number in the heat
exchanger; Q_, is the reboiler heat duty; R is the reflux ratio; O, is the exchanger heat duty; Q,,, is the heat duty in the preheater;
E_ is the compressor compression ratio; W oo is the compressor power consumption; @  is the reduced energy

consumption in the scheme with thermal integration.

cons
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Table 12. Energy efficiency of various variants of extractive distillation schemes

Scheme
Parameters
Convent. I 11 I v A%
O.r KW 352.6 245.8 275.7 199.4 282.2 304.5
comp> KW 0 0 0 0 10.8 4.0
0. kW 352.6 245.8 275.7 199.4 319.8 323.2
AQ % 0 30.3 21.8 435 9.3 8.9
Note: Q, ., is total energy costs in reboilers of the columns in the conventional scheme; W is the compressor power

consumption; O is the reduced energy consumption in the heat integration scheme; AQ_ is the decrease in the reduced

energy consumption in the heat integration scheme.

At the same time, the energy efficiency of
Scheme 1 is higher than Scheme II, since more
heat is released during condensation of the steam
flow of column C3 than during condensation
of the steam flow of column Cl; as a result,
the energy consumption in the reboiler of
column C2 in Scheme I is reduced by 3.3 times,
while in Scheme II, consumption is reduced
by only 2 times compared to the conventional
scheme. The maximum decrease of the reduced
energy consumption is achieved in Scheme III:
in this scheme, additional heat supply to the
reboiler of column C2 (Q_“ = 0) is not required,
since steam flows coming out from above
columns Cl1 and C3 adequately provide its
heating, while compression of steam flows using a
compressor to increase their temperature is also
not required. The energy efficiency of Schemes IV
and V is significantly lower than that of
Schemes I-III, although the energy consumption
in the reboiler of the column C3 of Scheme IV
is reduced by 2.9 times, while in the reboiler of
the column C1 of Scheme V, energy consumption
is reduced by 1.8 times compared with the energy
consumption of the corresponding columns of
the conventional scheme. This is due both to
the presence of compressors in Schemes IV and V,
as well as to the fact that the share of column C1
and column C3 in the total energy consumption
of the conventional Scheme 2 is 26.2 and 30.4%,
respectively, and the share of column C2 is 43.4%;
therefore, reducing energy consumption in the

reboilers of these columns makes a smaller
contribution to reducing the energy consumption
of the Scheme 2 than the reduction of energy
consumption in the reboiler of the C2 column.

CONCLUSIONS

Thus, five variants of schemes with thermal
integration of columns due to diabatic distillation
were synthesized based on the conventional
ED scheme of an acetone—toluene—n-butanol
mixture with preliminary separation of azeotrope-
forming components. The optimal parameters of
these schemes are determined by the criterion of
reduced energy costs. The schemes of diabatic
ED are shown to be characterized by 8.9-43.5%
lower reduced energy consumption than the
conventional two-column scheme. At the same
time, the greatest reduction in energy consumption
is achieved in the scheme of diabatic distillation,
in which steam flows coming from above two
other columns are used to heat the separation
column of azeotrope-forming components: ED
columns and DMF regeneration columns.
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