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Abstract: This study presents a new simulation model developed with ASPEN Plus of waste
biomass gasification integrated with syngas fermentation and product recovery units for bioethanol
production from garden waste as a lignocellulosic biomass. The simulation model includes three
modules: gasification, fermentation, and ethanol recovery. A parametric analysis is carried out to
investigate the effect of gasification temperature (500–1500 ◦C) and equivalence ratio (0.2–0.6) on
the gasification performance and bioethanol production yield. The results reveal that, for efficient
gasification and high ethanol production, the operating temperature range should be 700–1000 ◦C,
as well as an equivalence ratio between 0.2 and 0.4. At optimal operating conditions, the bioethanol
production yield is 0.114 kg/h per 1 kg/h input garden waste with 50% moisture content. It is worth
mentioning that this parameter increases to 0.217 kgbioethanol/kggarden waste under dry-based conditions.

Keywords: lignocellulosic ethanol production; waste biomass gasification; syngas fermentation;
process simulation; system performance; waste to energy

1. Introduction

In order to prevent dangerous climate change, the world needs to reduce greenhouse gas (GHG)
emissions to net zero or even negative. Many experts suggest that we need to completely phase out
fossil fuels and replace them with local and renewable energy sources like solar, biofuel, and wind
energy [1–4]. Among the different renewable energy sources, biomass is one of the most promising
alternative energy sources considered to be used instead of conventional ones [5–7].

Currently, around 10% of all energy generated worldwide comes from biomass. Most of this
10% is biofuel energy from the fermentation of corn and sugarcane. However, fermentation of corn
competes with the global food supply, and fermentation of sugarcane drives deforestation. Therefore,
the renewable and sustainable growth of these two bio-based energy sources may not be desirable
even if it is economically feasible [8]. The key to overcome these challenges is using lignocellulosic
biomasses as the most viable option for bioethanol production. Lignocellulosic ethanol (bioethanol) is
one of the most important sources of advanced biofuels due to its promising feedstock availability and
low production costs [9,10].

Lignocellulosic biomass can be converted into ethanol through either biochemical or thermochemical
conversion processes. Biochemical conversion involves hydrolysis and fermentation while thermochemical
conversion involves gasification and syngas fermentation [11]. Syngas fermentation operates at mild
temperatures and pressures, and it avoids using expensive pretreatment processes and enzymes [12].
Moreover, in the thermochemical conversion, the environmental impacts rated to inlets can be neglected.
However, it cannot be practical for biochemical conversion where the consumed sulfuric acid, lime,
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and nutrients contribute significantly in life-cycle fossil fuel consumption, GHG emission, and water
use [11].

The objective of the present study was the development of a new computer model using the
simulation software ASPEN Plus for the integrated gasification, syngas fermentation, and product
purification units for ethanol production from garden waste as a model lignocellulosic biomass. Then,
the model was used to investigate the effect of operating parameters like temperature and equivalence
ratio (ER) on the syngas composition, low heating value (LHV) of produced syngas, cold gas efficiency
(CGE), and amount of bioethanol production. Thus, this study could provide a framework for defining
the gasification, fermentation, and product recovery plants to support equipment specification, and it
will be the basis for future comprehensive environmental and techno-economic assessments.

2. Material and Methods

2.1. System Description

The system considered in this work includes all the process steps from resources to the end
products (Figure 1).

Figure 1. System boundaries, considered technologies, and associated inputs.

Garden waste is the significant resource entering to the system, while liquid fuel and electricity are
also the accessory inputs. Diesel fuel is used in trucks for transportation, and electricity is consumed
for driving force and heat generation through the process. Garden waste is transferred from the waste
fields to the preparation/pre-processing part, which is next to the gasification and ethanol production
unit. The gasification process consists of drying, pyrolysis, combustion, and reduction [13,14]. Typically,
the moisture in biomass ranges from 5–35%, which is reduced to lower than 5% through the drying
process which occurs at a temperature of 100–150 ◦C. Then, in the pyrolysis step, biomass is heated
(it is in the range of 200–700 ◦C) in the absence of oxygen; then, its volatile components are vaporized.
The volatile vapor consists mainly of H2, CO, CO2, CH4, hydrocarbon gases, tar, and steam. Finally,
combustion occurs at 700–1500 ◦C and gasification occurs between 800 and 1100 ◦C [15]. In this work,
the down-draft reactors are considered to operate at atmospheric pressure to gasify garden waste
biomass, while air is used as the gasification agent, resulting in CO2 and H2O, which subsequently
undergo reduction upon contact with the char produced from pyrolysis. Reduction yields combustible
gases such as H2, CO, and CH4 through a series of reactions; the main reactions in this category are
outlined in Table 1 [8].

Then, the produced syngas enters the fermentation process where it is converted into ethanol and
acetic acid in the fermenter by acetogenic microorganisms like Clostridium ljungdahlii. The stoichiometric
equations for the production of ethanol and acetic acid are displayed below [12,16].

4CO + 2H2O→ CH3COOH + 2CO2 (1)

2CO2 + 4H2 → CH3COOH + 2H2O (2)

6CO + 3H2O→ C2H5OH + 4CO2 (3)
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2CO2 + 6H2 → C2H5OH + 3H2O (4)

Finally, ethanol produced is removed from the fermentation broth or beer by distillation in
the post-processing step and then dried in packed beds of molecular sieves with recovery of water
and ethanol.

Table 1. The main gasification reactions [8].

Heterogeneous reactions
C + O2 → CO2 − 394 kJ/mol Complete combustion R1

C + 0.5O2 → CO− 111 kJ/mol Partial combustion R2
C + CO2 → 2CO + 172 kJ/mol Boudouard R3

C + H2O→ CO + H2 + 131 kJ/mol Water-gas R4
C + 2H2 → CH4 − 75 kJ/mol Methanation R5

Homogeneous reactions
CO + 0.5O2 → CO2 − 283 kJ/mol CO partial combustion R6
H2 + 0.5O2 → H2O− 242 kJ/mol H2 combustion R7

CO + H2O→ CO2 + H2 − 41 kJ/mol Water-gas shift (WGS) R8
CH4 + H2O→ CO + 3H2 + 206 kJ/mol Reforming R9

H2S and NH3 formation reactions
H2 + S→ H2S H2S formation R10

3H2 + N2 → 2NH3 NH3 formation R11

2.2. Simulation Model

An equilibrium simulation model was developed for lignocellulosic biomass gasification integrated
with syngas fermentation and product recovery units for ethanol production using ASPEN Plus version
10. The Peng–Robinson equation of state with Boston–Mathias alpha function (PR-BM) was applied to
calculate physical properties of the conventional components in the gasification process [17]. Moreover,
the NRTL model was used as the thermodynamic package for description of the phase equilibrium
between different components in the mixture, including a water–ethanol azeotrope existing in this
system. HCOALGEN and DCOALIGT models were also employed for enthalpy and density of biomass
and ash which are non-conventional components. MCINCPSD stream, comprising three substreams of
the MIXED, CIPSD, and NCPSD classes, was also considered to define the biomass structure and ash
streams which are not available in the ASPEN Plus component database [18,19]. The flow chart of the
system simulated using ASPEN Plus is shown in Figure 2.

2.2.1. Gasification Module

The BIOMSS stream was defined as a nonconventional stream, and it was created by specifying
the elemental and gross compositions of feedstock obtained from proximate and elemental analyses
given in Table 2 [20]. Drying occurs at 150 ◦C to achieve the moisture reduction to 5 wt.% of the original
sample. This step is directed by the stoichiometric reactor RSTOIC in Aspen Plus. This particular
module is used to perform chemical reactions of known stoichiometry [21]. After drying, RYIELD,
the yield reactor, is brought to simulate the feed pyrolysis. In this step, the feedstock is converted
to volatile materials (VM) and char. VM contains carbon, hydrogen, oxygen, and nitrogen; char is
also converted into ash and carbon, by specifying the product distribution based on the proximate
and ultimate analysis of the feedstock. Then, RGibbs is used to simulate the biomass gasification.
The decomposed feed and air enter the RGibbs reactor, where partial oxidation and gasification
reactions occur. The reactor calculates the syngas composition by minimizing the Gibbs free energy
and assumes complete chemical equilibrium [22,23].
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Figure 2. ASPEN Plus flow chart of the system.

Table 2. Ultimate and proximate analysis of garden waste.

Garden Waste

Proximate analysis
Proximate analysis (wt.%)

Moisture 50
Volatile matter (VM) 84.5

Fixed carbon (FC) 14.5
Ash 1

Ultimate analysis
Elemental analysis (wt.% dry basis)

C 50.12
H 6.40
N 0.14
Cl 0
S 0.08
O 42.26

2.2.2. Fermentation Module

The fermenter was modeled using a stoichiometric reactor (BIOREACT) in ASPEN Plus combined
at atmospheric pressure and 38 ◦C. This temperature was chosen because it is the optimal temperature
for growth of most ethanol-producing acetogenic microorganisms. The modeling of the bioreactor is
based on the works proposed by Ray and Ramachandran [16]. In the bioreactor, 70% of CO is converted
to ethanol and 5% to acetic acid, while 50% of H2 is converted to ethanol and 2% to acetic acid.
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The bioreactor containing cells of the acetogenic bacteria (cell broth or beer) is a vessel designed
to promote transfer of CO and H2 into the cells in the beer. CO and H2 are transformed to ethanol
via reactions mediated by enzymes inside the cells. The product stream is a combination of liquid
and gas that must be separated. A series of cooler and flash units were used to model this separation,
minimizing the ethanol lost in the exhaust gas (GAS3).

2.2.3. Ethanol Recovery Module

Using ethanol as a biofuel needs to be a high-purity product. However, water and ethanol form an
atmospheric azeotrope at 96.5 wt.%; thus, it is not possible to achieve the desired product by applying
only a distillation unit. In this part, a combination of distillation and molecular sieves is used. Firstly,
the broth from the fermentation part is distilled until an ethanol purity of 90 wt.%. Then, the rest of
water is removed using molecular sieves. This is a vapor dehydration process that is based on the
adsorption of the water molecules on the sieve micropores [24].

A rigorous distillation unit (Radfrac) was used to model the first step of the ethanol recovery.
Based on preliminary shortcut calculations, a total condenser and a kettle reboiler were considered,
and the stage number of the column was set to 25, with the feed entering at the stage of 11. The design
specs feature in ASPEN Plus was used to design a column capable of obtaining a product purity
of 90% and molar recovery of 99%, minimizing the loss of ethanol in the bottoms. Based on these
design specifications, the mass distillate-to-feed ratio and the reflux ratio were calculated. Finally,
the molecular sieve unit was modeled using a separator block that generates a pure ethanol stream
(with a purity of 99%) as the final product of the simulated plant.

3. Results and Discussion

The developed model for waste biomass gasification integrated with syngas fermentation and
bioethanol production was used to investigate the gasification performance of garden waste as a
lignocellulosic biomass. The effect of gasifier temperature and equivalence ratio (ER) on the syngas
composition, syngas yield, lower heating value (LHV) of produced gas, cold gas efficiency (CGE),
and amount of bioethanol production are investigated. The lower heating value of product gas is
calculated as follows [25,26]:

LHVsyngas(kj/Nm3) = 4.2× (30× yCO + 25.7× yH2 + 85.4× yCH4) (5)

where y is the molar fraction of gas species in the syngas (dry basis).
The cold gas efficiency (CGE) is an important index to account for the performance of biomass

gasification, and it is calculated using Equation (6) [25,27].

CGE(%) =
GP × LHVsyngas

HHV f uel
× 100 (6)

where GP is the syngas yield, which is the volume of total product gas from the gasification per unit
weight of fuel in normal conditions (N·m3

·kg fuel−1). HHVfuel is the higher heating value of the fuel
(MJ·kg fuel−1). It is calculated using the following equation [15,28]:

HHV f uel(Mj/kg) = 0.312× (FC) + 0.1534× (VM) (7)

According to the Equation (7), heating value is a function of weight fractions of fixed carbon and
volatile matter in the dry and ash-free conditions.

The specific mass flow rate of the produced bioethanol (mbioethanol) is the ratio of the mass flow
rate of the entering biomass into the system per mass flow rate of the product ethanol, calculated as
shown below.
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mbioethanol =
Mbioethanol(kg/hr)
Mbiomass(kg/hr)

(8)

3.1. Effect of Temperature on Gasification Performance and Bioethanol Production

The effect of gasification temperature on the molar flow rates of syngas constituents was studied
in the window of 500 to 1500 ◦C. While the equivalence ratio was set to 0.372, moisture content was
reduced from 50% to 5%, and the biomass feeding rate was 1000 kg/h. Figure 3 shows the variation in
molar flow rate of syngas and its composition with increasing temperature. As the gasifier temperature
increased, H2 and CO flow rates also increased. However, CO2 and CH4 flow rates decreased with
the increase in the temperature. The growth of CO and H2 flow rates in the range of 500 to 700 ◦C
was because of the combined effect of Boudouard, steam methane reforming, and the water-gas
reaction. These are endothermic reactions in nature; hence, they are favored with higher temperature.
Moreover, reduction in CO2 and CH4 flow rates with increasing temperature was due to the exothermic
nature of water-gas shift and methanation reactions, making them unfavorable at higher temperatures.
Obviously, H2 flow rate lessened after 700 ◦C, which can be attributed to the combined effect of all
reactions occurring in the reduction zone. At low temperatures, the water-gas shift reaction contributed
to hydrogen production, but this reaction was hindered at high temperatures.

Figure 3. Effect of gasification temperature on molar flow rates of syngas constituents.

By increasing the gasification temperature, water-gas and steam methane reforming reactions
contributed majorly to H2 production, but the steam methane reforming reaction was limited due to
the absence of CH4 as the main reactant at a higher temperature. As a whole, it can be concluded that
the water-gas shift reaction mainly controls H2 production. In addition, the reduction in CO2 flow
rate by increasing the temperature can be associated with the Boudouard reaction which utilizes CO2

to produce CO; as it is endothermic in nature, it is favored at higher temperatures. Methane is also
produced through the methanation reaction, which is an exothermic reaction that is favored at lower
temperatures. Thus, a decrease in CH4 flow rate was observed when the temperature was increased.

Figure 4 shows the variation in LHV of syngas and cold gas efficiency (CGE) with increasing
gasification temperature. Cold gas efficiency and LHV firstly increased abruptly from 21.7% and
2.42 MJ/N·m3 at 500 ◦C to 43.7% and 4.30 MJ/N·m3 at 700 ◦C, before becoming almost constant.
According to Equation (5), the LHV of syngas is a function of H2, CO, and CH4 molar fractions; thus,
it increased until 700 ◦C because of the increase in H2, CO, and CH4 concentrations. After 700 ◦C,
LHV did not show so much variation due to the decrease in H2 concentration and slight increase in CO
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concentration. Cold gas efficiency also followed the LHV trend as it is the most influential parameter
on the CGE of the gasifier (based on Equation (6)).

Figure 4. Effect of gasification temperature on syngas lower heating value (LHV) and cold gas
efficiency (CGE).

The effect of the gasifier temperature on the specific mass flow rate of bioethanol production is
illustrated on Figure 5. The mass flow rate of garden waste entering the system was fixed at 1000 kg/h and
it was reduced to 526 kg/h upon passing through the drying process (its moisture content was reduced
to 5%). However, as the gasifier temperature was increased, the syngas production also increased until
700 ◦C, before becoming approximately constant. Bioethanol production also followed this trend since
the fermentation part is affected mainly by the input of syngas to its process. Figure 5 shows that
the process yielded 32 kg/h ethanol production from 1000 kg/h wet garden waste (with 50% moisture
content) at 500 ◦C before increasing to 114 kg/h at 700 ◦C. However, the specific mass flow rate of
the produced bioethanol from dry garden waste would be 0.062–0.217 kgbioethanol/kggarden waste in the
window of 500–700 ◦C. This means that 217 kg/h ethanol can be produced from 1000 kg/h dry garden
waste. Impressively, moisture content indirectly affects the process yield. Increasing moisture content
strongly degrades the syngas production. Because of the much higher moisture content in the fuel,
the percentage of carbon and hydrogen on a wet basis decreases, thereby leading to a lower production
of syngas composition and, finally, a lower production of ethanol.

Figure 5. Effect of gasification temperature on specific mass flow rate of bioethanol production.
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3.2. Effect of ER on Gasification Performance and Bioethanol Production

The equivalence ratio (ER) is a significant indicator showing the role of an oxidizing agent and
it is defined as the ratio of the amount of actual air supplied to the gasifier to the stoichiometric
air. In this section, the effect of ER on the molar flow rates of syngas constituents and gasification
performance was investigated by varying it in the span of 0.2 to 0.6. Gasification temperature (900 ◦C),
moisture content (50%), and biomass feeding rate (1000 kg/h) remained constant. It can be seen in
Figure 6 that H2 and CO flow rates decreased with an increase in ER, while CO2 and CH4 flow rates
increased with an increase in ER. ER increased upon increasing the air supply in the oxidation zone.
Increased oxygen supply enhances the carbon and hydrogen oxidation reaction. These two reactions
utilize carbon and hydrogen to produce CO2 and H2O. CH4 production was very low because reactants
of the methanation reaction were consumed in the hydrogen and carbon oxidation reactions.

Figure 6. Effect of equivalence ratio (ER) on molar flow rates of syngas constituents.

The effect of ER on the LHV of syngas and cold gas efficiency is shown in Figure 7. It can be
observed that the LHV of syngas decreased from 7.28 MJ/N·m3 at ER = 0.2 to 1.94 MJ/N·m3 at ER = 0.6.
This can be explained by the fact that, upon increasing ER, the production of CO and H2 in syngas
decreased due to the complete combustion of fuel, thus leading to a decrease in the heating value of
the syngas. Cold gas efficiency also reduced, stemming from the reduction of the LHV. Its value of
54.2% at ER = 0.2 decreased to 25.6% at ER = 0.6.

Figure 7. Effect of ER on syngas LHV and cold gas efficiency.
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Figure 8 depicts the effect of the equivalence ratio on the specific mass flow rate of bioethanol
production from garden waste. As can be seen, the flow rate of bioethanol firstly increased and
then decreased with an increase in ER. This may be because, at low ER, biomass reactions approach
pyrolysis, while, at high ER, the excess amount of oxygen gradually oxidizes the fuel completely
and causes biomass combustion; then, the production of CO and H2 as the main syngas contents
declines. Hence, it is important to find the appropriate range of ER for biomass gasification integrated
with ethanol production, as studied in this work. As shown in Figure 8, the optimum ER lies
between 0.2 and 0.4 (particularly 0.25), where the specific mass flow rate of bioethanol is higher
than 0.1 kgbioethanol/kggarden waste.

Figure 8. Effect of ER on the specific mass flow rate of bioethanol production.

4. Conclusions

In this work, the integration of gasification, syngas fermentation, and product purification units
for ethanol production from garden waste as a model lignocellulosic biomass was modeled using
the ASPEN Plus simulator. Parametric analysis was performed by varying gasification temperature
from 500 to 1500 ◦C and equivalence ratio from 0.2 to 0.6, before determining the effect on gasification
performance and bioethanol production.

The main results are as follows:

• The maximum value of cold gas efficiency (44.5%) could be achieved around 800 ◦C, while the
lower heating value at this temperature was 4.38 MJ/N·m3. The main reaction controlling the H2

yield is the water-gas reaction because of its endothermic nature.
• CGE and LHV reached the maximum values of 54.2% and 7.28 MJ/N·m3, respectively, at ER = 0.2.

These parameters continued to decrease with an increase in ER.
• It is evident that, for efficient gasification and high ethanol yield, the operating temperature range

of the reduction zone should be 700–1000 ◦C, along with an equivalence ratio between 0.2 and 0.4.
• At 700 ◦C, the bioethanol production yield was 0.114 kg/h per 1 kg/h input garden waste with

50% moisture content. However, under dry-based conditions, this parameter increased to
0.217 kgbioethanol/kggarden waste. Consequently, increasing moisture content strongly degrades the
system yield.
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