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Abstract: In this paper, a simulation model based on the non-stoichiometric equilibrium method
via ASPEN Plus was established to analyze the gasification performance of 20 herbaceous and
agricultural biomasses (H&ABs) linked with syngas fermentation and product purification units for
ethanol production. The established simulation model does not consider the gasification system as a
black box; it focuses the important processes in gasification such as drying, pyrolysis, gasification,
and connection with bioethanol production plants. The results for the 20 H&AB options suggest
that the specific mass flow rate of bioethanol from 1 kg of biomass input to the unit is in the
range of 99–250 g/kg, and between them, the system fed by hazelnut shell biomass remarkably
outranked other alternatives by 241 g/kg production due to the high beneficial results gained from
the performance analysis. Additionally, a sensitivity analysis was performed by changing operating
conditions such as gasification temperature and air-to-fuel ratio. The modeling results are given
and discussed. The established model could be a useful approach to evaluate the impacts of a huge
numbers of biomasses and operating parameters on bioethanol output.

Keywords: bioethanol production; gasification; herbaceous and agricultural biomass; syngas fermen-
tation; simulation

1. Introduction

Consuming and burning fossil fuels for energy production has negatively affected
modern health, society, and environment, which has led to increases of the application
of renewable energy sources and alternative technologies to produce energy, heat, and
power [1–3]. In the last few decades, interest in biomass has sharply increased because
of the increased attention to sustainable energies [4–7]. Herbaceous and agricultural
biomasses (H&ABs) are currently the most critical and abundant sources of renewable
energy in the world that can be used for energy generation. In fact, herbaceous crops
have the highest ranking for bioenergy production due to their high biomass yield, high
net energy gain, and biomass quality that make them suitable for both biochemical and
thermochemical conversion [8]. H&ABs come from plants that have non-woody stems and
that die at the end of their growing seasons. This biomass includes most agricultural crops,
grasses, and straws. Herbaceous biomass has a higher nutrient content and a lower lignin
content than wood. Generally, the lignin and cellulose contents in H&ABs are in the range
of 18–35 wt% and 65–75 wt%, respectively [9].

Bioethanol is one of the most promising biofuels that can be consumed in cars with
detached engines or as an additive in fuel blending up to 30% without any amendments to
an engine [10–12]. Currently, 11% of worldwide energy consumption is satisfied by using
biomass, and most of this value comes from bioethanol production. This bioethanol is
mainly obtained via sugar- and starch-based materials like sugarcane and grains. How-
ever, these kids of materials must compete with food security and extend deforestation.
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The third group is lignocellulosic materials, which is the most sustainable material for
bioethanol production with no negative effects on food security and competitiveness with
agricultural crops [13–15]. These types of feedstocks can be transformed to ethanol by
applying biochemical or thermochemical conversion processes. Biochemical conversion
involves hydrolysis and fermentation, while thermochemical conversion involves gasifi-
cation and syngas fermentation [16,17]. Syngas fermentation is performed with no need
for expensive pretreatment processes or enzymes, as well as at intermediate temperatures
and pressures [18]. Furthermore, the environmental effects rated to inlets are neglected in
thermochemical conversion processes. However, biochemical conversion does not require
sulfuric acid, lime, and nutrients, which greatly contribute to life cycle fossil fuel consump-
tion, GHG emissions, and water use [16,19,20]. Therefore, employing H&AB gasification
systems linked with syngas fermentation could be a feasible and sustainable option for
bioethanol production.

Syngas fermentation into ethanol and other bioproducts has been considered to be
more attractive than the biochemical approach due to several inherent merits such as the
utilization of the whole biomass including lignin regardless of the biomass quality; the
elimination of complex pretreatment steps, and costly enzymes; the aseptic operation of
syngas fermentation due to the generation of syngas at higher temperatures and bioreactor
operation at ambient conditions. This process has been studied by several researchers.
Phillips et al. [21] proposed a conceptual model for the description of syngas fermentation
through a review of the feedstocks, syngas production, metabolic pathways, bioreactor
design, mass transfer, thermodynamics, electrochemistry, and microbial kinetics of the
syngas fermentation process. Medeiros et al. [22] developed a dynamic model for the
production of ethanol via syngas fermentation in a CSTR, and unknown kinetic parameters
were estimated with literature data by employing different gas flow rate, dilution rate,
syngas composition, and medium composition conditions. The modeling framework was
then used to evaluate the effects of different input variables on the outcomes of ethanol
productivity and gas conversion, and it was observed that cell recycle rate, gas flow
rate, and H2 content had clear positive effects on productivity while the dilution rate
gave different maximums depending on the other variables. Broadly speaking, syngas
fermentation an option for future, sustainable biobased economies due to its potential as
an intermediate step in the conversion of waste biomass to ethanol and other biofuels,
and its integration with gasification makes it an efficient and competitive route for the
valorization of various biowastes, especially if system engineering principles are employed
to target process optimization [22–24]. However, the authors are not aware of any research
into the simulation modeling of integrated downdraft biomass gasification with syngas
fermentation for ethanol production that has evaluated the effects of herbaceous and
agricultural biomass and different process parameters on system performance.

The primary goal of this paper was to establish a simulation model relying on the
non-stoichiometric equilibrium method via ASPEN Plus for the performance evaluation
of 20 H&ABs in downdraft gasification linked with syngas fermentation and product
recovery units. The aim was to rank the most efficient H&AB for bioethanol production.
Then, a sensitivity analysis of the effect of the temperature and air-to-fuel ratio (ARF)
operating conditions to reveal the optimal states of the system to find the maximum
possible bioethanol output.

2. Materials and Methods

A simulation model based on the non-stoichiometric equilibrium method was estab-
lished for bioethanol production by applying ASPEN Plus software. The established model
relied on H&AB gasification linked with syngas fermentation and product recovery units
for bioethanol production. The Penge Robinson and Boston–Mathias alpha functions have
been used for state equations to compute the physical properties of the conventional mate-
rials in the system [25,26]. The NRTL model was also considered for the thermodynamic
package of phase equilibrium among various components in a mixture containing a water–
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ethanol azeotrope [17]. Here, HCOALGEN and DCOALIGT modeling approaches were
selected for the enthalpy and density modeling of biomass and ash as non-conventional
materials in such a system. The MCINCPSD stream used here includes 3 streams of the
MIXED, CIPSD, and NCPSD classes while also showing the structures of biomass and
ash that are not available in Aspen Plus materials database [27,28]. The flow chart of the
gasification plant simulated via ASPEN Plus is presented in Figure 1.
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Figure 1. Aspen Plus flow chart of the system.

The BIOMASS stream is represented as a nonconventional stream, and it was made by
defining the specific elemental and gross compositions of feedstock attained by proximate
and elemental analyses. In this paper, 20 biomass feedstocks from the H&AB group were
used as input to be fed to the gasifier. The results of proximate and elemental analyses of
the considered biomasses are summarized in Table 1 [29–44].

The first step in the gasification process was drying, which had to happen at a temper-
ature of 150 ◦C to reach a moisture reduction of less than 5 wt.% of the original sample.
This stage was performed by the RSTOIC module as the stoichiometric reactor in the Aspen
Plus. This unit was utilized to direct the chemical reactions with known stoichiometry [45].
After the drying step, the RYIELD module (the yield reactor) was modeled to show the
performance of feed pyrolysis. In this stage, the biomass was converted to volatile ma-
terials (VMs) and char. VMs include carbon, hydrogen, oxygen, and nitrogen, and char
could also be converted to ash and carbon by specifying the product distribution based
on the proximate and ultimate analysis of the biomass. Next, the RGibbs module was
used to model biomass gasification. The decomposed feed and air were entered into the
RGibbs reactor, where partial oxidation and gasification reactions were performed. This
reactor computed the mole and mass fractions of components within the syngas product
by minimizing the Gibbs free energy and assumed complete chemical equilibrium [46–48].
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Table 1. Elemental and proximate analyses of 29 herbaceous and agricultural biomasses. M: moisture; VM: volatile materials;
FC: fixed carbon; A: ash; C: carbon; O: oxygen; H: hydrogen; N: nitrogen; S: sulphur.

Proximate Analysis (wt%) Elemental Analysis (wt%—Dry Basis)

M VM FC A C O H N S

1 Bamboo whole 13 81.6 17.5 0.9 51.53 42.1 5.054 0.396 0
2 Kenaf grass 7.5 79.4 17 3.6 46.66 42.9 5.784 0.964 0.0964
3 Miscanthus grass 11.4 81.2 15.8 3 47.72 42.9 5.82 0.388 0.194
4 Sweet sorghum grass 7 77.2 18.1 4.7 47.36 41.6 5.813 0.381 0.0953
5 Switchgrass 11.9 80.4 14.5 5.1 47.17 41.2 5.789 0.664 0.0949
6 Barley straw 11.5 76.2 18.5 5.3 46.78 41.3 5.871 0.663 0.0947
7 Corn straw 7.4 73.1 19.2 7.7 44.95 40.7 5.907 0.646 0.0923
8 Oat straw 8.2 80.5 13.6 5.9 45.92 42 5.646 0.471 0.0941
9 Rape straw 8.7 77.4 17.9 4.7 46.22 42.4 6.099 0.477 0.0953

10 Rice straw 7.6 64.3 15.6 20.1 40.03 34.4 4.554 0.799 0.1598
11 Almond shells 7.2 74.9 21.8 3.3 48.64 41.1 5.995 0.967 0
12 Coconut shells 4.4 73.8 23 3.2 49.46 41.7 5.421 0.097 0.0968
13 Coffee husks 10.8 76.5 20.7 2.8 44.13 46.9 4.763 1.069 0.2916
14 Rice husks 10.6 62.8 19.2 18 40.43 35.8 5.002 0.656 0.082
15 Soya husks 6.3 74.3 20.3 5.4 42.95 44.4 6.338 0.851 0.0946
16 Sugar cane bagasse 10.4 85.5 12.4 2.1 48.75 43 5.874 0.196 0.0979
17 Walnut hulls and blows 47.9 79.6 17.5 2.9 53.5 35.4 6.506 1.554 0.0971
18 Pepper residue 9.7 64.8 27 8.2 41.95 43.2 2.938 3.121 0.5508
19 Grape marc 10 65.8 26.4 7.8 49.79 34.5 5.624 2.213 0.0922
20 Hazelnut shells 7.2 77.1 21.4 1.5 50.73 41 5.418 1.379 0

Next, the produced syngas entered the fermentation process, where it was converted
into ethanol and acetic acid in the fermenter via an acetogenic microorganism such as
Clostridium ljungdahlii. The fermentation section was modeled by applying the BIOREACT
module as a stoichiometric reactor in Aspen Plus operated at atmospheric pressure and
38 ◦C. This temperature was considered because it is the optimal temperature for growth
of most ethanol-producing acetogenic microorganisms. The modeling of the bioreactor
was based on the research carried out by Ray and Ramachandran [49]. In the bioreactor,
70% and 5% of CO were converted to ethanol and acetic acid, respectively, while 50%
of H2 and 2% were converted to ethanol and acetic acid, respectively (according to the
following reactions):

4CO + 2H2O→ CH3COOH + 2CO2 (1)

2CO2 + 4H2 → CH3COOH + 2H2O (2)

6CO + 3H2O→ C2H5OH + 4CO2 (3)

2CO2 + 6H2 → C2H5OH + 3H2O (4)

The bioreactor containing cells of the acetogenic bacteria (cell broth or beer) was a
vessel designed to promote the transfer of CO and H2 into the cells in the beer. CO and
H2 were transformed to ethanol via reactions mediated by enzymes inside the cells. The
product stream was a combination of liquid and gas that had to be separated. A series of
cooler and flash units was used to model this separation, thus minimizing the ethanol lost
in the exhaust gas (GAS3).

In order to use the bioethanol product as a biofuel, a high purity product is required.
However, water and ethanol form an atmospheric azeotrope at 96.5% wt, so it is not
possible to achieve the desired product by applying only distillation unit. Thus, in this
step, a combination of distillation and molecular sieves was employed. Firstly, the broth
from the fermentation part was distilled until an ethanol purity of 90% wt. Then, the rest
of water was removed using molecular sieves, which is a vapor dehydration process that is
based on the adsorption of water molecules on sieve micropores [50].
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For the first step of bioethanol recovery, a RadFrac module was selected as a rigorous
distillation unit. According to the preliminary shortcut calculations, a total condenser and a
kettle reboiler were chosen, and the stage number of the column was set to 25, with the feed
entering at stage 11. The design specs featured in Aspen Plus were used to design a column
capable of obtaining a product purity of 90% and mole recovery of 99%, minimizing the loss
of ethanol in the bottoms. Based on these design specifications, the mass distillate-to-feed
and reflux ratios were calculated. Finally, the molecular sieve unit was modeled using a
separator block that generated a pure ethanol stream (with a purity of 99%) as the final
product of the simulated plant.

3. Results and Discussion

The results from the established simulation model in this paper for the 20 H&AB
options, are listed and ranked in Figure 2 according to their share to the specific mass flow
rate of bioethanol smethanol = methanol (g)/mbiomass (kg). This ordering was based on the
smethanol hat was in the range from 99 to 250 g/kg, values highlighting the minimum and
the maximum efficient alternatives, respectively. The systems were divided based on their
outputs into three classes. Class 1 included six H&AB gasification systems mostly based on
straw feedstocks including rice husks, pepper residue, barley straw, walnut hulls and blows,
oat straw, and rice straw, which produced the minimum values of smethanol (these were in
the range of 99–150 g/kg). Seven of the studied H&AB gasification systems were placed in
the second class because their output smethanol was in the range of 150–200 g per one kg of
feedstock. Finally, the third class included seven H&AB options that mainly relied on the
shell and grass residues containing sugar cane bagasse, rape straw, sweet sorghum grass,
grape marc, bamboo whole, almond shells, and hazelnut shells, which produced relatively
higher bioethanol amounts.
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ture of 900 ◦C and air-to-fuel ratio of 2).

The system that used hazelnut shell biomass as feedstock remarkably had the highest
rank from the viewpoint of bioethanol production (241 g/kg) because of the beneficial
results of the performance analysis. This can be explained by the fact that the hazelnut
shells had the highest percentage of carbon, hydrogen, and oxygen; very low amounts of
ash and nitrogen; and no sulphur (Figure 3). The percentage shares presented in Figure 3
are the contributions of carbon, hydrogen, oxygen, ash, nitrogen, and sulphur in the
elemental analysis of each feedstock. Indeed, carbon and hydrogen were found to be
essential components in each biomass. Therefore, the greater the C and H2 contents in
the feedstock, the higher carbon monoxide and hydrogen in the syngas product, which
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necessarily leads to an amendment of the calorific value of the syngas output. CO and H2
were found to be the main components in the gas products that were transformed into
ethanol and acetic acid (mainly ethanol) in the fermentation reactor. As such, the increase
of CO and H2 in the syngas led to much greater values of ethanol in the output stream.
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Next, the effect of gasifier temperature on the specific mass flow rate of bioethanol
obtained from 20 herbaceous and agricultural biomass alternatives is analyzed (Figure 4).
The analyses in Figure 4 were carried out at standard conditions of 1 kg of input biomass, an
air-to-fuel ratio (AFR) of 2, and varied gasification temperatures in the range of 600–1500 ◦C.
For all evaluated H&ABs, the smethanol produced from each plant was modified by addition
in the operated temperature. At low temperatures, around 600 ◦C, the carbon in the
biomass material was not consumed/combusted completely, so the syngas product could
not reach an appropriate value. Specifically, at lower temperatures, unburned/unused
methane and carbon stayed in the output without any change; however, increasing the
reactor temperature led to a much greater amount of carbon being partially oxidized and
transformed into CO based on the partial combustion reaction. Moreover, the reverse
methanation reaction led to methane being converted to H2. A water–gas reaction also
led to the creation of both CO and H2 at high temperatures. However, increasing the
gasification temperature was beneficial for H2 and CO production, as the yields of H2 and
CO were saturated at high temperatures. The saturation temperature is called the optimum
gasifier temperature, which may be different for each system. Bioethanol production also
follows this trend because the fermentation part is mainly affected by the syngas input to
its process. smethanol also increases in a gradual way near the optimum temperature. The
optimum operating temperature of the down draft gasifier for H&ABs was found to be in
the range of 850–1000 ◦C.

Variation in the amount of air injected into the system was able to significantly affect
the substances and quality of the syngas produced, as well as the bioethanol production.
The quantity of air entering the gasification can be expressed as a factor of the AFR, which
is the mass flow rate of the required air input to burn a mass unit of dry fuel. The impacts
of AFR on the bioethanol obtained via the gasification alternatives fed by 20 H&ABs
are depicted in Figure 5. In this analysis, all operating parameters except for AFR were
considered constant, with a gasifier temperate of 900 ◦C and 1 kg of input biomass. The
optimum values of AFR for H&AB gasification plants were found to be in the range of
1.8–2.3. In fact, at smaller AFR levels, biomass gasification acted like the pyrolysis process,
so charcoal remained and came with energy losses. Nevertheless, at greater AFR levels,
the extra supplied oxygen was combusted with carbon and carbon monoxide, which led
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to a reduction in high quality syngas production. Therefore, it was critical to find the
proper values of AFR for H&AB gasification linked with ethanol production, which was
investigated in this work. As shown in Figure 5, the optimum AFR values for the highest
specific mass flow rates of H&ABs were found to be between 1.95 and 2 for H&ABs in
classes 2 and 3 and between 1.8 and 1.9 for H&ABs located in class 1.
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4. Conclusions

In this paper, a biomass gasification simulation model was established based on
the non-stoichiometric equilibrium method via ASPEN Plus. The developed model con-
tains the main process/submodules necessary for the method, such as drying, pyrolysis,
and gasification linked with the syngas fermentation and product purification units for



Fermentation 2021, 7, 139 8 of 10

bioethanol production. The established model was evaluated for different 20 herbaceous
and agricultural biomasses under various operating parameters to find the optimum
conditions for the highest bioethanol production.

This model can be used for the prediction of various outputs like values of bioethanol
gained from a huge number of biomass feedstocks with defined ultimate compositions
and proximate analysis under various operating conditions such as air flow rate and tem-
perature. The presented simulation model is a useful tool for the preliminary calculations,
design, and operation of biomass gasifiers. Moreover, this model can be used for the
evaluation of several options to allow for decision-makers to create efficient infrastructures
in the energy management sector.

The obtained results of the developed simulation model for 20 H&AB alternatives
showed that the specific mass flow rate of bioethanol produced from 1 kg of feedstock
input to the system is 99–250 g/kg, and the alternative fed by hazelnut shell biomass led
to a remarkably higher rate (241 g/kg) than those of other plants, as seen in the beneficial
results obtained from the performance analysis. In the model, sensitivity analysis was
also performed, and the impact of varying the gasifier temperature and AFR on smethanol
from each system was investigated. Raising the temperature was found to improve gasifier
performance by increasing the creation of CO and H2, which led to a greater output
of bioethanol. Nevertheless, increasing the AFR was found to degrade the CO and H2
production, which resulted in a reduction in gasification performance.
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