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Abstract: Due to the importance of environmental protection and the need to use new energy and
alternative to conventional fuels, renewable energy has received much attention. Due to this necessity,
a discontinuous bioreactor producing methane gas from animal waste has been modeled and simulated
in this research. Monod kinetics was used to express the relationship between the growth rate of
microorganisms and substrate concentration. The fourth-order Rong Kuta numerical method solved the
substrate consumption and production of microorganisms and methane gas. The effect of the initial
concentration of microorganisms on methane production has also been investigated. The initial
concentrations of substrate and microorganisms are 74.51 g/L and 61.1 g/L, respectively. The results of
this study showed that the mathematical model deviates about 53.8% from the laboratory data.
According to the presented model, the amount of methane produced after 70 days is equal to 29.10 g/L.
The decomposition rate of the substrate and methane gas production depends on the substrate's
residence time. Increasing the initial concentration of microorganisms produces methane gas in less
time. The amount of methane produced is independent of the initial concentration of microorganisms.
The model presented in this study can predict the time required to perform the reaction, optimal
bioreactor performance, design of relevant process equipment, and increase the scale of equipment,
such as storage tank and proper control to produce high purity methane more volume. Suitable in
bioreactors.
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1. Introduction

Today, one of the main problems of all countries globally, especially developing
countries, is energy. Fueling remote villages is very difficult and costly even in a country like
Iran, which has rich energy resources. Therefore, other energy production methods that do not
have the disadvantages of conventional methods have become commonplace worldwide. One
of these methods is energy production from biomass [1]. One of the technologies for converting
biomass to energy is biochemical processes. These processes are divided into anaerobic,
aerobic, and alcoholic fermentation of biomass. Biogas [2] is obtained by anaerobic
fermentation of biomass [1]. In the process of anaerobic fermentation, organic matter [3] is
soluble and absorbable by microorganisms by chemical reaction, and they are used to perform
their vital activities [2]. Biogas is a colorless, almost odorless, flammable gas, a significant
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percentage of which is methane. The composition of biogas is shown in Table 1. According to
Table (1), more than half of the biogas composition is methane. This shows the importance of
biogas as a new fuel and energy source.

Table 1. Biogas composition.

Gas name Percentage composition Formula
Methane 55t0 75 CH4
carbon dioxide 35t045 CO:
Nitrogen Otol N2
Hydrogen Otol H2
Hydrogen sulfide 1lto2 H.S
Oxygen Insignificant amounts 02
carbon monoxide Insignificant amounts Cco

Anaerobic fermentation, also known as biological methane generation, is a process that
occurs naturally in landfills, sewers, and swamps [2, 3]. The main sources for biogas production
are animal waste, sewage, municipal and industrial wastes, agricultural wastes such as rice
bran, sugar beet, etc. [4, 5]. Since all the mentioned resources are produced in large quantities
in our country, there is a potential ability to produce biogas. Today, in many large and
industrialized European countries and countries like Canada, biogas generate electricity and
generate heat on a small scale [6, 7]. Other benefits of biogas include economic efficiency, low
sludge production, removal of minerals [3, 8], removing odors from waste materials [3], and
reducing greenhouse gas emissions. In 1952, Baswell and Muiller [6] proposed that if the feed
input to the reactor was known to be the organic matter with a combined composition, the
amount of methane and carbon dioxide produced could be calculated with a maximum error of
5% [8-12].

CuHo0 +[ 2 b]HO [n a+b]c‘0 +[n+a b]CH 1
—_—— = - |- — — —_ —_ —_——

In 1976, Boyle [7] modified equation (1) and proposed the following reaction, in which
he determined the amount of ammonia and hydrogen sulfide production by considering
nitrogen and sulfur [13].

C,H,0,S; + yH,0 - xCH, + nNH; + sH,S + (¢ —x)CO0, (2)
where the coefficients are defined as follows:

1
x=§(4c+h—20—3n—25) 3)

1
y=1(4c+h—20—3n—33) 4)

Baserga [8] in 1998 divided the organic matter into three categories of carbohydrates,
fats, and proteins and determined the product of gas production and molar fraction of methane
for these compounds separately [12]. Kimmer and Schilcher's [9] research is based on the
Baserga model. They improved the Baserga model by considering the decomposition rate's
dependence on the substrate type [14]. Amun et al. [10] also used organic matter as a reference
[14] to estimate the energy content of methane from materials such as cereals and corn [15].
The Kimmer and Schilcher model is suitable for animal substrates, and the Amun et al. model
is suitable for plant substrates. Due to the need to replace fossil fuels with new sources, many
studies have been conducted to increase biogas production and purity of methane gas. In a
study, it was shown that pH control is very effective on methane production. By controlling
the pH, methane production's efficiency is about 7.6 times higher than the pH of the anaerobic
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digestion process [16]. The organic acids produced in the digestion process lead to severe
acidification [11] of the environment and prevent methane gas production. The effect of
nanoparticles on biogas production has also been investigated. The results show that the use of
nickel nanoparticles will increase methane production by 2.17 times compared to the state
without nanoparticles [9].

Limited research has been done in the field of modeling and simulation of biogas
production reactors. Zhou et al. [12] in 2011 presented their model for substrates that are
agricultural wastes in a stable laboratory fermentation and found that their model was well
adapted to laboratory data and could be used to predict the performance of agricultural biogas
production units. In 2011, Lee et al. [13] modeled a biogas reactor to produce fats, oils, greases,
and kitchen waste. The results of their model showed that cosobestra significantly reduces the
delay stage of organic biodegradation. They found that the use of waste generated in kitchens,
fats, and oils increased methane gas production [6]. Grader et al. [14] investigated the trend of
methane production efficiency during corn fermentation. They provided a relationship between
methane production efficiency and the chemical composition and quality of forage used [7].
Beba and Atley found that by modeling a discontinuous biogas production reactor from
agricultural waste, the contusion model has the best fit between growth rate and substrate
decomposition [13]. Modeling of semi-continuous biogas production reactor from municipal
waste and waste [17], biogas production from shrimp lake sediments using artificial
intelligence [18], and discontinuous and continuous reactors for biogas production from olive
pomace [19] have also been studied.

Given the human need for renewable energy sources, research in this area is essential.
According to the raw material studies, most previous studies include agricultural waste, plant
waste, municipal waste, and wastewater. Due to the importance of animal waste in biogas
production [20] in this paper, a discontinuous methane gas bioreactor has been simulated using
the Monod model. The effect of changes in the concentration of input microorganisms on the
consumption of substrate and crop production has also been investigated. The model can
predict the time required to perform the reaction, optimal performance, equipment design,
equipment scales, storage tanks, and proper control over bioreactors.

2. Materials and Methods

In the present paper, a continuous biogas production reactor from animal waste is
modeled and simulated. To determine the modeling's accuracy, Kinetic parameters and
laboratory results in reference [19] have been used. The Monod model has also been used to
establish the relationship between microorganisms' production rate and the substrate's
consumption rate [14, 17].

In modeling a discontinuous biogas production reactor, the assumptions considered are:
Process 1. is performed at a constant volume. 2. The reaction medium'’s temperature and pH
are constant and 35 and 7 °C, respectively [19, 20]. 3. Volatile solids [15] are converted to
biogas. 4. The rate of loss of volatile solids is proportional to biogas production. 5.
Simultaneously with the consumption of the substrate in the biogas reactor is produced.

Factors such as the growth of microorganisms, substrate decomposition, and product
formation affect biogas production. In the discontinuous biogas production process, the
substrate decomposition rate and biogas production depend on the input substrate's residence
time to the reactor.

The general mass balance for microorganisms in a discontinuous reactor is as follows:
https://biointerfaceresearch.com/ 13852
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d[X]

7 = HUnet [X] (5)

X is the concentration of microorganisms, /et Of microorganisms' net growth rate, and

t time. The net growth rate of microorganisms shown in equation (6) is defined as the difference
between the microorganisms produced and the killed microorganisms.

HUnet = L — Kg (6)

where ;¢ is the growth rate of microorganisms, and Kad is the mortality rate [16] of

microorganisms are from Equations (5) and (6). The basis for modeling the growth kinetics of
bacteria is derived from two German scientists named Michael and Menten [17]. Their model
was proposed in 1913 and stated that enzymatic activity depends on the concentration of the
substrate. Like the Michael-Menten model, Monod showed a nonlinear relationship between
microorganisms' growth rate and the substrate concentration. Equation (7) shows the Monod
model.

_ Hmax[S]

=K, + 5] @)

u
where Umax IS the maximum growth rate for microorganisms, Ks is the substrate concentration,
and Ks is the semi-saturation constant. The specific growth rate of microorganisms is a function
of substrate concentration and other environmental conditions such as inhibitors, pH, and
temperature [14, 19]. In the following years, with the Monod model's completion, more
complete models were suitable for complex substrates and heterogeneous environments [14,
15]. Monod model has high accuracy for pure culture media as well as simple substrates. This
model is for homogeneous environments and is not suitable for inhomogeneous environments
and complex substrates [14]. Since in the present paper, biogas production from animal waste
has been studied, and animal waste is considered a simple substrate, so the Monod model has
been used in the simulations. By simplifying equation (5) and using Equations (6) and (7) in it,
finally, the changes in the concentration of microorganisms in the discontinuous reactor are in
the form of equation (8).

dlX] _ (umax[S]

~\K + [S]

i - Kd) [X] 8)

The general mass balance of the substrate for discontinuous processes is in equation

(9).

= - 9
dt Yiis )

The production efficiency of microorganisms is defined as the ratio of microorganisms
produced to the substrate consumed; therefore, microorganisms' production efficiency can be
written as Equation (10) [14].

[X] - [Xo]

Yais =[5, = 5]

((10)
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The subtitle o0 means the initial concentration, assuming that methane gas is produced
simultaneously as the substrate is consumed; the equation for changes in the concentration of
methane gas produced in the discontinuous reactor is as follows [14].

d[P]

- YpulX] (11)

where p is the concentration of methane gas, and the Yy is the efficiency of its production. To
determine the amount of methane produced in the reactor, Equations (8), (9), and (11) must be
solved simultaneously. These equations are solved using the quadratic Rang Kota method in
Matlab 2016b software. The simulation results are compared with the reference laboratory
results [21]. The information used in the simulation is presented in Table 2.

Table 2. Required kinetic information [21].
Parameters | Yxs | K | Xo | So | pmx | Y
Value | 0.226 | 57.24g/L | 61.1g/L | 7451g/L | 0.1085 day™ | 41.11

3. Results and Discussion

The simulation is based on the input substrate concentration of 74.51 g/L. Table 3
shows the ratio of components in the substrate used [20].

Table 3. Components weight fraction in the substrate used in the production of biogas [20].

Type of experiment Yow/w
Humidity 83.91
Total solids 16.09
Carbon present in all solids 40.70
Nitrogen present in all solids 2.90
Organic volatile solids (dry based) 81.52

The Monod model is used in the simulations. The Monod model has good accuracy for
simple substrates. Figure 1 shows the changes in substrate concentration over time. As time
goes on, the input substrate decomposes, thus providing the energy needed to produce, grow,
and survive microorganisms. According to Figure 1, the substrate concentration reaches zero
after about 70 days.
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Figure 1. Variation of substrate concentration with time.

Figure 2 shows the changes in the concentration of microorganisms over time. With the
increase of the input substrate's time and consumption, microorganisms start to grow and
multiply until they reach a constant value with decreasing concentration of the substrate and
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enter the stage of death with its complete consumption. Figures 1 and 2 show that at the same
time, with the complete consumption of the substrate, the production of microorganisms also
stops and reaches a constant value. Figure 3 shows the changes in methane gas concentration
produced over time. As shown in Figure 3, with increasing time, methane gas production also
increases until the substrate's production reaches a certain amount and remains constant.
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Figure 2. Variation of microorganisms' concentration with time.

From the comparison between the obtained results and the reference laboratory results
[20-22], it is clear that the modeling can be used to predict the amount of methane production
from animal waste and waste with good accuracy. The average relative error of the proposed
model for predicting the amount of methane produced per day and laboratory results is 53.8%.
Due to the good agreement of laboratory data with the proposed model, the concentration of
primary microorganisms on the amount of methane production in the reactor is investigated.
Figure 4 shows the effect of microorganisms' initial concentration on the substrate's
concentration over time. As shown from the figure, an increase in the initial concentration of
microorganisms causes an increase in the substrate consumption rate. This allows the biogas-
producing bacteria to directly enter the fermentation medium at the beginning of the process,
and the decomposition process begins earlier. In other words, increasing the initial
concentration of microorganisms accelerates the rate of decomposition of the input substrate,
so if microorganisms are not used, or their initial concentration decreases, it takes time for the
microorganisms to produce until the substrate decomposes and biogas is produced. This time
is called the delay stage [18, 23]. According to Figure 4, as the initial concentration of
microorganisms decreases, the latency phase increases.
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Figure 3. Methane concentration versus time.
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Figure 4. Variation of inlet substrate concentration with time at a different load of microorganisms.

According to Figure 5, as the initial concentration of microorganisms increases, the
growth rate of microorganisms increases, and as a result, the input substrate decomposes faster.
Therefore, it can be expected that by increasing the initial concentration of microorganisms,
the production of the final product can is done in less time. As shown in Figure 5, the growth
of microorganisms can be divided into four stages. For example, for the concentration X=Xo=0,
the following conditions are true:
The delay stage is approximately from zero to 9 days.
The exponential stage [1, 24] in which microorganisms' growth is exponential is from

day 9 to 57.

The growth rate phase [5, 25] is exactly after the exponential phase and is from day 57

to 63.

Stagnation stage [11, 26] in which microorganisms' growth is proven and starts from

day 63 onwards.

Figure 5 shows that as the initial concentration of microorganisms decreases, the
latency phase increases and the growth rate decreases, and the stagnation phase is delayed.
While increasing the concentration of microorganisms has exactly the opposite effect.
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Figure 5. The effect of a different load of microorganisms on microorganisms' concentration

Figure 6 shows that increasing the initial concentration of microorganisms by reducing
the delay phase and increasing the exponential phase's slope has increased methane gas
production. At all concentrations used, the quiescent phase has a certain value. The inert gas
concentration is 29.10 g/L. Therefore, it can be seen that the maximum biogas produced is a
https://biointerfaceresearch.com/
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certain amount and depends on the amount of input substrate. Increasing the concentration of
microorganisms by reducing the delay step accelerates the reaction and decomposition of the
substrate.
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Figure 6. The effect of microorganism's load on methane produced convention.

4. Conclusions

Due to the need to use renewable energy, theoretical studies have been conducted in
biogas production. Biogas production from plant wastes, fats, wastewater, etc., has been
considered. Due to livestock manure's ability to produce biogas in this study, a continuous
biogas production reactor from animal waste has been modeled and simulated. The digestion
simulation of biogas production has been done using a simple kinetic model, and also, the
conventional and simple Rong Kata method of order four has been used to solve the equations.
However, the model results agree with the laboratory results of the biogas production process
from animal waste. In this study, the effect of the initial concentration of microorganisms on
methane production was investigated, and the following results were obtained. The equation of
production speed of microorganisms is of the first degree. With the substrate’s complete
consumption, microorganisms' production also stops and reaches a constant amount. The
decomposition rate of the substrate and methane gas production depends on the substrate's
residence time. By increasing the initial concentration of microorganisms, the final product's
production should be done in less time. Also, the delay stage is shorter, and consequently, the
time required for complete decomposition of the input substrate is reduced. Change in the initial
concentration of microorganisms does not change the final product's production and only
accelerates the substrate's fermentation, increases the speed of biogas production, and reduces
the time to reach its maximum concentration. In other words, the primary microorganisms act
as catalysts. Therefore, it can be said that the biogas production reaction from animal waste is
autocatalytic.
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