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Abstract: Synthetically produced biofuels play a critical role in the energy transition away from fossil
fuels. Biofuels could effectively lower greenhouse gas (GHG) emissions and contribute to better
air quality. One of these biofuels is bioethanol, which could act as a gasoline replacement. For this
purpose, a simulation of bioethanol production through lignocellulosic biomass fermentation, focused
on distillation, was carried out in simulation software Aspen Plus. Since the possibility of absolute
ethanol production through distillation is limited by the ethanol–water azeotrope, pressure swing
distillation (PSD) was used to obtain fuel-grade ethanol (EtOH) with a fraction of 99.60 wt.%. The
flowsheet was optimised with NQ analysis, which is a simple optimisation method for distillation
columns. We found that the PSD has the potential to concentrate the EtOH to a desired value,
while simultaneously removing other unwanted impurities whose presence is a consequence of
pretreatment and fermentation processes.
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1. Introduction

Lignocellulosic biomass is the most widespread form of renewable raw material on
Earth. It accounts for half of the plant resources obtained through photosynthesis [1]. Due
to its abundance, availability, and global renewability, it represents the most important
alternative to fossil fuels, especially for the production of second-generation biofuels,
chemicals, and materials from biological sources, without influencing global food security.
Lignocellulosic biomass includes agricultural residues and energy crops as well as woody
biomass. On the other hand, transportation is responsible for 15% of global greenhouse gas
emissions and 23% of total energy-related CO2 emissions [2]. To reduce the dependence on
petroleum-based fuels and mitigate climate change, biofuels are widely seen as promising
alternative transportation fuels. Biofuels such as bioethanol have been proven to emit
significantly less GHG than petroleum-based fuels.

Second generation bioethanol is produced from lignocellulosic biomass [3]. The
production consists of four major steps. First, pretreatment is conducted to break down the
lignocellulosic structure, consisting of lignin, cellulose, and hemicellulose. This ensures
the accessibility of cellulose and hemicellulose for hydrolysis, which hydrolyses the two
components in fermentable sugars. Both pentoses and hexoses are then ideally fermented
into EtOH in the third step. Lastly, the purification of the fermentation product is required
to provide fuel-grade EtOH [4].

Even though the EtOH can be purified by distillation, purity higher than 95.6 wt.%
EtOH cannot be achieved with conventional distillation, due to the EtOH-H2O azeotrope [5].
Among the challenges in second-generation bioethanol production, the main ones are
financially achievable pretreatment for the deconstruction of lignocellulosic structure and
the optimisation of enzymes to maximise fermentable sugar yields [3]; the dehydration
step also represents a major challenge in bioethanol production plants [6], due to its high
energy demand [4]. To achieve fuel-grade purity of 99.60 wt.%, numerous technologies
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are available, like pressure swing adsorption (PSA) [7,8], membrane separation [6], and
extractive, azeotropic, and pressure swing distillation [4,5]. The latter has an advantage
among the distillation techniques, since it does not depend on an entrainer to separate the
EtOH-H2O azeotrope [5]. Membrane separation has the same advantage, besides its low
energy consumption, but requires a high capital investment [6].

Second-generation bioethanol production has been studied extensively, and even
though it has seen rapid advancements, its production is still inefficient [3]. Due to the
high energy requirements of the purification step, the present work focuses on the PSD,
since according to our knowledge, not many studies have been conducted on that topic.
The presented research therefore deals with the development of the process for bioethanol
purification.

Few processes have been developed. Mulia-Soto and Flores-Tlacuahuac developed
a model of internal heat-integrated pressure swing distillation. The process was used for
the separation of an azeotropic mixture of EtOH and water (H2O) and the production of
high-purity EtOH suitable for the transportation sector. The system consisted of 30 trays;
the feed was fed into the 23rd tray of the first column, while the reflux was fed to the 13th
tray. The vapour from the first column was fed into the 14th tray. The feed and distillate
of the first column contained 20 mol% (38.99 wt.%) and 85.9 mol% EtOH, respectively [9].
Iqbal and Ahmad used the same conditions [10]. In the flowsheet of Kiran and Jana, a 20
mol% EtOH solution was used as feed for the 21st tray of the first column. The column was
used to produce EtOH at 85.65 mol%; the recycle tray was fed into the eleventh tray, and
the distillate from the first column was fed into the twelfth tray of the second column. The
PSD was used to produce EtOH with a purity of 99.62 mol% [11].

In our work, the stream from the fermentation unit contained other components,
whereas in the literature only water and EtOH were present in the stream. The stream in
our work was first concentrated to a higher, 50 wt.% of EtOH. Then, the PSD was applied
for a possibility of fuel grade bioethanol production. To reduce GHG emissions and achieve
sustainability of the processes, the reduction in energy consumption and optimisation play
influential roles. To promote bioethanol production and its alternative to fossil fuels, the
work explores many trade-offs that are present in designing the distillation columns and
attempts to optimise the columns with a simple yet effective method.

2. Materials and Methods
2.1. Process Feed and Thermodynamic Properties

The simulation of bioethanol distillation was carried out using the Aspen Plus V8
computer program. In accordance with [9,10], we used the Redlich–Kwong equation of
state (Wilson RK) to describe the interaction between the components. According to the
source, it agrees well with the experimental data.

The data used for the simulations were obtained from Cardona and Quintero, from
the outlet of the fermentation unit [12]. Apart from H2O and EtOH, the stream included
sulfuric acid (H2SO4), Hydroxymethylfurfural (HMF), furfural, and calcium hydroxide
(Ca(OH)2). The bacterial culture Z-Mobilis was also present in the stream, which Aspen
Plus does not have in its component database, so we had to self-report it along with its
properties. To avoid this, we added its proportion to the water content and excluded it
from the simulations. The input data are listed in Table 1 and correspond to the feed to the
first distillation column RC-1 (process stream F-1 in Figure 1). We used the obtained mass
flow rate, temperature, and pressure of 50,188.90 kg/h, 33 ◦C, and 1 bar, respectively.
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Table 1. Feed composition, adapted from Cardona and Quintero [12].

Component w (wt.%)

H2O 0.9320
EtOH 0.0540
H2SO4 0.0007
HMF 0.0119

Furfural 0.0010
Ca(OH)2 0.0004Sustain. Chem. 2024, 5, FOR PEER REVIEW 3 
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2.2. Process Scheme

The entire process shown in Figure 1 consists of three distillation columns and is taken
from Karimi et al. [7]. The first column RC-1 is intended for the concentration of EtOH up
to 50% by weight. The second and third columns are used to concentrate EtOH to 99.60%
by weight.

It is known that the azeotropic composition of mixtures changes as a function of
pressure, but in the case of a mixture of EtOH and water this change is not so significant [7].
This effect on the azeotrope is shown in Figure 2, in the xy diagrams for EtOH-H2O, where
xEtOH and yEtOH represent the fractions of EtOH in equilibrium for liquid and vapour
phases, respectively. By properly utilising this property, it is possible to obtain absolute
EtOH by distillation without organic solvents.

The basis of PSD is that the two columns operate at different pressures. In our
example, the low-pressure column (LPC) operates at 1 bar, while the high-pressure column
(HPC) operates at 10 bar. The LPC is used to concentrate EtOH to a composition that is
close to the azeotrope, in our case up to 94% by weight. The pressure of the distillate
vapour was increased to 10 bar with the compressor COMP, which allows the distillate
to reach another, previously inaccessible distillation area that does not have an upper
limit regarding azeotropic composition [13]. In the HPC, therefore, EtOH at 99.60 wt.%
in the bottom of the column was obtained, while the distillate was close to the azeotropic
composition corresponding to the operating pressure of the HPC. In our case, the vapour
with a composition of 91.50 wt.% EtOH was fed back into the LPC through the RED
reduction valve. The reduction valve lowers the pressure of the vapours to 1 bar. The
Radfrac model available in Aspen Plus V8 was used to simulate the distillation columns.

The HE-1 heat exchanger was used to preheat the feed mixture to boiling point. The
Heater model, which is available in Aspen Plus V8, was used for the heat exchanger.
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2.3. Simulation Procedure
2.3.1. Distillation Column RC-1

First, a simulation of column RC-1 with feed stream F-1 was carried out. The composi-
tion of the feed is shown in Section 2.1. The column was simulated with the specifications
that the distillate D-1 and bottom B-1 contain 50 wt.% and 0.01 wt.% EtOH, respectively.
These values were achieved automatically by varying the reflux ration (RR) and the distil-
late flow rate.

The RC-1 column was optimised by NQ analysis, which determines the optimum
RR and tray numbers N, assuming for simplicity that they represent the operating and
investment costs of a distillation column. Assuming that both costs are equally weighted,
the optimal column design is the minimum of the diagram RR × N = f(N) [14]. For this
purpose, Aspen Plus has the built-in function »NQ curves«, which provides the results of
the heat flows, RR, and the optimum feed tray for a selected range of the total distillation
column trays.

2.3.2. Pressure Swing Distillation

Based on the results obtained for column RC-1, the PSD was simulated separately. First,
the columns were simulated with 50 trays, where the 40th tray was the feed tray (counted
from the top of the column to the bottom). In both columns, the proportion of EtOH that
the distillate must contain was determined. Values were determined near the azeotropic
points with an EtOH content of 94.00 wt.% and 91.50 wt.% in the DLP-2 (distillate from
LPC) and DLP-3 (distillate from HPC) streams, respectively. In addition, a specification
for EtOH recovery of 99.90 wt.% was added in the LPC column. For the HPC column, the
proportion of 99.60 wt.% EtOH in the B-3 was determined. The specifications were set so
that they depend on the flow rate in the sump and the RR of the respective columns.

To ensure convergence, the simulation of the PSD was initially carried out as shown
in Figure 3, where the streams DLP-3 and A-1 were disconnected. Later, the streams were
connected as shown in Figure 1. For simplicity, both streams A-1 and D-1 were combined
with the mixer MX, resulting in stream FD, as in the document of AspenTech [15]. In this
way, the NQ analysis on the LPC was enabled. After the first simulation, the composition
and flow rate of stream A-1 in further simulations were adjusted manually until they
corresponded to stream DLP-3.
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Using the process scheme in Figure 3, the NQ analysis was carried out and the
optimum feed trays for the FD and DHP-2 streams were determined. After the analysis,
the mixer MX and the stream FD were removed and the optimal feed trays for the streams
A-1 and DLP-3 were determined manually. Since all simulations were performed with
the above specifications, the compositions and flow rates of the process streams remained
unchanged. During the manual search for the feed trays, the RR and heat flows of the
distillation columns were automatically adjusted to meet the desired specifications. After
determining the optimal feed trays, the A-1 and DLP-3 streams were combined with
Wegstein convergence to form the REC-1 stream, resulting in the final process scheme
shown in Figure 1.

2.4. Sensitivity Analysis

Sensitivity analyses on the LPC and HPC were performed. For the LPC, the effect of
the recovery and the EtOH fraction in the distillate was analysed, while the effect of EtOH
fraction in the distillate of HPC was examined. The specification to achieve 99.60 wt.% of
EtOH in B-3 was constant since it was set as a desired value. The effect of the variables on
the compressor work, heat demand in the evaporators, EtOH losses, RR, and the mass flow
of stream REC-1 were analysed.

2.5. Restrictions and Assumptions

• The distillation columns are modelled with the Radfrac mode.
• Pressure drops are neglected.
• The compressor is isentropic with isentropic efficiency of 0.72, based on commercially

available compressors from certified manufacturers.
• The simulation was carried out in a steady state.
• For optimisation with the NQ analysis, the same weight of operating and investment

costs was assumed.

3. Results and Discussion
3.1. Distillation in Column RC-1

The results of the NQ analysis are shown graphically in Figure 4, for the range of
column trays from 11 to 20. The optimum column from the analysis point of view is the
column with 17 trays, where the third tray is the optimal feed tray.
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Figure 4. NQ analysis results for distillation column RC-1.

Column design corresponds to that of Morales et al. [16], where the column with
18 trays was used for the production of 45 wt.% EtOH. Feed was also introduced to the
column on the third tray. Columns with a lower or higher number of trays have also been
reported, as in [12], where 10 trays with an RR of 3 were used. Lassmann et al. used 32 trays
with an RR of 3 [17]. Of course, all of the columns were capable of concentrating EtOH up
to 50 wt.%. In the case of using a column with a lower number of trays, the required RR
will be higher, whereas when the column has a higher number of trays, the RR needed will
be lower. This is ultimately reflected in the investment and operating costs.

3.2. Pressure Swing Distillation

The results of the NQ analysis performed with the process scheme in Figure 3 are
shown graphically in Figure 5. For the LPC, it turned out that the optimal inlet tray is the
24th tray. With this design, 9171 kW of heat needs to be supplied to the LPC evaporator,
and 8 470 kW needs to be removed at the condenser. A further reduction in heating and
cooling demand was possible with a manual adjustment of inlet trays for flows REC-1
and D-1. For this purpose, the process scheme was altered slightly, and the MX mixer and
the FD flow were removed, which resulted in the process scheme shown in Figure 1. The
number of column trays was not changed. The final designs of the LPC and HPC are shown
in Table 2, where ϕb represents boiler heat flow, ϕc cooling need in the condenser, N is
number of trays, and Nf is the feed tray. The negative sign for the values of ϕc emphasises
the heat released from the condenser. The table also shows the column heat flows. The
preheating demand in HE-1 and compressor work needed were excluded from the table.
The values for process units amount to 3569 kW and 593 kW, respectively.

Table 2. Final design of distillation columns.

LPC
HPCRC-1 After NQ Analysis 1 After Additional Feed

Tray Optimisation 2

ϕb (kW) 4109 9171 8377 5910
ϕc (kW) −3850 −8470 −7852 −6436
RR (−) 0.61 3.70 3.43 4.68
N (−) 17 28 28 32

Nf (−) 3 24
REC-1: 18

14D-1: 25
1 Results refer to the scheme in Figure 3; 2 results refer to the scheme in Figure 1.
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The results of all process streams are shown in Table 3, where qm represents mass flow,
T temperature, p pressure, and w mass fraction of the process flow component.

Table 3. Process flow results for the optimal process scheme.

qm
(kg/h) T (◦C) p (bar) wH2O (−) wEtOH (−) wH2SO4 (−) wHMF (−) wFurfural (−) wCa(OH)2 (−)

F-1 50,188.90 33.00 1 0.9320 0.0540 0.0007 0.0119 0.0010 0.0004
F-2 50,188.90 94.47 1 0.9320 0.0540 0.0007 0.0119 0.0010 0.0004
D-1 5411.45 81.83 1 0.4928 0.5000 3.47 × 10−12 2.24 × 10−09 0.0072 5.47 × 10−54

B-1 44,777.45 100.05 1 0.9851 0.0001 0.0008 0.0133 0.0002 0.0004
DLP-2 8774.91 77.99 1 0.0600 0.9400 3.64 × 10−132 3.82 × 10−108 6.42 × 10−19 0
DHP-2 8774.91 217.72 10 0.0600 0.9400 3.64 × 10−132 3.82 × 10−108 6.42 × 10−19 0

B-2 2703.14 99.12 1 0.9824 0.0031 6.95 × 10−12 4.48 × 10−09 0.0145 0
DHP-3 6066.60 149.43 10 0.0850 0.9150 0 0 0 0
REC-1 6066.60 138.46 1 0.0850 0.9150 0 0 0 0

B-3 2708.30 150.70 10 0.0040 0.9960 0 0 0 0

The desired content of 99.60 wt.% of EtOH in the final product was achieved, while
the remaining 0.40 wt.% was mainly water, with a low proportion of other components.

3.3. Sensitivity Analysis
3.3.1. The Effect of EtOH Recovery

The results of the first sensitivity analysis are shown graphically in Figure 6. Upon
varying the recovery of EtOH (REtOH) from D-1, it was observed that the increase in
recovery resulted in linear decrease in EtOH losses in B-2 (qm, EtOH, B-2). Simultaneously,
the REC-1 mass flow (qm, REC-1) increased. This was due to the specification for the EtOH
fraction of 94 wt.% in the DLP-2 stream, which also resulted in the increase in the stream’s
flow rate.

As more vapour flows into the HPC, the boiler heat demand increases linearly, while
the RR remains constant due to the constant composition of the DHP-2 process flow.
Because the condenser of the column has the same relationship, it is not additionally
illustrated. The same applies for the following sensitivity analyses.
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Figure 6. The effect of EtOH recovery on: (a) losses of EtOH in distillation bottom B-2; (b) RR of
distillation columns; (c) mass flow of REC-1; and (d) heat demand in distillation column boilers.

Larger effects of recovery were observed in the LPC. As the recovery of EtOH increases,
heat flows and RR increase exponentially. Increasing the recovery of EtOH increases the
difficulty of recovery, which is reflected in higher RR. This results in the circulation of
a larger mass of the mixture in the column, which increases the heat demand for the
vaporisation of the mixture. It is worth noting that 100% recovery is not achievable.

3.3.2. The Effect of the EtOH Content in the Distillate of the LPC

Changing the EtOH content of the distillate has a much more complex effect on the
overall system. Increasing the mass fraction results in a decrease in the flow rate of DLP-2
due to the lower flow rate of water in the distillate. Consequently, the flow rate of REC-1
recycle is reduced, as shown in Figure 7.
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Figure 7. The effect of EtOH fraction in the distillate of LPC on (a) mass flow rate of recycle REC-1;
(b) RR of distillation columns; (c) boiler heat demand and necessary compressor work.

Because the recovery of EtOH remains constant, the mass flow rate of EtOH losses
in the bottoms decreases. The non-linearity of the relationship is mainly influenced by
the second column. It is observed that as the EtOH fraction decreases, the mass flow rate
of REC-1 starts to increase exponentially. This is due to the specification of the second
column, which requires 91.50 wt.% of EtOH in the distillate. Although the RR decreases
linearly, the closer the fraction of EtOH in the distillate is to this value, more distillate
DHP-3 is sent to recycle. We conclude that the linear decrease in RR in the HPC is a result
of approaching the value of 91.50 wt.%, since it is easier to reach the required value by
adjusting the RR, and since the composition of the feed to the HPC column is already
close to the specified value of the HPC. On the other hand, as the specification for EtOH
fraction in DLP-2 increases, the RR in the LPC increases exponentially, which is caused by
the approach to the azeotropic point.

The complex relationship between heat flows in the LPC column is caused by the
simultaneous variation in RR and recycle flow rate. At one extreme, as we approach the
azeotrope at 1 bar, the heat flow increases exponentially due to the RR in the LPC. At the
other extreme, as we approach the specification 91.50 wt.% of EtOH in the HPC distillate,
the increase in heat flow increases the flow rate of the recycling. The EtOH fraction of the
DLP-2 distillate is therefore confined between the azeotrope at 1 bar and the specification
for the EtOH fraction of the HPC distillate.
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Compressor work (W), shown by the red line, is dependent on the mass flow rate of
the LPC vapour distillate.

3.3.3. The Effect of the EtOH Content in the Distillate of the HPC

Changing the EtOH fraction in the distillate of HPC has a similar effect as the fraction
of EtOH in the distillate of LPC. This can be seen in Figure 8. When the purity of the
distillate is increased, an increase in recycle flow rate is observed. This is a result of
approaching the specification of 94 wt.% of EtOH in LPC distillate DLP-2. As we increase
the EtOH content in the distillate DHP-3, the difference between EtOH fractions becomes
smaller, resulting in a larger volume of distillate being sent to the DLP-2 stream. At the
same time, the RR decreases, because from the RR point of view it becomes easier to obtain
the target value of 94 wt.% EtOH. The EtOH losses increase due to the increase in recycle
flow rate. Because of higher DLP-2 flow rates, the compressor also requires more energy.
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(b) RR of distillation columns; and (c) boiler heat demand and necessary compressor work.

In the HPC, the RR increases as the EtOH fraction in the distillate decreases. This
is due to the approach of the azeotropic point at 10 bars. Consequently, at the two ex-
tremes, we can again observe an increase in heat flows. As the investigated specification
approaches 94 wt.%, the heat flows increase due to the high recycle flows. As we decrease
the specification, the heat flows increase due to the increase in RR in the HPC.

Comparing the heat flow plots in Figures 7 and 8, we see that the minima of the
sum lie at different values. From an operational point of view, the 93.70 wt.% of EtOH
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in the distillate of LPC might be better, but the recycle flow rate would increase, leading
to higher EtOH losses. This would also lead to higher flow rates of DLP-2, leading to
an increase in compressor work. The change in the specification of LPC would require
further optimisation of the HPC feed tray, while it is also not necessary that the optimum
specification of the HPC distillate would be 91.50 wt.%. Due to the complexity of the
interactions between the columns, the problem requires a more detailed optimisation and
economic analysis, which is very difficult with a sensitivity analysis, and is beyond the
scope of the present work.

The design of the columns is comparable with the literature. In Mulia-Soto and Flores-
Tlacuahuac [9], Iqbal and Ahmad [10], and Kiran and Jana [11], 30 trays were used for
both columns, which was very close to our results. The inlet trays differed due to minor
differences between the compositions of all streams. According to Karimi et al., PSD is
often used to separate azeotropic mixtures of EtOH and water [7], but we have not found
any other reliable data on its use to produce anhydrous EtOH in industry. In any case, the
separation of azeotropic mixtures by such distillation is possible but is more difficult when
the azeotropic composition with pressure varies only slightly [7].

4. Conclusions

The present work presents the possibility of using PSD for the production of high-
purity bioethanol obtained through the fermentation of biomass. The produced renewable
ethanol could be used as a fuel instead of conventional gasoline.

NQ analysis, a simple method for determining the optimal design of distillation
columns, was used for the process design. The results of the analysis showed a process
design with good agreement with the data reported in the literature. The components
present in the feed stream were successfully removed by distillation, producing high-purity
EtOH with 99.60 wt.% and a water content of 0.40 wt.%. However, the process consumes a
lot of heat and could be further improved by heat integration.
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