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1. Introduction

Abstract

Solar energy is infinite and environmental-friendly energy that is
widely used in many fields such as solar cells, solar roofs, solar dryers
and so on. However, solar energy has never been used in anaerobic
digestion processes for biogas production. The use of solar energy
may accelerate the biogas reaction to achieve higher gas production
rates. Hence, the purpose of this research was to study a two-stage
anaerobic digestion system in combination with a greenhouse solar
dryer to increase the rate of biogas production. The study consisted of
two parts: the first was to study the temperature variations in
greenhouse solar dryers using computational fluid dynamic
techniques, and the second was to conduct two-stage anaerobic
digestion integrated with the greenhouse solar dryer system for biogas
production. The results showed that the average temperature and
biogas production rate in the integrated two-stage anaerobic digestion
system compared to a conventional system increased by 16.2% and
19.69 %, respectively.

The two-stage anaerobic digestion (TSAD) process to produce biogas is an important process in the
disposal of bio-waste. TSAD used for the biodegradation process is extremely efficient and offers
the advantages of low cost and low emission generation [1]. It has also good system stability and
high biogas production rates. This is because the system is designed to provide specific conditions
for both the acidification and metagenesis digestion stages. An important factor affecting the
efficiency of the TSAD process is the temperature of the system. A literature review found that
temperature control in the thermophilic range (50-60°C) made the digestion system more efficient
than it was in the mesophilic range (30-40°C) [2]. However, if the system temperature is too high,
the system consumes a high amount of energy, making it difficult to control the system, and

*Corresponding author: Tel.: (+66) 915166444
E-mail: thaithat.su@ksu.ac.th

1



Curr. Appl. Sci. Technol. Vol. 23 No. 5 T. Sudsuansee et al.

increasing the risk of system failure. Past research has shown that controlling the system temperature
at approximately 38°C results in higher system efficiency, higher biogas production, and lower
production costs [3]. Thailand is a country that has sunlight all year round, and solar energy is a
clean and inexhaustible energy source. Therefore, it is appropriate that solar energy should be used
for heating applications such as digestion systems where its use can increase biogas production
performance. Considering the average ambient temperature in Thailand is 28°C [4], it is sensible to
increase the digestion temperature with the solar heating technology known as a greenhouse solar
dryer (GSD) in order to keep the process in the mesophilic temperature range, and thus improve the
TSAD process. This was the main aim of this research, and more details are described in the next
section.

A greenhouse solar dryer (GSD) used for a drying technology process, is widely used in
Thailand [5]. It is mostly utilized in food drying operations; however, it can also be employed in
heating processes for other applications. Its structure resembles a parabolic shape with a roof made
of polycarbonate material. The working principle starts with the radiation emitted by the sun shining
through the GSD roof surface and hitting the ground inside, where the radiation is reflected or
absorbed. Some of the reflected heat is trapped under the GSD roof surface, causing the temperature
inside the GSD to increase due to the greenhouse effect. When the internal temperature exceeds the
set value, the temperature controller installed in the system begins to operate and maintains the
temperature by sending a signal to the control device or fan used to reduce the temperature by
exhausting hot air to the outside. An experimental study of tomato drying using a GSD [5] found
that dehydrated tomatoes could be produced at up to 1,000 kg each time using a GSD of area 160
m? with a height of 3.5 m. GSD can also dry a wide variety of products such as fruits and vegetables,
herbs and spices, rice and grain products, coffee beans, and tea leaves [5].

Among the benefits of GSD is its ability to increase and maintain temperature effectively.
This led to the idea of using a GSD in a TSAD process, which was unprecedented. The use of a
GSD integrated into a TSAD system can increase digestion temperature within the mesophilic range
(30-40°C). In general, one obstacle to maintaining a temperature within the GSD is the variation in
temperature during the day. Typically, temperatures begin to rise in the morning, peak in the
afternoon, and decrease steadily at night. When the system temperature is above 40°C, a thermostat
activates an exhaust fan to cool the GSD, keeping the internal temperature levels close to the setting
value. On the other hand, at night, the temperature outside the system is lower than inside, and
system heat loss occurs. But it is relatively small because the internal greenhouse effect causes the
system to decrease temperature gradually and the temperature value does not go too low. The
average daily temperature of a TSAD system with GSD tends to be higher than that without a GSD
system, which may result in the increase of biogas production rate and overall TSAD system
efficiency.

This research was aimed at increasing the average temperature within a TSAD system by
integrating it with a GSD. The research steps were as follows: 1) analysis of temperature variations
within the GSD throughout the day using computational fluid dynamics (CFD) software, 2)
development of a GSD based on TSAD system, and 3) comparison of the biogas production rates
of a TSAD systems with GSD and a traditional systems (GSD-free). The researchers expect that this
research will be applied at the community level in the future.
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2. Materials and Methods
2.1 Solar radiation
2.1.1 Clear-sky solar radiation

The solar radiation radiated in a clear sky is defined as a beam or direct and diffuse. Direct is the
radiation sent directly from the sun. Diffuse is the radiation that hits the sky and is diffused onto an
object, both of which can be expressed as follows:

E, =E, exp(—rbm“b) 0

E,=E, exp(—rdm"d )

where Ep = direct radiation intensity (measured perpendicular to the sun)
Eq = diffuse radiation intensity value (measured on a horizontal surface)
Eo = Extraterrestrial Orthogonal Intensity [6]
m = air mass [7]

7,,7, = Beam and diffuse optical depths, which depend on the terrain of the area and vary

during the year and an average can be obtained from ASHRAE RP-1453 [8].
ab, ad = The direct and diffuse air mass components that are obtained from the equation:

ab=1219-0.043z, —0.151z, —0.2047,7,

2
ad =0.202—0.8527, —0.007z, —0.3577,z, @

2.1.2 The relation between the solar angle and the receiving surface

Figure 1 shows the orientation of the light-receiving surface. The inclination angle X~ is the angle

between the object’s surface and the horizontal plane. zimuth surface angle y is defined as a
reference distance from the south. The azimuth angle between the surface and the sun y is the value
of the angle difference between the solar azimuth angle ¢ and the azimuth surface angle
r=¢-y.

The angle between the perpendicular line to the surface and the earth-sun line is called the

angle of incidence 6. It is important to calculate the load of solar energy because it affects the
intensity of the direct solar radiation acting on the surface and the ability to absorb, transmit or
reflect the radiation. Its value is obtained from the equation:

cos@ =cos fcosysinZ +sin fcos X (3)
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Figure 1. Solar angle for vertical and horizontal surfaces [9]
2.1.3 Calculation of the incident sunlight intensity on the irradiated surface
The total radiation intensity £, acting on the receiving surface is the sum of three components: the

beam component £, , originating from the sun, the diffuse component E, , originating from the

horizon, and the ground-reflected radiation component £, , originating from the ground in front of

the receiving surface.
Et = Et,b + Et,d + Et,r “4)
The scattered radiation is obtained from the following relation:

E,, = E,cost (5)

In which @ is the angle of incidence. This relationship is valid when cos @ > 0; otherwise, £, , =0.

With reference to diffuse radiation in the case of a vertical surface, Stephenson [10] and
Threlkeld [11] show that the Y ratio of the vertical surface diffusion intensity to the horizontal
surface diffusion intensity is a function of the angle of incidence.

E,,=E;Y
_ 2 (6)
Y = max (0.45,0.55+0.437 cos 0+0.313cos’ 0
The reflected ray can be defined as
. 1—cosX
E, =(Esinfi+E;)p, — (7

where P, is the ground reflectance value of 0.2 for a general mixed surface.
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2.2 Greenhouse solar dryer (GSD)

The GSD used in this research was developed by Janjai [5]. Its function is drying objects using solar
energy as the main power source.

2.2.1 Working principle of GSD

The working principle of a GSD relies on the principle of the greenhouse effect, as shown in Figure
2. Solar radiation is transmitted through the ozone layer into the earth's atmosphere at point 1. It
consists of various wavelengths. When it reaches the sheet of glass or clear plastic that makes up
the roof of GSD, ultraviolet rays (UV) are reflected, as seen point 2. However, short-wavelength
solar radiation can pass through the GSD, as shown in point 3. These then incidents upon the
material surface within the GSD and are absorbed, as shown at point 4. As a result, shortwave solar
radiation is reduced in energy and converted to long-wavelength solar radiation and thermal
radiation or infrared radiation. This heat radiation cannot penetrate through the glass or clear plastic
to the outside as shown in point 5, and it then heats the temperature inside the greenhouse. Heat is
transferred to objects inside the greenhouse as shown in point 6, and water within the objects is
evaporated into the air as shown in point 7. High-humidity air is discharged from the GSD by an
exhaust fan supplied by a photovoltaic power generation system as shown in point 8. Finally, low
temperature and humidity air from outside will be drawn into GSD instead of the high humidity air,
as shown at point 9.

Figure 2. Working principle of a GSD
2.2.2 Energy and mass balance of GSD

This research used the energy and mass balance of a GSD that was derived by Janjai et al. [12], with
the assumptions that 1) the air flow is unidirectional and there is no separation of the air layer within

the GSD, and 2) the specific heat of the air and that of the GSD is equal.

1) The energy balance of parabolic dome of GSD

The energy balance of parabolic dome of a GSD can be explained by the rate of accumulation of
thermal energy inside the parabolic dome, which is equal to the rate of transfer of thermal energy
between the air inside and the dome due to convection plus the rate of transfer of thermal energy
between the sky and the dome due to radiation plus the rate of transfer of thermal energy between
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the dome and the environment due to convection plus the rate of transfer of thermal energy between
the digestor and the dome due to radiation plus the rate of radiation absorption by the dome.
The energy balance equation of a parabolic dome [12] is:

dT,

mcC c_C = Achc,c—a Ta _Te +Achr,c—s Ts _Tc +Achw Tam _Tc
S (T, =T )+ Ao, () A (T, 1) N
+A b, (T, =T, )+ 4,01,
The energy balance equation for air within the GSD [12] is:
dT, aM
O (1,-1,)+A4h, (T, ~T,)+D,4,C,.p, (T, -T,) - o

(Vo CoToa = PV Cpu T )4 U AT, = T,) +[ (1= F, ) (1= )+ (1=, ) F, |1 4.7,

out ™~ pa* out pa’in t“cc

2) Energy balance of digestor

The energy equilibrium can be explained by the rate of thermal energy accumulation in the digestor,
which is equal to the rate of heat energy received from the air by the digestor due to convection plus
the rate of heat energy transfer between the dome and the digester due to thermal radiation plus the
rate of heat energy loss from the digester due to latent heat loss plus the rate of absorption of heat
energy by the digester [12].

dT
m,(C,, +C,M, )Tt" =Ah (T, -T,)+4,h, , (T.~T,) o)
1

1At

pittictc

de
+DpApppr _dt + Fpa

3) Energy balancing on concrete floor

Energy equilibrium can be explained by the rate of accumulation of thermal energy in the floor,
which is the rate of heat transfer due to convection between the air in the GSD and the floor plus the
rate of thermal conductivity between the concrete floor and the ground plus the rate of absorption
of solar thermal radiation on the concrete floor [12].

dT,

myCop — == Arhe s (T =Ty )+ Ayhy o (T, =T )+ (1= F, oy Ay, (11)

4) Equation of mass equilibrium

Mass equilibrium can be explained by the rate of accumulation of air moisture within the GSD,
which is equal to the rate at which moisture enters the GSD from the outside minus the rate of
moisture leaving the GSD due to air outflow plus the rate of moisture loss from the digester [12].

dH M

paVE = inpaH[nVin _AoutpaHoutvout +DPAPpP 7}0 (12)
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2.3 Two-stage anaerobic digestion (TSAD)

In a TSAD system, the operation consists of two stages, acidification, and metagenesis. The
separation into a two-stage process enables the specific conditions under which digestion
performance can be improved. Figure 3 shows a TSAD system with an acid tank for the stage of
acidification and a methane tank for the stage of methanogenesis [13]. Acidification is a combination
of acidogenesis and acetogenesis processes. The hydrolyzed organic compounds are bio-
transformed into volatile fatty acids (VFAs) in the acidogenesis process and the VFAs and other
intermediates formed are converted to acetates and hydrogen in the acetogenesis process [13].
Acidification is a process that takes a short time, and the pH value of the system is 5.0-6.0. In the
stage of methanogenesis, acetates are essential substrates that can be directly utilized by
methanogens for methane production. At this stage, the system’s hydraulic retention time (HRT) is
20-30 days which is longer than the acidification stage and the system’s pH value is 6.0-8.0 [14].
The advantages of the TSAD system are high system stability, high organic loading rates (OLR),
short HRT times, and high volatile solids (VS) and chemical oxygen demand (COD) removal
compared to single-stage AD systems.

Figure 3. TSAD diagram.
2.4 Research framework

This research uses a new TSAD system integrated with a GSD to achieve higher biogas production
rates. The experiment results of the GSD-integrated system were compared with a GSD-free
(traditional) system. The framework for the proposed method is shown in Figure 4.

2.5 GSD and GSD-free system characteristics

Figure 5 shows the GSD, a parabolic dome with a diameter of 6 x 6 m and a height of 3 m. At the
sides of the dome, there are exhaust fans to ventilate excess heat to the outside and bring cool air
inside, preventing the temperature inside the dome from getting too high. The walls are made of
polycarbonate, which is a good heat transfer material. Inside the dome, a two-stage anaerobic
digester is installed to produce biogas from food waste.

The GSD-integrated system is a biogas digestion system that has a TSAD placed in the
GSD. The TSAD system incorporates stainless steel fermentation tanks to effectively transfer heat
throughout the system. Additionally, the digestor has motorized automatic stirring blades to assist
in catalyzing chemical reactions.
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The GSD-free system is a typical biogas digestion system with a TSAD housed in a covered
structure with effective internal ventilation. PVC fermentation tanks are used in a TSAD, and
manual stirring blades are included to assist in catalyzing chemical reactions.

Both experimental systems utilized the same organic waste from the same source and fed
it into the system, at the same rate, on the same day, and at the same time.

2.6 Analysis of temperature variation within GSD

The first step of the TSAD experiment was to analyze the temperature variations within the system.
The temperature change of the system is due to the accumulated heat inside the GSD. Solar radiation
is transmitted through the GSD surface and hits the wall of the biogas digester (stainless steel tank),
causing heat accumulation and system temperature rise, as shown in Figure 6. The heat at the walls
of the digester is conducted to the substance inside the digester, causing the temperature of the
substance to rise. This process is analyzed using scSTREAM, a software for thermo-fluid analysis
with CFDs. The calculation is based on a structured mesh and grid construction using cut-cell and
finite elements techniques, as shown in Figure 7. Fluid analysis is an incompressible turbulent k-¢
flow. Solar radiation analysis is based on data from the ASHRAE handbook [9]. Solar radiation
values for September 2021 were calculated according to the manual. The position of the GSD system
was 16.43 degrees latitude and 102.8 degrees longitude. The experiment was started at 7:00 am and
ran onwards for 24 h. The reflectance of the incident solar radiation was 0.5 and the cloud coefficient
was set to 0.1.

Mathematical modeling
- Solar radiation
- energy and mass
balance

CFD
lemperature
analysis

Build the TSAD system integrated with GSD

Methano
Food > |Acidification » genesis » Biogas

waste process Production
process

TSAD system

(GSD-free)

v

Compare results between
integrated GSD and GSD-free
system

Figure 4. The framework for this research
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Figure 5. Greenhouse solar dryer (GSD)

i

Figure 6. Transmitting solar radiation through the GSD system (CFD model)

Figure 7. A structured mesh and grid construction of an GSD-integrated system (CFD model)
2.7 TSAD process

In the first stage of TSAD, cow manure was taken as a substrate (a combination of bio-waste and
microorganisms). A 20 kg of cow manure was added to the methane tank, and then water was added
at a ratio of 1:1 (20 L). The methane tank was then closed to ferment for about 10 days. After the
process was complete, 10 kg of cow manure was added to the acid tank. Then water was added to a
volume of 40 L (40% of tank volume), and the tank was closed. Acid production, which took about
a day, was then allowed to take place.
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In the next step, organic waste from the municipal fresh market was added daily. The non-
food waste was separated, and 1 kg of the remaining organic waste was crushed to a size of less than
1 cm to increase the biodegradation reaction rate. After that, water was added to the separated food
waste at a ratio of 1:1 to adjust the solids content ratio to approximately 10%. It was then loaded
into the acid tank (Figure 8), with an agitator driven by a 1 Hp 220 V motor. Meanwhile, the acid
organic waste from the acid tank was semi-continuously loaded into a methane tank, the total volume
of which is approximately 80 L. An agitator powered by a 1 Hp 220 V motor circulated the
substances in the tank. The hydraulic retention period (HRT) was 24 days. The produced biogas
gradually flowed out of the methane tank through the gas pipe into the storage tank. When the biogas
volume was constant or the system reached a steady-state, the system operation was stopped.

Figure 8. Anacrobic digestion (AD) system

2.8 Experimental study of an integrated TSAD system with GSD and a traditional
system (GSD-free)

An experimental study of the TSAD system integrated with GSD and GSD-free was performed with
the same method described in Section 2.3. The experimental results were compared and analyzed to
evaluate the temperature values affecting the biogas production rate. We also conducted experiments
to determine other study parameters. In the measurement of parameters, samples were collected and
measured three times per experiment. The values obtained in the experiment were averages and
standard deviations.

3. Results and Discussion
3.1 The simulation result of temperature in GSD

Based on the simulations using the CFD software, the temperature inside the digesters was
calculated. The simulation results showed that the average temperature in the GSD was influenced
by the heat generated by solar radiation. The effect of high average temperatures may result in higher
biogas production efficiency of the TSAD. During the day, there may be times when the temperature
of the substance in the digester is too high, which will exceed the temperature in the mesophilic
range (30-40°C). Therefore, the researchers installed fans on the side of the GSD with a temperature
control system to keep the temperature from exceeding a certain threshold. Fans were responsible
for dissipating heat from the GSD, reducing the temperature inside the dome. The results of the CFD
simulation were compared for GSD-integrated and GSD-free systems, as shown in Figure 9. The

10



Curr. Appl. Sci. Technol. Vol. 23 No. 5 T. Sudsuansee et al.

duration of the mathematical simulation of the system started at 7:00 AM on day 1 and ended at
7:00 AM on day 3. The simulation results showed that the average temperature of the GSD-
integrated system was higher than the GSD-free system. This was because the GSD-free system
(traditional system) was not designed to receive solar radiation directly. It was different from the
GSD-integrated system, which had a parabola shape that allowed solar radiation to penetrate the
dome surface resulting in a higher average temperature inside the GSD system more than the GSD-
free system. In addition, from the graph, the average temperature on the 2" day was higher than the
first day. This was because there was heat accumulation in the system at the end of the first day
resulting in an increased system temperature on the 2™ day. The highest system temperature was
44.3°C during the day and the lowest temperature was 32°C at night. In practice, the system was
equipped with a temperature control unit to maintain the temperature within a preset value of 40°C.

50
45

40

Temperature (Celcius)

0
6:00 AM 12:00 PM 6:00 PM 12:00 AM 6:00 AM 12:00 PM 6:00 PM 12:00 AM 6:00 AM 12:00 PM

Time

——Integrated GSD system GSD-free system
Figure 9. Temperature variation of GSD-integrated and GSD-free system

The results of simulations using CFD techniques are shown in Figure 10 in the form of
temperature contours of the substance in the digester for each fermentation period. The results of
the TSAD integrated with the GSD system and the GSD-free system, were compared. At the start
of the system, the temperature value was kept low, but as the system progressed, the temperature
gradually increased due to the influence of solar radiation. After that, it gradually decreased during
the night. The average temperature on the 2" day was slightly higher than the 1t day since there
was no accumulated heat in the digesters on the first day. In addition, the temperature contour of the
GSD-integrated system had a darker color than the GSD-free system (Figure 10). This was because
the temperature levels of the substance in the digester of the GSD-integrated system was higher than
those of the GSD-free system.

3.2 The effect of temperature on the amount of biogas produced
3.2.1 Temperature variation in the digestion system
The research was conducted in September at the Waste Management and Environment Center,

Kalasin University, Muang District, Kalasin Province. Generally, during September, which marks
the end of the rainy season in Thailand, there is less sunlight. The research team measured and

11
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recorded the temperature in the digester and the average daily temperature values, which are shown
in Figure 11. Table 1 shows a comparison of the average digester temperatures of the GSD-
integrated system and the GSD-free system, which were 37.3°C and 32.1°C, respectively. The
temperature of the GSD-integrated system was then 5.2°C higher than that of the GSD-free system,
which was a 16.2% increase. This was due to the GSD system accumulating a significant amount
of heat produced by solar energy during the day. As a result, the GSD system's temperature can
reach 40°C. Furthermore, the accumulated heat in the system is transferred to the environment
during the night, causing the system temperature to rapidly fall. However, the GSD-integrated
system has the advantage of being able to retain heat and prevent heat loss from the system better
than the GSD-free system.

GSD-integrated S|stem

Dayl at 3:00pm

Dayl at 10:00am  Dayl at 0:00pm

1

Dayl at 0:00am

Dayl at 5:00am Day?2 at 9:00am
m ]

Day2 at 1:00pm  Day2 at 3:00pm  Day2 at 6:00pm  Day2 at 9:00pm  Day2 at 4:00am  Day3 at 9:00am
GSD-free system

Day1 at 10:00am

. S

Day1 at 0:00am

"

Day?2 at 9:00am

=

Dayl at :00am

= B — — —

Day?2 at 1:00pm Day?2 at 3:00pm Day?2 at 6:00pm Day?2 at 9:00pm Day?2 at 4:00am Day3 at 9:00am

25.00 32.50 40. 00

Figure 10. The temperature contours of the digester for each time
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Figure 11. The daily temperature in the gas digester of the GSD-integrated system

Table 1. Temperature comparison of digester in conventional system and integrated system (GSD)

Conventional GSD- Temperature
Digestion System integrated np % Change
System Difference
System
Average Temperature 32.1 37.3 52 +16.2%

O

3.2.2 TSAD experiment results

In this study, biogas was produced in the conventional GSD-free system and in the GSD-integrated
system. The digestion period was 30 days, and the food waste (FW) feeding rate was 3.33 L/day.
Figure 12 illustrates the results of the system parameter measurements. The results of the GSD-
integrated and GSD-free systems based on pH, VFA, TS, VS, SS, and COD values were compared.
The samples were taken both in the methane sub-tank and before filling into the acid tank. The
experiment showed that the pH variations were within the range in which methane-producing
microorganisms can survive, and further were in the range appropriate for degradation in anaerobic
environments because biogas production usually happens at pH 6.6-7.6 [15]. In the case of TS, VS,
and SS, the results showed that the GSD-integrated system had lower TS, VS, and SS values than
the GSD-free system. This may be because the GSD-integrated system's increased temperatures had
the effect of accelerating the biodegradation of organic compounds into small molecules, which
could be more effectively decomposed into inorganic compounds. In terms of the COD and VFA
values, when comparing the two systems, it was found that the values obtained for the GSD-
integrated system were greater than those obtained from the GSD-free system. This was due to the
possibility that higher temperatures allowed microorganisms to consume more organic matters that
were difficult to decompose. As a result, cell walls and tissue layers were damaged, resulting in an
increase in the amount of dissolved substances and volatile acid content. According to Table 2, the
average pH values in GSD-integrated and GSD-free systems were 6.89+0.67 and 7.05+0.84,
respectively. The average COD values were 20.37+0.62 g/L and 19.61£1.10 g/L, respectively. The
average TS values were 57.13+1.05 g/L and 58.04+0.85 g/L, respectively. The average VS values
were 19.73+0.42 g/L and 21.82+1.28 g/L, respectively. The average SS values were 14.36+£0.46 g/L
and 16.30+£1.32 g/L, respectively. Finally, the average VFA values were 0.344+0.059 g/L and
0.336+0.037 g/L, respectively.
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Figure 12. Change of organic waste pH, TS, VS, SS, VFA, COD during the test
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Table 2. Characteristics of organic waste in the digestors

Value Prepared Loading Substance in Substance in
Substance Digestor (GSD- Digestor (GSD-free
integrated System) System)
pH 5.66+0.34 6.89+0.67 7.05+0.84
Cod (g/L) 170.27+11.32 20.37+0.62 19.61£1.10
TS (g/L) 68.15+2.25 24.48+1.05 25.47+0.85
VS (g/L) 66.05+£2.21 19.73£0.42 21.82+1.28
SS (g/L) 50.07+£2.31 14.36+0.46 16.30+1.32
VFA (g/L) 0.794+0.045 0.344+0.059 0.336+0.037

The experimental results of biogas production rate are shown in Figure 13a. The digestion
period from the beginning to the 7% day showed that the biogas production rate in the system
increased due to the bacteria in the system increasing until it reached a steady state. After the 7%
day, the system tended to produce a relatively stable biogas production rate. The average daily
biogas production rate in the conventional GSD-free and GSD-integrated systems were 0.518 L/g-
VS and 0.62 L/g-VS, respectively.

The relationship between the rate of biogas production and the temperature of the
fermentation is shown in Figure 13b. As shown in the graph, the trendline appears to be linear for
both systems. The rate of biogas production increased with increasing system temperature. The
correlation values for the two variables in the GSD-integrated and GSD-free systems were 0.786
and 0.806, respectively.
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Figure 13. Comparison of biogas production rate for GSD-free and GSD-integrated systems

Table 3 is a comparison of the results of biogas production rates by digestion technique,
type of waste, and different digestion conditions. By comparing the results of this study, the GSD-
integrated system provided very high rates of biogas production. This was better than the GSD-free
system and differed little from the results of Paudel ez al. [16]. In their research, it was observed that
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Table 3 The average daily biogas production rates

Type and Biogas
Condition 1;%]:; t(;f Temperature li_lll;rglz/ OLR Production
[References] Rate (L/g VS)
CSTR/CSTR
Continuous/ FW and 106 g-VS.d''/L
Continuous wastewater STERTE §h220d 1.24 g-VS.d''/L 728 mL /g-VS
Paudel et al. [16]
CSTR/CSTR
Semi-continuous/ 16.4 g-VS.d'l/L
Continuous MSW 34.6/54.9 4.6d/7.7d 7.4 9VS.d VL 560 mL /g-TVS
Pavan et al. [17]
CSTR/AB
Semi- 4
continuous/Semi- FW 55.0/35.0 13d5.0d S84eVSd UL 747 mL/g-VS
. 6.6 g-VS.d/L
continuous
Chu et al. [18]
CSTR/CSTR
Continuous/ 6.4-7.6 g¢-VS.d'l/L 302-360mL/g-
Continuous Sludge 33135 SAI0d 3 38 vsdL Vs
Salsali et al. [19]
GSD-Free
system FW 32+1 24d 2-.z/58i((i):11/2L 518i3\./68mL/g-
(This research) gV
GSD-integrated
ysiom Fw 371 ad 2—1/5;3:11/% 620+5 \.j;smL/g_
(This research) gV

the digestion temperature was 37+1°C, which was close to the finding in this research. In their work,
the effect of digestion was slightly different, and the use of wastewater contributed to better
digestion efficiency.

In the research of Pavan et al. [17] and Chu et al. [18], although the experiments were
conducted in a thermophilic environment, only one stage of fermentation was performed. The other
stage was carried out at a temperature in the mesophilic range, resulting in biogas production not
being as high as expected. Therefore, systems with similar temperature environments for both stages
of digestion seem to be optimal for digestion. Additionally, sludge-based digestion appears to
provide lower gas production rates than FW-based digestion.

4. Conclusions

The TSAD system integrated with GSD was studied. Initially, daily temperature changes due to the
influence of solar radiation inside the digester were investigated. This was simulated with CFD
techniques using computer software. The simulation results showed that the digester temperature
range was close to the mesophilic range, which was suitable for use in TSAD systems.

In the comparison of the biogas production rates between TSAD integrated with GSD and
conventional GSD-free systems, it was found that from the start of the experiment until the 8" day,
the biogas production rate increased. This was due to the increased number of bacteria in the system
resulting in catalysts of biogas production. After the 8" day, the system entered a state of relatively
stable biogas production. The average biogas production rates of the GSD-free system and GSD-
integrated system were 0.518 L/g-VS and 0.62 L/g-VS, respectively. It can be concluded that the
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GSD system compared to the conventional system provided a higher rate of biogas production
because the average temperature was higher than the conventional system. A high system average
temperature can accelerate the digestion reaction of organic waste and increase the rate of biogas
generation. The results of the average daily biogas production rate of the GSD system compared to
the conventional system showed an increase of 19.69%

Because it is powered by the sun, the TSAD integrated with GSD system has an advantage
over conventional systems in that it can generate a higher overall system temperature without the
need for electrical power. This experimental system's usability constraint is climatic change, where
the system runs optimally during sunlight. However, if it rains or is cloudy in the daytime, the rate
of biogas production may be affected. For future study, the wastewater in digestion with FW and
cow manure to optimize the TSAD GSD-integrated fermentation for higher biogas production will
be conducted. In addition, this system is also planned to be used at the community level in order to
increase the biogas production because the system is cost-efficient and simple-to-install.
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