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The production of biofuels and biochemicals from biomass-based feedstock, which is one of the most promising
strategies for replacing petroleum-based resources and thus alleviating global warming, has received increasing
attention in recent years. However, this strategy is energy-intensive due to the low product concentrations after
transformation step. In this study, a novel hybrid-blower-and-evaporator-assisted distillation conﬁguration
(HBED) was proposed for enhancing process eﬃciency in bioproduct production from biomass. Several important industrial cases have been investigated to demonstrate the proposed conﬁguration. By applying HBED,
light components are partially removed in an evaporator, and the latent heat can be circulated during the
process, leading to a substantial improvement in energy eﬃciency. A blower can increase the energy eﬃciency
of an evaporator signiﬁcantly, while the combination of an evaporator and blower can substantially reduce the
size, capital cost, and operating cost of the distillation column. The results show that the proposed HBED conﬁguration can achieve signiﬁcant energy savings. Notably, the operating costs can be reduced by up to 45.4%,
26.3%, and 36.7% for the levulinic acid, 2,3-butanediol, and furfural puriﬁcation processes, respectively.
Furthermore, the CO2 emissions of a conventional column and the proposed conﬁguration are evaluated and
compared.

1. Introduction
Global climate change and the depletion of mineral resources,
which are major issues associated with current petro-based fuel production, have inspired a global eﬀort to develop alternative renewable
sources. Consequently, the conversion of biomass, which is the most
abundant feedstock on Earth, into biofuels and biochemicals has been
intensely researched in recent years [1]. However, process implementation for the large-scale production of biofuels and biochemical
is not yet well developed due to certain limitations and numerous
challenges, such as the development of new processes, large capital
costs of replacing old processes, and low product concentrations, which
increase the cost of product recovery [2]. Furthermore, large ﬂow-rates
in the separation steps are necessary for the puriﬁcation of reaction
broths, which can lead to high energy demands in downstream processing [3].
Although there are several separation processes, distillation is the
most commonly used and eﬀective technique for removing large
amounts of water and/or solvent in downstream processing. Several
techniques and methods have been proposed to enhance the energy
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eﬃciency of the distillation process in the separation and puriﬁcation
step [4,5], including hybrid distillation processes [6,7], process intensiﬁcation using dividing wall columns [8,9], and reactive distillation
[10,11]. Hybrid extraction and distillation processes have proven particularly eﬀective compared to traditional distillation column sequence
processes in the production of levulinic acid (LA) [12] and furfural [6]
from lignocellulosic biomass. Furthermore, hybrid adsorption and distillation using 3A zeolite molecular sieves has been proposed for the
dehydration of ethanol [13], and promising hybrid processes comprising diﬀerent combinations of distillation, adsorption, and membrane treatment have been proposed and evaluated for ethanol dewatering [7].
The use of dividing wall columns has been demonstrated as one of
the best strategies for industrial distillation intensiﬁcation and enhancing biofuels and biochemicals production processes [8,9]. In addition,
reactive distillation oﬀers new and exciting opportunities for manufacturing the fatty acid alkyl esters required for the industrial production of biodiesel and specialty chemicals [14]. However, reactive distillation must be applied very carefully in some cases: when the
operating conditions for reaction and separation are incompatible;

Corresponding author.
E-mail addresses: nguyenvanduclong@tdt.edu.vn (N. Van Duc Long), mynlee@yu.ac.kr (M. Lee).
These two authors contributed equally to this work.

https://doi.org/10.1016/j.cep.2017.11.009
Received 16 August 2017; Received in revised form 5 November 2017; Accepted 12 November 2017
Available online 13 November 2017
0255-2701/ © 2017 Elsevier B.V. All rights reserved.

Chemical Engineering & Processing: Process Intensification 123 (2018) 195–203

N. Van Duc Long et al.

of energy eﬃciency improvement and being practical, its applications
will become more common in chemical process industries.
In this work, a novel hybrid-blower-and-evaporator-assisted distillation conﬁguration (HBED), which partially removes water and/or
solvent and circulates latent heat, is proposed for improving the eﬃciency of bioproduct production from biomass. We thoroughly assessed
its eﬀect on the energy eﬃciencies of the LA, 2,3-butanediol (2,3-BDO),
and furfural processes. ASPEN HYSYS V9.0 was used for conducting all
the simulations. Furthermore, the CO2 emissions of our proposed conﬁguration were evaluated and compared to those of a conventional
column.

when there are relative volatility constraints for the reactants and
products in the reaction zone of the reactive distillation column; when
solid is present in the feed; when the reaction occurs in the gas phase;
when a long residence time is required; and when catalyst contamination is critical [15].
The use of evaporators to concentrate solutions is common in the
food and beverage, pharmaceutical, and chemical industries.
Evaporators dominate the desalination market, with more than 73% of
the units processing 4000 m3/d and 51% of the units processing more
than 100 m3/d [16]. In bioreﬁneries, evaporators are used to increase
the amount of sugar available for the subsequent fermentation process
in ethanol production [17]. Furthermore, the integration of evaporators
with strippers has been demonstrated to be a viable alternative for
downstream processing in ethanol plants [18]. In this study, the use of
an evaporator is proposed to solve one of the main problems facing
distillation in bioreﬁneries, i.e., the large amounts of water and/or
solvent that need to be processed. The evaporator is used to remove
some of the water and/or solvent in the feed stream, thus reducing the
load on the distillation column and allowing smaller columns to be
applied.
Furthermore, among the various heat-integrated distillation techniques, mechanical vapor recompression (MVR) is widely accepted as
an attractive strategy for improving the performance of many processes,
such as evaporation, drying, stripping, and distillation. A substantial
amount of energy can be saved by upgrading the low-temperature
waste heat to high temperature and utilizing it instead of steam for
supplying heat to the heat exchanger [20,21]. MVR compressors have
been proposed for improving energy eﬃciency in many studies
[8,19,22]. However, the high capital expenditure needed for compressors makes them industrially viable only for the separation of
substances with similar boiling points, which involves minimal compressor/compression costs [23]. In order to enhance the performance of
MVR heat pumps for wide-boiling mixtures, they can be located on the
side as side heat pumps or as side reboilers to reduce the temperature
diﬀerence.
In practice, MVR blowers (Fig. 1) are preferred over MVR compressors. Blowers are common in air-handling and movement systems
used in the chemical process industries. The combinations of blowers
with evaporators and other operation units have been recently received
increasing attention. In evaporation and distillation processes, overhead vapor streams are blown using a blower to increase their pressure
so that they can be condensed at higher temperatures supplying suﬃcient heat to the heat exchanger and reboiler, respectively. This leads to
a substantial energy reduction for the heat exchanger, reboiler, and
condenser. MVR blowers are mainly used when there is only a small
temperature diﬀerence between the hot and cold streams, where small
pressure ratios and consequently smaller blower duties are needed. The
centrifugal blower solutions was employed to the H2O2 production
process of mechanical vapor recompression (MVR) as used in evaporation units for improving energy eﬃciency [24]. With high potential

2. Proposed conﬁgurations
2.1. Hybrid evaporation and distillation
The production of biofuels and biochemicals from biomass-based
feedstocks is often performed in diluted systems in order to mitigate the
high viscosity and low solubility of the substrate and products. This
leads to a low concentration of products after the transformation step
and large ﬂow rate in the separation and puriﬁcation steps [3]. Consequently, the removal of large quantities of water and/or solvent by
distillation is required in the separation and puriﬁcation steps, leading
to huge energy costs. In these cases, when there is a large diﬀerence in
temperature between the top and bottom of the column, an evaporator
can be employed to reduce the duty of the distillation column, thus
allowing smaller columns to be used (as shown in Fig. 2b).
When an evaporator is installed in front of the distillation column,
some of the water and/or solvent would be vaporized to produce a
more concentrated solution, which is then distilled. In other words, an
evaporator can be used to assist the distillation by removing some of the
water and/or solvent from the feed stream. When the boiling temperature diﬀerence between the target components and the water and/
or solvent is increased, the loss of target components in the top stream
of the evaporator is reduced. In that case, the distillation duty and size
can be decreased by increasing the evaporator duty.
Furthermore, when using an evaporator, a lower pressure steam or a
cheaper heating medium can be used. When there is no azeotropic
mixture in the distillate ﬂow, it can become heavier. This leads to a
higher temperature at the top of the distillation column as compared to
that of a conventional column operated at the same pressure, allowing a
reduction in the condenser size.
2.2. Hybrid-blower-and-evaporator-assisted distillation
Blowers, which have been applied for concentrating dairy products
and juice in food production and decreasing plating wastewater volumes in the chemical industry [24,25], can be used to upgrade the
latent heat, providing the partial or total heating duty for the heat
exchanger or generating electric power. Circulating and utilizing this
heat avoids the use of primary steam, leading to substantial energy
savings.
When hybrid distillation and evaporation is employed, some of the
water and/or solvent would be removed in the top stream of the evaporator. In an evaporator and distillation column, the latent heat of
condensation of the overhead is available at the condensers. The top
and bottom streams of the evaporator are at the same temperature.
Thus, instead of releasing the latent heat of the top vapor stream, that
stream can be blown using a blower to increase its pressure and temperature before transferring the heat to the heat exchanger of the
evaporator. This decreases the energy requirement and enhances the
system eﬃciency. Fig. 2c shows a simpliﬁed ﬂow sheet illustrating the
HBED conﬁguration, where the heat is transferred directly from the top
evaporator stream to the heat exchanger after increasing its temperature.
In addition, when the fouling problem is critical in a process, the top

Fig. 1. Schematic of an MVR blower.
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Fig. 2. Simpliﬁed ﬂow sheet illustrating the (a) conventional distillation; (b) hybrid evaporator and distillation; (c) HBED conﬁguration; (d) HBED conﬁguration based on an MVR blower
connected indirectly; (e) HBED conﬁguration with heat integration; and (f) HBED conﬁguration with MVR blower.

solvent and a portion of other target components is recycled. When
using the proposed conﬁguration for some mixtures, which have components that are heat sensitive and collected together with water and/
or solvent in the top vapor stream before entering the compressor or
blower, it is required to check the physical properties of those components carefully. Nevertheless, the proposed process should not be
applied for enhancing the performance of distillation column separating
azeotrope or close-boiling mixtures between water and/or solvent collected as a top stream in evaporator, and other components, which
leave the evaporator as a bottom stream.
In this study, the isentropic eﬃciency of all the blowers was assumed to be 75%. The pressure of the blower outlet was adjusted to
obtain a minimum approach in the heat exchanger of 10 °C. In order to
perform an economic evaluation of the proposed conﬁguration and a
conventional distillation column, the investment costs, total operating
costs (TOCs), and total annual costs (TACs) were calculated for both
processes based on previously published methods [26]. The Chemical

vapor stream of the evaporator should not be blown directly. Instead,
the conﬁguration should be modiﬁed to an indirect sequence in which
the heat from the top vapor stream of the evaporator is used for generating steam, which is then blown to increase its pressure and transfer
its heat to the heat exchanger (Fig. 2d). The steam generated can be
supplied not only to the evaporator but also to other equipment that
requires heat. Interestingly, the top stream of the distillation in the
hybrid sequence is higher than that in conventional distillation. This
allows the latent heat of the top vapor stream to be used to supply heat
to the evaporator directly (Fig. 2e) or increase its temperature using a
blower (Fig. 2f).
The proposed conﬁguration is suitable for separation of wideboiling mixtures. In other words, this proposed system can be a solution
for removing part of water and/or solvent, which is easily separated
from the target components. In case of azeotrope or close-boiling
mixtures, it is only suitable for the column, which is needed to purify
one product in the bottom while the top stream including water and/or
197
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3.1.2. Proposed HBED conﬁguration
As stated above, a great deal of energy is required to remove the
large quantities of furfural and water by distillation in the puriﬁcation
step. Furthermore, there is a large diﬀerence in the boiling temperatures of LA and furfural/water, leading to a high temperature diﬀerence
between the top and bottom of the column. Thus, an evaporator can be
used to assist the distillation column. The evaporator duty was determined through a detailed study. A larger evaporator duty leads to
more loss of LA in the vapor stream of the evaporator. Thus, the maximum evaporator duty was set at the point where the distillation
column can still perform recovery of the main product.
Lower pressure steam or a cheaper heating medium can be used for
the evaporator. Furthermore, the reboiler duty of the distillation is reduced from 22,926 to 12,584 kW. Since the distillation feed becomes
heavier than the original feed, the feed location should be located at a
lower tray position and needs to be optimized again. Moreover, the
distillate ﬂow can also become heavier. This leads to a higher temperature in the top of the distillation column compared to that of a
conventional column operated at the same pressure, allowing a reduction in the condenser size.
A blower can be utilized to enhance the energy eﬃciency of the
hybrid distillation and evaporator. Instead of releasing the heat of
condensation to the environment, the top vapor stream of the evaporator is blown through the blower and condensed in the heat exchanger. Furthermore, the temperature of the top ﬂow of the distillation column in the hybrid conﬁguration (160 °C) becomes higher than
that in the conventional distillation column (156 °C). This presents the
possibility of utilizing the latent heat of the top vapor stream for supplying the heat directly to the heat exchanger of the evaporator
(Fig. 3b). The results indicate condenser duty, reboiler duty, and TOC
savings of 58.4, 45.3, and 45.4%, respectively, compared to a conventional distillation column. As a result, a TAC saving of 42.1% can be
obtained. Table 1 shows the utility cost data [33]. Furthermore, high
bottom stream temperature of distillation columns can provide more
chance to apply simple heat integration. In particular, the bottom
stream can be used to preheat the feed. Through this simple heat integration, the reboiler duty can be reduced to 12155 kW, which can
lead to TOC savings of 47.0%.
In addition, the total annual CO2 emissions were estimated using
Gadalla’s modular method to assess the environmental impact of each
conﬁguration. The results show that the TAE is decreased by up to
45.0% compared to that of the conventional distillation column (Fig. 4).

Engineering Index of 556.8 from 2015 was employed. The equipment
considered in the investment costs included all the reboilers, condensers, column vessels, tray stacks, heat exchangers, evaporators, and
blowers. In addition, the total annual CO2 emissions (TAE) were estimated to assess the environmental impact of the conﬁgurations. Gadalla’s modular method was applied to calculate the CO2 emissions
[27].
3. Case study
The LA, 2,3-BDO, and furfural processes were examined to test the
proposed sequence. The purity and recovery of all main products in the
proposed sequence are same with that in the conventional distillation
column.
3.1. LA process
3.1.1. Base case
LA, which is used in a large number of applications, is listed as one
of the top 12 value-added chemicals obtained from biomass [28]. LA
contains ketone and carboxylic acid groups, which are important for the
production of a wide range of chemicals, including levulinate esters, γvalerolactone, acrylic acid, 1,4-pentadiol, angelica lactone, 2-methyltetrahydrofuran, and δ-aminolevulinic acid [29].
Several processes, such as extraction [30] and reactive extrusion
[31], have been proposed for the separation and puriﬁcation steps in
the production of LA from aqueous mixtures. Among them, hybrid extraction and distillation is the most commonly employed technique
used to purify the products [6]. The feed mixture entering the puriﬁcation equipment contains LA, furfural, formic acid, and water, which
are obtained from the acidic hydrolysis of lignocellulosic biomass. After
extraction using furfural as a solvent, the furfural-rich stream is fed to a
distillation column comprising 22 trays, producing LA with purity of
99% as the bottom stream product (Fig. 3a) [30,32].
However, a large amount of energy is required by the distillation
column in the puriﬁcation of LA owing to the large quantities of furfural
and water. The simulation results show that a reboiler duty of
22,926 kW is required for the distillation column. An innovative topdividing wall column with a decanter conﬁguration has been proposed
for enhancing the distillation performance [32]. Nevertheless, a more
simple and eﬀective conﬁguration is needed to improve the puriﬁcation
step.

Fig. 3. Simpliﬁed ﬂow sheet illustrating the (a) conventional distillation and (b) proposed conﬁguration for LA process.
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BDO is taken from the bottom stream together with the heavy components.

Table 1
Utilities cost data [33].
Utility

Price ($/GJ)

Cooling Water
Steam (LP)
Steam (MP)
Steam (HP)
Electricity

0.35
6.08
6.87
9.83
16.80

3.2.2. Proposed HBED conﬁguration
In the puriﬁcation step, removing a large quantity of water by distillation is very energy intensive, and no single method has proved to be
both simple and eﬃcient. Improvements are especially needed in regard to yield, purity, and energy consumption [39]. Thus, the development of new separation techniques for 2,3-BDO production with
improved energy eﬃciency is imperative. Consequently, a hybrid separation technique should be considered for 2,3-BDO puriﬁcation from
fermentation broth. The distillation feed for the hybrid conﬁguration is
heavier compared to the original feed. Thus, the feed location must be
lowered to minimize the reboiler duty of the distillation. However, a
portion of the feed is fed to the ﬁrst tray of the distillation to satisfy the
hydraulic performance of that column. Thus, a feed split is applied to
prevent excessive entrainment and minimize the energy requirement of
the distillation column. The feed split ratio is an important variable in
optimizing the proposed conﬁguration. The lowest reboiler duty that
provided suﬃcient hydraulic performance was obtained with a feed
split ratio of 0.1. In other words, a feed portion of 10% enters the ﬁrst
tray of the distillation.
The hybrid conﬁguration aﬀords a 28.0% reduction in the reboiler
duty as compared to that for the conventional distillation conﬁguration.
Because some of the water is withdrawn from the evaporator as the
vapor stream, less water is vaporized in the distillation column of the
hybrid conﬁguration. The diameter of the distillation column may be
decreased from 2.8 to 2.4 m.
For further improvement, a blower is used to assist the evaporator.
According to the scheme in Fig. 5b, the top vapor stream of the evaporator and distillation can be blown, increasing its pressure and thus
its vapor temperature, and then condensed in the heat exchanger of the
evaporator. This allows the heat of the condensing vapor to assist in
vaporization at the bottom of the evaporator. Note that the top outlet
stream of the distillation is divided into two streams: one is blown in the
blower and its heat is transferred to the evaporator before mixing with
the residual stream. The mixed stream must be condensed and cooled

3.2. 2,3-BDO process
3.2.1. Base case
2,3-BDO, which can be produced from biomass [34], has been used
in the chemical and rubber industries as a raw material [35]. Furthermore, bio-based 2,3-BDO is regarded as a potential alternative energy
source owing to its high combustion value [36]. Methyl ethyl ketone,
one of the most important dehydration products of 2,3-BDO, is used as
an industrial solvent, a fuel additive, and in printing inks [37]. In addition, 2,3-BDO is also used in as a substrate in ketalization with
acetone, which yields acetone-2,3-BDO-ketal that can be used as an
octane booster, a food additive, and in the production of polymers,
cosmetics, and drugs [34]. The key downstream products of 2,3-BDO
have a prospective global market of about 32 million tons per year,
valued at around $43 billion [38].
Separating 2,3-BDO from the fermentation broth during its microbial production accounts for more than 50% of the total cost because
the feed to the separation is diluted [39]. The main methods for the
recovery of 2,3-BDO include steam stripping, pervaporation, and solvent extraction. Water has a higher relative volatility than 2,3-BDO
since the boiling point of 2,3-BDO is more than 180 °C, and it does not
form an azeotrope with water. This means that it is easily separated
from water using conventional distillation, despite the fact that this
might be not proﬁtable due to the low concentration of 2,3-BDO in the
fermentation broth. 2,3-BDO is obtained from the side stream as the
product, as shown in Fig. 5a. The water is completely removed from the
distillate along with the other constituents, while the remaining 2,3-

Fig. 4. Economic and environmental evaluation of two structural alternatives for LA production.
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Fig. 5. Simpliﬁed ﬂow sheet illustrating (a) conventional distillation and (b) proposed conﬁguration for 2,3-BDO process.

further before being divided into two streams: one that is recycled back
to the column as reﬂux, and the other being the ﬁnal top product. As a
result, the proposed conﬁguration can save up to 26.3% in terms of the
TOC as compared to that of a conventional distillation column
(Table 2). The TAC shown in Fig. 6 is decreased by 20.9%, even when
one evaporator and two blowers are needed. In this case, because the
ﬂow rates of the bottom and side streams are small, it is not attractive to
utilize the heat of these streams for preheating the feed stream. In
particular, TOC saving is slightly increased from 26.3% to 26.9%.
Furthermore, instead of using the primary steam, the heat can be
upgraded, recycled, and utilized, resulting a substantial reduction in
CO2 emissions. As a result, the TAE is reduced by up to 27.6%.

Table 2
Comparison of diﬀerent structural alternatives.

Energy requirement saving in
condenser (%)
Energy requirement saving in
reboiler (%)
TOC saving (%)
TAC saving (%)
TAE saving (%)

LA process

2,3-BDO
process

Furfural
process

58.4

28.1

85.3

45.3

28.0

36.5

45.4
42.1
45.0

26.3
20.9
27.6

36.7
13.7
34.6

Fig. 6. Economic and environmental evaluation of two structural alternatives for 2,3-BDO production.
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pressure increase regulates the driving force in the evaporator, which
aﬀects the area required for heat transfer. The pressure of the blower
outlet stream was adjusted to obtain the minimum approach in the heat
exchanger, which is 10 °C.
Because the amount of energy transferred from the top streams of
the evaporator and distillation unit to the evaporator is insuﬃcient, an
extra heat exchanger is required to compensate for the remaining heat.
Compared to a conventional distillation column, the use of the proposed conﬁguration improves the TOC and TAC by 36.7 and 13.7%,
respectively (Table 2). Interestingly, adding an extra heat exchanger
can be eliminated when employing the heat of bottom stream for the
remaining heat.
The CO2 emission, which is generated by the heat and electricity
sources, was also calculated and evaluated. Note that a blower always
generates more CO2 than a reboiler for the same energy requirement. As
a result, a TAE saving of 34.6% compared to that of a conventional
distillation can be achieved in the puriﬁcation of furfural (Fig. 8).

3.3. Furfural process
3.3.1. Base case
Furfural is a natural precursor to furan-based chemicals and has the
potential to become a major renewable platform chemical for the production of biofuels and biochemicals [40]. It is a natural dehydration
product of xylose; thus, any material containing a large amount of the
pentose sugars arabinose and xylose can serve as a raw material for
furfural production [40,41]. The traditional process for the production
of furfural from biomass has two steps, i.e., a reaction and a distillation
step [1]. Most previous studies have focused only on increasing the
furfural yield of the reaction unit [42,43], while few have addressed the
energy-intensive distillation unit. Thus, this work proposes an advanced
conﬁguration for enhancing the distillation performance in the furfural
puriﬁcation process.
In this study, the feed mixture for the distillation unit in furfural
production is produced by the acidic hydrolysis of pentosan-rich biomass [1,41]. The non-random two-liquid Haydon-O’Connell (NRTLHOC) model, which uses the Hayden-O’Connell equation of state as the
vapor phase model and the NRTL model for the liquid phase, was used
to predict the vapor-liquid equilibrium (VLE) in these simulations. Dimerization aﬀects the VLE, vapor phase properties (such as enthalpy
and density), and liquid phase properties (such as enthalpy). The
Hayden-O’Connell equation reliably predicts the solvation of polar
compounds and dimerization in the vapor phase that occurs with
mixtures containing carboxylic acids [44]. The simulation results indicate that the reboiler duty and condenser duty for the conventional
distillation are 466 and 190 kW, respectively, as shown in Fig. 7a.

4. Conclusions
In this study, a novel HBED conﬁguration was proposed for enhancing the eﬃciency of bioproduct production from biomass. By applying the HBED, light components are partially removed by the evaporator and the latent heat can be circulated during the process, leading
to a substantial improvement in energy eﬃciency. An evaporator can be
used to assist the distillation column if a large quantity of water and/or
solvent needs to be removed from the feed and if there is a large difference in temperature between the top and bottom of the column. A
blower can increase the energy eﬃciency of an evaporator signiﬁcantly,
while the combination of an evaporator and a blower can substantially
reduce the size, capital cost, and operating cost of the distillation
column. Simulations indicated that compared to conventional distillation, our novel conﬁguration presents large potential energy savings
while removing a signiﬁcant quantity of water and/or solvent from the
puriﬁcation and separation process. In particular, 45.4%, 26.3%, and
36.7% lower operating costs could be achieved for the LA, 2,3-BDO,
and furfural processes, respectively. Owing to the high temperature
diﬀerence between the top and bottom of the distillation column, a
blower should not be used without an evaporator. Without the blower,
the total energy duty of the evaporator and distillation unit is higher
than that of a conventional distillation column. The lower TAC and CO2

3.3.2. Proposed HBED conﬁguration
The hybrid technology (Fig. 7b) combining an evaporator and a
blower was evaluated. An evaporator can reduce the required energy
and size of the distillation unit, as well as the temperature diﬀerence
between the top of the distillation column and the bottom of the evaporator (as compared to that between the top and bottom of a conventional distillation column). However, evaporators are not very efﬁcient, which leads to a higher total duty. Using a blower can improve
the performance of the evaporator by utilizing the heat of the vapor
stream. Unlike a compressor, a blower can avoid problems associated
with the decomposition or polymerization of components, which are
both sensitive to temperature, because of the lower pressure ratio. The

Fig. 7. Simpliﬁed ﬂow sheet illustrating (a) conventional distillation and (b) proposed conﬁguration for furfural process.
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Fig. 8. Economic and environmental evaluation of two structural alternatives for furfural production.

emissions demonstrate that the proposed conﬁguration as an attractive
and viable solution for implementing in industrial bioreﬁnery processes.
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