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significant consumption of high-pressure steam, which ultimately increases the total annualized costs. In this context, this study proposes dual column-based and dividing wall
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column (DWC)-based purification schemes. The proposed dual column-based scheme uti-

2,3-Butanediol

lizes low and medium-pressure steam rather than high-pressure steam. The overall energy

Process enhancement

efficiency of the proposed dual-column structure is further enhanced through pressure

Sensitivity analysis

optimization and an appropriate heat integration approach. The heat-integrated evaporator-

Energy savings

assisted dual column configuration gives the 54.2 and 49.9% savings in operating cost and

Total annualized cost

total annualized costs (TAC), respectively. Whereas, the evaporator-assisted DWC and heatintegrated-blower-assisted DWC offer potential reductions of the total annualized cost of
∼25.2% and 25% as compared to the published base case, respectively.
© 2019 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1.

Introduction

Population growth and enhanced living standards are the key
factors driving the rapid increase in the global energy demand
(Khalid et al., 2019). The International Energy Agency and US
Energy Information Administration project that energy consumption will increase by 48% from 2012 to 2040 (Qyyum
et al., 2018). Regardless of the concerns associated with fossil fuels, these fuels are the major resources for meeting
the energy demands; however, their continuous depletion
(Haider et al., 2018b, 2018a) and the excessive emission of
air pollutants are the major concerns (Ascenso et al., 2018;

∗

Qyyum et al., 2019). Therefore, the need of environmentally
friendly alternate resources are important for satisfying the
world’s energy demands in an economical and sustainable
manners. Bioenergy derived from biomass addresses several
issues associated with the energy risk (Poux and Roche, 2016;
Stankiewicz, 2006). Nevertheless, methods of supplying bioenergy are in their infancy and suffer from several issues, such
as low product concentration, complex process mechanisms,
and energy- and cost-intensive recovery of the downstream
products. These concerns are relevant to biofuels and biochemicals as they are sensitive to the production mechanism
known as fermentation (Raganati et al., 2018).
Despite the numerous issues, fermentation of biomass is
one of the prospective routes for the production of biofuels
and biochemicals, as an alternative approach for addressing the global energy demand by exploiting the activity of
certain enzymes to generate a specific product (Ma et al.,
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2019; Yasin et al., 2015). Because of its vast applications, 2,3butanediol (2,3-BDO) is of particular importance and can be
produced through the conversion of biomass (Birajdar et al.,
2015; Hazeena and Binod, 2016; Li et al., 2015). 2,3-BDO can
potentially be used as fuel and fuel additives owing to its high
heating value (27.19 KJ g−1 ), which is comparable to that of
bioethanol (Voloch et al., 1985), can be employed as an intermediate for several chemicals, such as methyl ethyl ketone
(Song et al., 2017) and acetone-BDO-ketal (octane booster) (Ji
et al., 2011; Wang et al., 2013), and is less toxic than bioethanol
(Haider et al., 2018b). The downstream products of 2,3-BDO
have a prospective global market of approximately 32 million
tons per year, valued at around $43 billion (Köpke et al., 2011).
As in other biological processes, the most serious drawback
associated with low-concentration enzymatic production of
2,3-BDO is the cost intensive separation from fermentation
broth. Nevertheless, unlike the case of bioethanol, the high
boiling range (180 ◦ C) of 2,3-BDO under atmospheric pressure
suggests that no azeotropes would be generated (Harvianto
et al., 2018), and the product can thus be separated by distillation; however, dehydration evaporates all water from the top of
the column, which is highly energy intensive. The successful
scale-up of 2,3-BDO production requires the development of
an economical separation and recovery process (Balan, 2014).
Separation processes based on distillation are energy
intensive (Harvianto et al., 2018; Hussain et al., 2018b, 2018a)
with a worldwide energy consumption of 3% in the chemical
industry (Engelien and Skogestad, 2004), and account for 10%
of the US industrial energy (Jana, 2010; Salamon and Nulton,
1998). Moreover, a large quantity of the energy consumed in
distillation results in an increase in greenhouse gas emissions.
However, because distillation is a well-developed and mature
operation, its large-scale use is indispensable. Therefore, separation via distillation continues to be underneath statement
for reduction in energy consumption. Many researchers have
developed numerous solutions for distillation retrofitting. Process modifications have been implemented to reduce the
energy expenditure. These include a change in the operating
pressure (Long and Lee, 2014), the addition of a side condenser (Demirel, 2006) and a side reboiler (Alhajji and Demirel,
2015), heat pump-assisted distillation (Patraşcu et al., 2017), a
self-heat recuperation system (Fu et al., 2015), and a hybrid
membrane method (Etoumi et al., 2014).
Despite its reliability, few studies have addressed the feasibility of distillation-based dehydration and purification of
2,3-BDO (Haider et al., 2018b; Long et al., 2018). In a recent
study (Long et al., 2018), a side stream was introduced to obtain
pure 2,3-BDO based on a feed composition that had highboiling fractions. Furthermore, techno-economic analysis of
the proposed designs was performed to assess the thermal
energy required and to estimate the total annualized cost
(TAC). That study (Long et al., 2018) required high-pressure
steam to achieve adequate purity and recovery of 2,3-BDO
owing to the heavy fractions present in the feed (succinic acid
and lactic acid). Therefore, despite heat integration and optimization, the purification process is still highly energy- and
cost-intensive, thus requires process intensification and dissociation of high-pressure (HP) steam to achieve the desired
purity of the target component (2,3-BDO). The dual column
configuration is proposed to reduce the dependency on HP
steam which in fact is a costlier. Furthermore, the concept of
fully heat coupling was introduced in 1965 (Petlyuk, 1965) and
subsequently developed for the technically operated dividing
wall column (DWC) by Kaibel (Kaibel, 1987). There is growing

interest in DWC technology because of its simplicity, where
the pre-fractionator and main column are combined in one
shell. Compared to the conventional two-column sequence,
the DWC can increase capital-cost savings by approximately
40% (Cameretti et al., 2015), while reducing the operating cost
by approximately 30% (Asprion and Kaibel, 2010). In this study,
the potential application of a DWC to the process of separation of 2,3-BDO is investigated. Using a process enhancement
of two-column configuration, i.e., DC-1 and DC-2, as the base
case, a new DWC design is innovated to achieve an energy
efficient structure. Simulation is carried out using Aspen Plus
v10. Furthermore, the design of each proposed configuration
is optimized based on economic analysis. Based on the use of
medium pressure steam, the proposed approach could reduce
the thermal load on the reboiler and the overall cost of the
process.
This study is organized as follows. Section 2 describes the
overall process of 2,3-BDO separation as the base case design.
The importance of the sensitivity analysis step for designing
the base case is discussed. In addition, process optimization
and an economic evaluation are presented. Section 3 presents
the results for the base case. To address the high energy
consumption of the base case, several heat integration configurations are proposed in this section. An economic evaluation
of the various configurations is presented in Section 4. Finally,
the conclusions drawn from this study are presented in Section 5.

2.
2,3-BDO dehydration and purification:
Base case design
Numerous microbes have been evaluated for the production
of 2,3-BDO from biomass (Rahman et al., 2017). Klebsiella pneumoniae has shown the highest potential to produce 2,3-BDO
among all available microbes (Cho et al., 2015). Generally, bioprocesses are based on two main sections. The first section
is the production process (upstream), and the second section
is the dehydration and purification process (downstream process), as shown in Fig. 1. The main concern of this study is the
downstream processing, which requires high energy owing to
the excess water and the low concentration of 2,3-BDO in the
fermentation broth. Furthermore, the boiling temperature of
2,3-BDO (180 ◦ C) is higher than that of water, which results
in a higher thermal energy requirement as all the water is
recovered from the top of the distillation column. Generally,
the downstream processing cost is more than 50% of the total
cost of the plant (Xiu and Zeng, 2008).
Process simulations were carried out based on the
evaporator-based purification of 2,3-BDO, (Long et al., 2018)
which served as the base case. For fair comparison, the basis
of the feed composition (Jeon et al., 2014), required purity, and
recovery of 2,3-BDO are kept same as of the base case (Long
et al., 2018).

2.1.
Sensitivity analysis, process optimization, and
economic analysis
The selection of an appropriate thermodynamic property
model is the most crucial considerations in process design.
Results obtained by regression of binary data, water and 2,3BDO, from a previous study (Long et al., 2018) reveal that
the non-random two liquids (NRTL) property method has the
minimum average absolute deviation. Therefore, the NRTL
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Fig. 1 – Production, dehydration, and purification of 2,3-BDO.

Table 1 – Basic design considerations and relations for the economic evaluation.
Equipment

Design equations for economics

Column capital cost (Luyben, 2013)

17640(D)1.066 (L)0.802
Length and Diameter in meters
Diameter: from Aspen tray sizing
Length: NT trays with 2 ft. spacing + 20% extra length

Heat Exchanger costs (Luyben, 2013)

Condenser
7296(area)0.65
T = reflux drum temperature − 310 K
Heat transfer coefficient U = 852 W m−2 K−1
Reboiler
7296(area)0.65
T > 30 K
Heat transfer coefficient U = 568 W m−2 K−1

Evaporator (Turton et al., 2008)

log 10 C0p = K1 + K2 log 10 (A) + K3 [log 10 A]
where Cp is the purchased cost. A is the capacity/size parameter of the
equipment. K is the coefficient, whose values are as K1 = 3.9119, K2 = 0.8627,
and K3 = −0.0088

2

Utility (Turton et al., 2008)
LP steam
MP steam
HP steam
Cooling water
Electricity

$7.78/GJ (6 bar, 160 ◦ C)
$8.22/GJ (20 bar, 212 ◦ C)
$9.88/GJ (42 bar, 260 ◦ C)
$0.354/GJ
$16.80/GJ

Payback period

3 years

LP, MP, and HP correspond to low, medium, and high pressure, respectively.

property method was used in the current study. Corresponding to process design, multiple factors are involved in the
design of a process, such as the requirements of the process,
constraints, and availability of the equipment. However, sensitivity analysis and process optimization are powerful tools
used to obtain an economical and energy-efficient design. The
sensitivity Analysis (SA) was applied to each proposed configuration using the Aspen Plus built-in tool. The reboiler duty
was estimated at the lowest level in relation to the feed location and reflux ratio with respect to a fixed number of stages.
Furthermore, design optimization was carried out to further
improve the energy efficiency of the proposed designs. Aspen
Plus utilizes a sequential quadratic programming (SQP) algorithm that solves non-linear constrained optimization issues.
The TAC was selected as an objective function for the economic analysis. The aim of the optimization was to reduce

the thermal load (steam), which directly influences the operating cost. However, the TAC is a combination of the capital
and operating costs, as shown in Equation 1. The capital cost is
related to the number of trays and the diameter of the column,
corresponding to the material used for the design. The operating cost corresponds to the reboiler load and condenser duty.
The reboiler temperature depends on the feed material, where
the light and heavy components decide the type of steam
used. The cost relationships of the different types of steam
are listed in Table 1. The economic analysis equations and
relations were obtained from the handbooks by Turton et al.
(2008) and Luyben (2013) based on the sizing of the selected
equipment.

TAC =

 Capital cost 
Payback period

+ Operating cost

(1)
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Fig. 2 – Base case design configuration for 2,3-butanediol separation.

2.2.

Process description for the base case

A previous study (Long et al., 2018) was considered as the base
case for the proposed designs, as shown in Fig. 2. The adopted
configuration employs an evaporator that partially separates
the water and light components from the feed by increasing
the temperature to 100 ◦ C. A high-temperature bottom stream
was introduced into the distillation column to achieve the
required purity of 2,3-BDO. The proposed configuration was
further enhanced by heat integration (HI). A blower was introduced at the top of both the evaporator and distillation column
to reduce the energy requirements. The vapors coming from
the column were ‘blown’ at a pressure ratio of 1.4 and integrated with the evaporator to minimize the duty. The resulting
diameter of the column was 2.4 m with 17 stages. However,
the additional cost associated with the use of the blower in
terms of electric power for vapor delivery ($ 0.05 × 106 ). The
total thermal load of the proposed design was 13217 kW, and
the TAC was $4.52 × 106 .

3.

Results and discussions

3.1.
Process enhancement of the base design:
Evaporator-assisted dual column design
Despite HI and optimization of the process, the base case consumed a high energy for the desired separation of 2,3-BDO.
This energy intensive nature is owing to the use of highpressure steam in the reboiler. The HP steam was required
to vaporize the feed mixture due to contamination with small
amounts of heavy components such as lactic acid and succinic acid. Therefore, a dual column assembly was proposed
to improve the process economics in which the first column
used as a recovery column, and the second column was the
purification column. Therefore, 2,3-BDO was separated from
the lighter components in the first column (which utilized
medium pressure steam) and was recovered as a bottom prod-

uct that was then fed into the second column, where, 2,3-BDO
was obtained from the top stream with 99 wt.% purity, as
shown in Fig. 3(a). The dissociation of the single column into
two columns resulted in a reduction of the column diameter from 2.4 to 2.23 m, and the HP steam was converted to
MP steam for DC-1 in order to first recover 2,3-BDO and subsequently purify it in DC-2 where HP steam was utilized to
achieve the desired purity and overcome the recovery constraints. Consequently, the reboiler duty was reduced from
9461 kW to 8967 kW for DC-1.
The design of the first column included 14 optimum stages
with a molar reflux ratio of 0.053, while the bottom flow rate
was adjusted to 1750 kg h−1 to obtain 91% recovery of 2,3BDO using the design specifications. The bottom flow rate was
adjusted based on the limitation of the recovery (i.e., recovery
constraint = 90%) of 2,3-BDO from DC-2. The parameters were
optimized by keeping the purity and recovery constraints,
while the bottom flow of DC-1 was varied to minimize the
reboiler load on both columns. Additionally, a lower flow rate
(less than 1750 kg h−1 ) did not meet the recovery constraint
and made the process uneconomical. Alternatively, a higher
flow rate increased the reboiler load for DC-2. For the second
column, the distillation rate was kept at 1691 kg h−1 with a
reflux ratio of 0.0053 to achieve 99 wt.% purity. Table 2 presents
the economic analysis for each section. The overall TAC of the
proposed process was evaluated to be $3.962 × 106 per year,
representing 12.1% savings compared to the base case.

3.2.
Pressure optimization: Evaporator-assisted dual
column configuration
The optimum column pressure in distillation operation is
an important consideration. Therefore, the influence of column pressure, total number of stages, and the feed loaction
are optimized in terms of minimum TAC, shown in Fig. 3(b).
It is noticed from Table 3 that the diameter of the column
increases when the column of the prerssure reduced from
atmospheric to vacuum which means that there will be an
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Fig. 3 – (a) Evaporator assisted dual column configuration. (b) Schematic of pressure optimization of evaporator-assisted
dual column configuration.
Table 2 – Economic design parameters for the evaporator-assisted dual column configuration.
Design parameters
Ns
Feed stage
RR
Qc (kW)
Qr (kW)
Column Dia (m)
Capital cost ($ 106 )
Operating cost ($/y 106 )
TAC ($/y 106 )

Evaporator

Trays (DC-1)
10
4
0.088
9215
9268
2.33
0.783
2.503
2.764

–
3756
–
0.684
0.92
1.148

12
5
0.061
8982
9034
2.297
0.805
2.440
2.708

Tray (DC-2)

14
6
0.053
8914
8967
2.23
0.859
2.422
2.698

16
7
0.050
8891
8944
2.205
0.855
2.416
2.701

5
3
0.005
291
292
0.391
0.067
0.094
0.116

6
3
0.001
291
292
0.389
0.07
0.094
0.117

7
3
0.0001
290
291
0.388
0.073
0.094
0.118

Bold entries are optimum TAC values.

Table 3 – Optimization of column pressure based on evaporator-assisted dual column configurations.
Pressure (atm)

QR (kW)
QC (kW)
Reboiler area (m2 )
Condenser area (m2 )
TR (◦ C)
TC (◦ C)
Steam
Diameter (m)
Capital cost ($ 106 )
Operating cost (106 $/y)
TAC (106 $/y)

0.2

0.3

0.4

0.5

1.0

1.5

DC-1

DC-2

DC-1

DC-2

DC-1

DC-2

DC-1

DC-2

DC-1

DC-2

DC-1

DC-2

8872
8216
449
419
137
60
LP
3.4
1.07
2.265
2.74

333
332
16.8
3.9
174
137
MP
0.65
0.084
0.09

8869
8371
448.7
307
148
69
LP
3.05
0.983
2.266
2.71

330
329
16.7
3.5
184
147
MP
0.57
0.08
0.088

8492
8870
430
267
155
76
MP
2.8
0.926
2.298
2.722

328
327
16.6
3.3
192
154
MP
0.53
0.078
0.089

8593
8874
435
237
161
81
MP
2.64
0.894
2.325
2.75

325
327
16.4
3.1
204
160
HP
0.49
0.075
0.105

8967
8914
454
166
181
100
MP
2.23
0.815
2.42
2.81

292
291
14.8
2.4
225
180
HP
0.39
0.067
0.094

9252
8979
468
142
194
111
HP
2.17
0.8
2.98
3.37

316
315
16
2.4
238
193
HP
0.38
0.069
0.102

Bold entries are optimum TAC values.

increase in capital investment. Consequently, the reboiler duty
reduces when column pressure reduced from 1–0.2 atm. However, at the same time dependency on HP steam will convert
to MP steam that incurred the low operating cost. Hence,
there always exists a tradeoff between capital and operating
cost. From Table 3, it can be seen that when column pressure
reduced to 0.3 bar, DC-1 needs LP steam which is far cheeaper
than HP steam, while HP steam is used when column operates at higher pressures >1-atm. Furthermore, the reboiler
and condenser diameters are important factors predicted in
current study, specifically for dual colmn configurations. The
reboiler diamter increases when column pressure increased
from 0.4–1.5 atm. However, the column specs were quantitatively optimized through minimization in total annual cost.

Table 3 shows the optimum column pressure with respect to
the minimum TAC. Based on economic analysis, the column
operating at 0.3-atm gives minimum TAC $2.71 × 106 per year.

3.3.
Heat integration of evaporator assisted dual
column design
The proposed dual column-based 2,3-BDO recovery scheme
was further improved by HI. A mechanical blower was introduced in the proposed design, as in the base case (Fig. 4(a)).
However, the column vapors were directly blown at a pressure ratio of 1.3 without any phase-splitting, which resulted in
exchange of the heat with the column feed stream for vaporization. This heat exchange caused partial vaporization (vapor
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Fig. 4 – Flowsheet of (a) heat-integrated evaporator-assisted dual column configuration, (b) heat-integrated
evaporator-assisted dual column configuration after pressure optimization.
fraction = 0.35) of the column feed, as this stream approached
the boiling point of water after passing through the evaporator.
The hot stream, after vaporizing the column feed, had excess
energy, which was further utilized to raise the temperature of
the main feed stream. The resulting duty of the evaporator
decreased from 3756 kW to 2727 kW. Consequently, the column diameter was further reduced from 2.3 m to 1.87 m, and
the thermal load decreased to 6085 kW.
Similarly, the heat integration of dual column configuration was carried out at optimal pressure (0.3 bar) as shown in
Fig. 4(b). The results revealed that the column duty reduced
to 5971 kW with the use of LP steam after implementing the
vapor compression-heat integration system. Furthermore, the
reduction in column diameter to 2.5 m is another benefit of
heat integration which largely reduce the capital cost in case
of DC-1. Nevertheless, the overall capital investment increased
to $ 1.286 × 106 due to the implementation of heat exchangers.
However, the overall TAC benefits obtained were 16.6% when
compared to without heat integration configuration.

3.4.
Replacement of the two-column sequence with the
evaporator-assisted DWC
The potential feasibility of the DWC was also assessed to separate 2,3-BDO from a typical feed mixture. Using a conventional
dual-column configuration as the base case, a new design
of the DWC was developed to achieve an energy efficient
structure. Fig. 5(a) demonstrates the heat-integrated DWC
equivalent of the conventional three-product sequence. A conventional shortcut of the three columns was used to obtain
the initial design of the DWC, while the coordinate descent
methodology was used to optimize the obtained structure
from the previous study (Van Duc Long et al., 2018).
Table 4 lists the decision variables with the boundaries and
product purities. A 22-stage column was designed for a top
pressure of 1.0 atm, which required a shell diameter of 2.53 m.
The feed entered at stage 8 of the 10-stage prefractionator column. The rectifying section range from stage 1 to stage 9, and
the stripping section was from stage 18 to stage 22. The dividing wall began at stage 9 and ended at stage 18 in the shell. A
side stream was withdrawn from the main column at stage
12. Furthermore, the top vapor from the DWC was used to
increase the temperature of the original feed. This reduced the
heat duty for the evaporator from 3756 kW to 2707 kW (approximately 27.9% energy savings). Simultaneously, the bottom
stream was preheated by the required 305.2 kW of heat, Qh,

which decreased the reboiler duty for the DWC. The vapor fraction of the feed entering the DWC increased slightly to 0.0342.
Therefore, the energy requirement of the DWC was 9574 kW,
and the condenser duty was 8326 kW. These required energies
were respectively equivalent to 7.1% savings relative to that of
the conventional sequence. The DWC design offers low potential savings because there was no remixing effect in the first
column in the conventional sequence (see Fig. 6(a)). The operation of the conventional sequence was inefficient owing to
the energy consumption required to re-purify the intermediate component in the second column. Even though the savings
of the DWC was small, with the latter system, the realized savings could be increased owing to the use of heat-integrated
technology.
Fig. 6(b) shows the composition profiles of the main column. The amount of water drastically decreased between
stages 1 and 11. Therefore, no water was present in the column
from stage 12 to the end of the column, simplifying the separation of 2,3-BDO from the heavy species in the side stream
and bottom fraction. At stage 12, the molar composition of
2,3-BDO was 0.9904 in the column, and thus, the side stream
could be placed here. As shown in Fig. 6(c), as seen in the main
section (blue line), there was an increase in the temperature
profile moving down from the top stage (9th tray) of the dividing wall to the side stream (12th tray). The gradient increase of
temperature is about 70 ◦ C. While, in the corresponding prefractionator section, there was no rapid increase (from stage
9th to stage 12th) on the other side of the wall (black line).
In other words, there is a rapid increase of temperature (about
60 ◦ C) in the prefractionator section below the feed stage (after
stage 8) which indicates that the light component (water) was
completely removed in the lower part, while there was no
change in the corresponding main section (blue line). Furthermore, the side tray location is one of the variables that was
optimized by applying the modified coordinate methodology.
The details can be found in previous publication (Long et al.,
2018). Furthermore, the side product was withdrawn at the
tray with the highest content of the intermediate component
(see Fig. 6(b)). Therefore, the separation of water in the middle
section of the main shell was adequate. In this study, no heat
transfer across the dividing wall was assumed.
Furthermore, the column pressure was optimized to evaluate the economic benefits in terms of total annualized cost
shown in Fig. 5(b). It was observed that the DWC diameter
increases as pressure in the column reduces which results in
an excessive capital cost. Conversely, the operating cost tends
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Fig. 5 – (a) Structure of the HI-evaporator-assisted-DWC as a replacement for the two-column conventional sequence, (b)
pressure optimization of HI-evaporator-assisted-DWC.
Table 4 – Decision variables and product purities for designing the DWC.
Decision variables

Base

Lower bound

Upper bound

Optimum value

Feed stage
Top tray of diving wall
Number of stages for dividing wall
Total number of stages
Side stream location
Reflux ratio
Liquid recycle flow rate (kg/h)
Vapor recycle flow rate (kg/h)

6
7
10
19
11
0.1
970
51300

5
5
8
19
9
0.09
800
50000

9
9
12
25
13
0.15
1200
52000

8
9
10
22
12
0.092
1048
51420

2,3-BDO (mass fraction)
Recovery
Purity

0.90
0.99

Fig. 6 – (a) Liquid composition profile of the first column in the conventional sequence, characteristic profiles of the DWC for
replacing the two-column sequence: (b) liquid composition profiles in main section and (c) temperature profiles.
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Table 5 – Pressure optimization of evaporator assisted DWC.
Unit
Operating pressure
Side stream location
Condenser duty
Reboiler duty
Feed temperature to evaporator
Diameter
Capital cost (106 )
Operating cost (106 )
TAC (106 )

atm
kW
kW
◦
C
m
$
$/y
$/y

Case studies
1
12
8326
9574
91
2.53
1.103
3.43
3.796

0.8
15
8644
9656
84
2.68
1.19
3.425
3.81

0.6
15
9085.9
9461
78
2.83
1.28
3.33
3.73

0.4
13
9686
9904
66
3.034
1.42
2.92
3.39

0.2
12
10544
10099
51
3.19
1.54
2.87
3.38

Bold entries are optimum TAC values.

Fig. 7 – (a) Structure of the HI-blower-assisted DWC as replacement for the base case configuration, (b) pressure
optimization of HI-blower-assisted DWC.

to reduce from $3.43 × 106 to $2.87 × 106 due to medium pressure steam utilized in DWC. It can be noted from Table 5 that
the TAC obtained at 0.2-bar was least due to the lower energy
requirement.

3.5.
Replacement of the base case (evaporator-assisted
DC) by blower-assisted DWC
As previously mentioned, the energy savings achieved by
using the DWC could be further increased when HI was used.
Fig. 7(a) shows the combination of the DWC with a blower to
replace the base case in the 2,3-BDO separation process. The
purity and recovery of 2,3-BDO were maintained at 99 wt.%
and 0.9, respectively, to achieve an objective comparison. The
procedures for the design and optimization of the DWC were
similar to those used for the DWC in a previous section. The
feed was introduced into stage 4 of the 11-stage prefractionator. The main column had a total of 27 stages, including the
condenser and reboiler. The top pressure of the column was
1 atm. The top vapor stream from the main column entered
the blower, thereby increasing the pressure. This pressurized
hot stream preheated the feed entering the DWC. The side
stream was withdrawn from the main column at stage 16,
where the desired 2,3-BDO product (99 wt.%) was produced
with a recovery of 0.9. The dividing wall was located from tray
10 to tray 20. The diameter was estimated to be 2.35 m using
the Aspen tray sizing option to guarantee an 80% approach to
the flooding assumption. The condenser and reboiler duties
were estimated as 8232 and 9693 kW, respectively. A significant
energy savings of 26.7% was produced based on compari-

son of the required thermal energy with that of the base
case.
Fig. 8 shows the liquid composition profiles and the temperature in the optimized DWC. As shown in Fig. 8a, the water
content was drastically reduced from stage 1 to stage 15, and
there was no water from stage 16 to the end of the column.
The amount of 2,3-BDO increased from the top section and
was maintained at the side section before declining at the bottom section. In the side section, high purity 2,3-BDO (99.0 wt.%)
was obtained at stage 16 in the main column, which is also
the side tray location with the maximum content of 2,3-BDO.
At the bottom section (after stage 20), the content of 2,3-BDO
decreased, whereas the content of heavy species such as lactic
acid and succinic acid increased, clearly corresponding to the
compositions of the bottom stream. Fig. 8b shows the temperature profiles of the DWC. There was a large difference
between both sides of the wall from the top stage of the DW
(tray 10) to the side stream (tray 16), which indicated that the
water was completely removed from the top product. Notably,
the temperature increased gradually frversely, the operating
cost tends to reduce from $3.43 × 106 to $2.87 × 106 due to
medium pressure steam utilized in DWC. It can be noted from
Table 5 that the TAC obtained at 0.2-bar was least due to the
lower energy requirement.

3.5.
Replacement of the base case (evaporator-assisted
DC) by blower-assisted DWC
As previously mentioned, the energy savings achieved by
using the DWC could be further increased when HI was used.

705

Chemical Engineering Research and Design 1 5 3 ( 2 0 2 0 ) 697–708

Fig. 8 – Characteristic profiles of DWC for replacing the base case: (a) liquid composition profiles in main section and (b)
temperature profiles.

Table 6 – Pressure optimization of blower-assisted DWC.
Unit
Operating pressure
Side stream location
Condenser duty
Reboiler duty
Diameter
Vapor fraction of feed
Blower duty
Capital cost (106 )
Operating cost (106 )
TAC (106 )

atm
kW
kW
m
V/F
kW
$
$/y
$/y

Case studies
1
16
8232
9693
2.35
0.4408
130.6
1.655
3.175
3.73

0.8
16
7849
9260
2.58
0.4408
213.1
1.69
3.087
3.65

0.6
16
8051
9201
2.73
0.4408
299.1
1.74
3.109
3.69

0.4
16
8319
9124
2.845
0.4408
414.7
1.79
3.15
3.75

0.2
16
8740
9001
3.026
0.4408
602.8
1.91
2.75
3.39

Bold entries are optimum TAC values.

Fig. 7(a) shows the combination of the DWC with a blower to
replace the base case in the 2,3-BDO separation process. The
purity and recovery of 2,3-BDO were maintained at 99 wt.%
and 0.9, respectively, to achieve an objective comparison. The
procedures for the design and optimization of the DWC were
similar to those used for the DWC in a previous section. The
feed was introduced into stage 4 of the 11-stage prefractionator. The main column had a total of 27 stages, including the
condenser and reboiler. The top pressure of the column was
1 atm. The top vapor stream from the main column entered
the blower, thereby increasing the pressure. This pressurized
hot stream preheated the feed entering the DWC. The side
stream was withdrawn from the main column at stage 16,
where the desired 2,3-BDO product (99 wt.%) was produced
with a recovery of 0.9. The dividing wall was located from tray
10 to tray 20. The diameter was estimated to be 2.35 m using
the Aspen tray sizing option to guarantee an 80% approach to
the flooding assumption. The condenser and reboiler duties
were estimated as 8232 and 9693 kW, respectively. A significant
energy savings of 26.7% was produced based on comparison
of the required thermal energy with that of the base case.
Fig. 8 shows the liquid composition profiles and the temperature in the optimized DWC. As shown in Fig. 8a, the water
content was drastically reduced from stage 1 to stage 15, and
there was no water from stage 16 to the end of the column.
The amount of 2,3-BDO increased from the top section and
was maintained at the side section before declining at the bot-

tom section. In the side section, high purity 2,3-BDO (99.0 wt.%)
was obtained at stage 16 in the main column, which is also
the side tray location with the maximum content of 2,3-BDO.
At the bottom section (after stage 20), the content of 2,3-BDO
decreased, whereas the content of heavy species such as lactic
acid and succinic acid increased, clearly corresponding to the
compositions of the bottom stream. Fig. 8b shows the temperature profiles of the DWC. There was a large difference
between both sides of the wall from the top stage of the DW
(tray 10) to the side stream (tray 16), which indicated that the
water was completely removed from the top product. Notably,
the temperature increased gradually from stage 10 to 13 in
the main section (blue line), but was maintained at the corresponding section in the prefractionator (black line). This is
because water is separated in the upper section of the prefractionator and then moves to the top of the column, while
2,3-BDO and the heavy species enter the lower section. The
significant temperature difference in the prefractionator section from stage 13 to stage 14 indicates a free-water zone in
the lower section. From stage 14, there was no difference in
the temperature of the two sides of the wall.
Table 6 shows the pressure optimization inside the column, carried to estimate the economic feasibilities of DWC.
The proposed configuration estimated as lowest TAC at 0.2bar pressure due to the use of medium pressure steam inside
the column as presented in Fig. 7(b).
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Table 7 – Economic comparison of the proposed configurations versus the base case.
Proposed design

Capital cost
($ 106 )

Capital cost
saving (%)

Operating
cost ($ 106 )

Operating
cost saving
(%)

TAC ($ 106 )

TAC saving
(%)

Base case
Evaporator-assisted dual column
Evaporator-assisted dual column
(pressure optimization)
HI-evaporator-assisted dual column
HI-evaporator-assisted dual column
(at optimized pressure)
HI-evaporator-assisted DWC
HI-blower-assisted DWC

1.585
1.61
1.063

–
−1.5
32.9

3.995
3.436
2.355

–
13.99
41

4.52
3.973
2.71

–
12.1
40

1.87
1.3

−15.2
18

2.743
1.83

31.3
54.2

3.37
2.263

25.4
49.9

1.54
1.91

2.8
−17

2.87
2.75

28.2
31.2

3.38
3.39

25.2
25

4.

Economic evaluation

Economic evaluation is a powerful tool for assessing the feasibility of proposed configurations. Therefore, the proposed
configurations studied in the previous section should be evaluated from the economic perspective. Table 7 presents an
economic comparison of all the proposed optimal designs
with respect to the base case based on a 3-years payback
period. Compared to the base case, each proposed configuration provides certain savings, as listed in Table 7. The use
of MP steam instead of HP steam for the 2,3-BDO column
resulted in a significant decrease in the operating cost, with an
energy savings of approximately 13–54% and a corresponding
reduction of the TAC from 4.52 × 106 $ to 2.26 × 106 $. HI using
the evaporator-assisted dual column with the installation of
heat exchangers further reduced the thermal load, leading to
some extra cost. Nevertheless, the savings obtained with the
HI were higher than that of the base case. The lower operating cost is owing to the smaller column diameter required
for the separation of 2,3-BDO as the feed entering the column
was partially vaporized; this in turn placed a lower load on
the reboiler for vaporization. The overall TAC savings in this
case was 25.4% higher than that of the base case. The highest TAC savings were obtained through pressure optimization
followed by heat integration as 49.9% in evaporator-assisted
dual column configuration when compared to the base case.
The DWC proposed for replacement of the dual column and
the basic design is a new concept in 2,3-BDO refinery, where
the heavy key components were recovered by evaporating the
excess water. The required HI and pressure optimization were
also implemented in the proposed DWC structure for further
energy savings. The results listed in Table 7 show that the use
of the evaporator-assisted DWC as a replacement for the dual
column may provide an effective alternative to conventional
distillation, with operating cost of $2.87 × 106 and a TAC savings of 25.2%. Similarly, the blower-assisted DWC reduces the
TAC by 25%.

5.

Conclusions

Several heat integration schemes were proposed for improving the efficiency of separation of high-purity 2,3-butanediol
from fermentation broth. The configuration employing the
dual distillation columns combined with heat integration provided the optimal performance. By applying a blower to the
dual distillation columns, the latent heat is circulated during the process, which leads to a substantial improvement
in the energy efficiency. Furthermore, the use of the DWC
with a blower not only reduces the operating cost but also

expedites the function of the evaporator. This can reduce the
number of units and operating costs of the distillation column.
However, the simulation results indicated that the combination of the evaporator-assisted dual column with the blower
and dual column assembly with pressure optimization provide operating cost 31.3% and 41% and that of TAC reductions
25.4% and 40%, respectively, compared to the base case. Similarly, with compared to base case, the evaporator-assisted
dual columns after pressure optimization and heat integration results in reduction of operating cost and TAC were 54.2
and 49.9%, respectively. Furthermore, the use of high-pressure
steam can be avoided by employing the proposed dual column,
which will be helpful for process engineers as this provides a
significant reduction of the operating costs and minimization
of the TAC.
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