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Abstract

The objective of this study is to enhance the biogas production by increasing the temperature of the
digested slurry inside the biogas digester to be within the appropriate range (37+2°C). Two solar
heating techniques including solar collector and solar greenhouse were applied and compared in this
study. Operational parameters of biogas production were kept under the same condition such as the
feeding material with Organic Loading Rate (OLR) 5.6 kg COD/morganic waste; Hydrolic Retention
Time (HRT) is 10 days; digested slurry was mixed for 10 min every 3 h; and the experimental data
were recorded every hour during 12:00 am till 12:00 pm. The experimental results showed that use of
solar collector technique was able to increase and maintain temperature of digested slurry inside the
biogas digester and was within the proper range, continuously. While solar greenhouse was able to
increase temperature of digester slurry as well as solar collector technique but temperatures were
mostly higher than the proper range of anaerobic operational temperature. Furthermore, total biogas
production guantity when using solar collector and solar greenhouse were 368.60 L/kg CODemoved and
234.99L/ kg CODremoved respectively, while total biogas production quantity without using solar
heating was 100.31 kg CODremoved. In addition, the ratios of biogas production when using solar
collector and solar greenhouse, as compared to biogas production without solar heating, were 3.9 and
2.4, respectively. As a result, solar collector technique is the most effective method to enhance the
biogas production from anaerobic fermentation process.
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1. Introduction

Due to the increasing prices of fossil fuels and energy sources, finding alternative, clean and
economical sources of energy has nowadays become a major concern for households and nations’
economies. The implementation of renewable energy has a great potential of mitigating several
problems related to ecological imbalance, crucial fuel demand, health and quality of life in rural and
semi-urban areas [1]. The biogas technology is a key for environmental pollution control because
methane is an important greenhouse gas which could act as a good renewable energy source. The
performance and efficiency of the anaerobic digestion process is dependent on substrate temperature,
available nutrients, retention time, nitrogen inhibition and C/N ratio, substrate solid content and
agitation, pH level and inhibitory factors [2-3].

However, temperature is an important factor that may affect the performance of anaerobic
digestion [4]. The amount of gas produced increases with digester temperature, with retention time
and with the percentage of total solid in the slurry. Most of anaerobic digesters in Thailand are
commonly designed to operate in the mesophilic temperature range, between 20-40 °C [5]. However,
in the northern part of Thailand temperature drops lower (<20 °C) than the mesophilic temperatures
during winter. Solar is a high potential energy resource in the northern Thailand, which can be used to
increase anaerobic digestion temperature. The utilization of solar energy doesn’t only achieve high
digestion rates and process efficiency, but is also environment friendly and economical. Heating of
biogas digester to a temperature of 37£2°C is important for mesophilic bacteria’s growth and activity
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in order to increase biogas production [5-7]. Energy is required for this process and researchers must
find ways to supply the necessary energy at minimum cost. The other problem encountered for such a
biogas digester is the ability to control the temperature and to minimize its range of variation so that
the activity of bacteria will not significantly be affected [8].

This study involves utilization of solar thermal energy to heat the digested slurry inside the
biogas digester by using 2 techniques namely solar collector and solar greenhouse. The first technique
is solar collector combined with heat exchanger and the second technique is solar greenhouse
designed to cover the biogas digester to collect the solar thermal energy. These two techniques were
utilized to warmup the digested slurry inside the biogas digester for increasing the anaerobic digestion
temperature to the proper range. Finally, the comparisons of efficiency of the biogas production from
using these solar heating techniques were presented.

2. Experimental setup

The experiments were conducted using the 1,000 L biogas production system. Biogas
production from the fermentation process with anaerobic bacteria under ambient condition was
studied. The diagram of biogas production plant used in this research is shown in Figure 1. Solar
heating techniques of solar collector and solar greenhouse were applied and compared. For the
enhancement of biogas production, solar collector panel was connected to 1,000 L biogas digester
system. In the case of biogas production enhancement using solar greenhouse, a solar greenhouse was
used to store heat energy from the solar and it was built to cover the entire 1,000 L biogas digester
system so that the heat energy get transferred to digested slurry inside the biogas digester.
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Figure 1 Diagram of biogas production under anaerobic fermentation process

2.1 Materials and equipment

2.1.1 1,000 L biogas production system

1,000 L biogas production system consists of a 1,000 L biogas digester, a biogas storage
tank that stores biogas with a water replacement technique, a water trapping tank, a biogas pump, a
biogas compression tank, a pressure-regulator valve with a moisture filter, a biogas counter, a
circulation pump, an electrical controller system that automatically controls biogas compression, and
a biogas stove, as shown in Figure 2.
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Figure 2 The 1,000 L biogas production system

2.1.2 Solar collector heating system

Solar collector heating system, as shown in Figure 3, has a 218x127 c¢cm? solar collector
panel as the main component and produced hot water is stored inside a 200 L water tank, which has a
temperature gauge to display temperature level of hot water inside. Temperature of water in the hot
water tank is measured continuously for operation of the hot water pump, as shown in Figure 3. Hot
water will be circulated inside the digester through a 14 m long and 5/8 inch diameter copper tube.
2.77 L of hot water could be circulated through this tube for heat exchange between hot water and
digested slurry. The circulation rate of hot water is fixed at 0.5 L/min in order to maximize the heat
transfer.

Figure 3 Solar collector connected to 1,000 L biogas digester system

Operation of the automatic hot water circulation system starts when the controller
receives electrical signals from the temperature sensors are installed at the outlet of hot water tank and
inside the biogas digester. The hot water pump operates under a condition that the temperature of hot
water in the tank must not be lower than 45 °C and the temperature of digested slurry must be lower
than 37 °C. This 45°C temperature is high enough to compensate for the loss of heat energy in the
tube and still allows the heat to be transferred to digested slurry inside the biogas digester. Unless this
condition is met, the hot water pump will not be operated.

2.1.3  Solar greenhouse heating system

Solar greenhouse was used as another technique to raise the temperature of digester.
The operational principle of this system is based on the increase of temperature inside solar
greenhouse which is expected to warm the digested slurry inside the biogas digester to a level that is
appropriate for functioning of anaerobic digestion process. Solar greenhouse used in this research is
shown in Figure 4. It was designed to be 2.10 m wide, 3 m long and 2.20 m high with an arched roof
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style. The entire solar greenhouse was covered with 0.2 mm. thick UV protection plastic sheets;
however a door like opening was made to provide access for data collection and maintenance.

Figure 4 Solar greenhouse covering the entire 1,000 L biogas digester system
2.2 Experimental procedure

2.2.1 The innoculum for this experiment was 400 L of digested slurry from a biogas
production system which contains effective anaerobic bacteria. It was filled into the 1,000 L biogas
digester. The digested slurry was then left inside the digester for 2 weeks. During this period, any gas
produced was released.

2.2.2 The feeding material (organic waste) was prepared 100 L for batch fermentation.
The process started from taking 50 kg of organic waste material that was grinded finely with a
grinder, mixed with water and the total volume of feeding or slurry was kept 100 L. The well-mixed
material was then poured into the biogas digester.

2.2.3 Operation of the circulation pump was timed to operate for 10 min every 3 h to
allow the digested slurry to mix well with the organic waste material.

2.2.4 Temperature of digested slurry is measured in 3 vertically—arranged positions, i.e.,
at the bottom of the digester, at the middle of the digester, and under the surface of the digested slurry.
Quantity of the occurred biogas, pH values of the digested slurry, temperature of the environment
(ambient temperature), composition of the biogas, and light intensity were measured. These data were
recorded every hour during the whole experimental period of 10 days [9].

2.2.5 The experiments with 3 conditions were conducted, i.e., biogas production under
ambient condition (without solar heating), biogas production under solar collector heating and biogas
production under solar greenhouse heating.

3. Experimental results and discussion

This research was about the use of heat from solar energy to increase the temperature of
biogas digester so that the anaerobic bacteria can perform the fermentation process more efficiently.
Two techniques of solar energy were applied, i.e., using a solar collector to produce heat and using a
solar greenhouse for storing heat energy. The results from these techniques were compared with the
results of the experiment conducted without solar heating technique. The light intensity and ambient
temperature were measured for all experimental conditions, as shown in Figure 5 and 6. According to
the results, the trends of light intensity and ambient temperature of each experimental condition are
similar. Light intensity and temperature at the same time of day are similar for all conditions. That
means the amounts of solar energy, as the source of heat, for all three conditions were not different.
Thus, the difference in gas production was only affected by the techniques of solar energy utilization
for warming up digested slurry inside the biogas digester.
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Figure 5 Comparison of light intensity among three experimental conditions
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Figure 6 Comparison of the ambient temperature among three experimental conditions

In addition to temperature, pH values of digested slurry and the analyzed compositions of
biogas that occurred from the fermentation process of anaerobic bacteria were studied as shown in
Table 1. The biogas production occurred under the pH range of digested slurry during the experiment
at 7.0-7.2 [10]. It could be seen that pH values of digested slurry were at a moderate level for all three
conditions. This neutral-pH condition is suitable for functioning of bacteria. When compositions of
the produced biogas was analyzed, as shown in Table 1.The highest methane yield from solar
collector heating, solar greenhouse heating and without solar heating technique were 58%, 55% and
51%, respectively [11, 12]. It was found that the organic waste material fermentation when using solar
collector heating yielded the purest methane gas, followed by those of using solar greenhouse heating
and without solar heating, respectively. Quantities of CO;and N in biogas were corresponding with
the values as shown in Table 1. The proportion of H,S was very low for each condition because the
feeding material for biogas production in this research was from organic waste material. This result is
different from biogas produced from fecal matter of animals, which would contain a very high ratio of
H,S. It is known that high H,S could damage metallic parts inside the biogas production system [13].
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Tablel A comparison of biogas composition, pH and total biogas production amount among three
experimental conditions

Experimental Biogas compositions Total biogas
conditions pH production
guantity (L)
CH4 (%) CO2(%) N2 (%)  H2S (ppm)
Without solar 48-51 40-47 2-13 0.3-2 7.1-7.3 956
heating
Solar collector 55-58 33-42 2-10 0.3-2 7.0-7.2 3,754
heating
Solar greenhouse 51-55 36-45 2-11 0.3-2 7.0-7.2 2,325
heating
60
g 57
s
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é 51 —
=
48 —
45 -

Without Solar Solar Collector Solar Greenhouse
Heating Heating Heating

Figure 7 A comparison of highest methane yield of three experimental conditions

Temperature of digested slurry was measured at the bottom of the digester, at the middle of
the digester and under the surface of the digested slurry as shown in Figure 8(a), 8(b) and 8(c),
respectively. Figure 8(a) shows the temperature of digested slurry at the bottom of the digester. The
appropriate temperature range of digested slurry should be within 37+2 °C, which is presented as the
yellow area. Temperatures of digested slurry when using both solar collector heating and solar
greenhouse heating were within this appropriate range while a condition of without solar heating
showed that the temperature was lower than the appropriate range. Solar collector heating maintained
the temperature within the appropriate range continuously from 9: 00 am till 7: 00 pm. For solar
greenhouse heating, there were only certain short periods of time (during 7:00 am till 8:00 pm and
during 5:00 pm till 8:00 pm) where the temperature was in the appropriate range. From 8:00 am till
5:00, the temperature went up higher than the appropriate range. By the way, there were some periods
that the temperature was still within the functional range of mesophilic bacteria (between 20 and 45
°C). However, during 11:00 am till 2:00 pm, the temperature went up to be in the range of 46-47 °C,
which exceeds the mesophilic range. Then, after 2:00 pm, the temperature returned back within the
mesophilic range until the end of the experiment, as shown in the Figure 8(a).

A comparison for temperature of digested slurry at the middle of the digester for three
conditions, as shown in Figure 8(b) revealed that all conditions had some time periods in the
appropriate temperature range. The conditions could be ordered according to the length of time of
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proper temperature range, from longer to shorter time, as solar collector heating, without solar heating
and solar greenhouse heating, respectively. For condition of solar greenhouse heating, there was a
period of time when the temperature was higher than the mesophilic range.

A comparison on temperature of digested slurry in the biogas digester under the surface of the
digested slurry among the three conditions, as shown in Figure 8(c) showed that solar collector
heating was found to be able to maintain temperature within the appropriate range for the longest
period of time, corresponding to other measured positions. The difference occurred only during 9:00
am to 3:00 pm, when the temperature was just slightly higher than the appropriate range. After that,
the temperature returned back within the appropriate range until the end of the experiment at 12:00
pm. In the condition of without solar heating, its curve is similar to the representing curve in Figure
8(b). When using solar greenhouse heating, there was a period when the temperature was much higher
than the mesophilic range and reaching the thermophilic range (50-60 °C) [14], which was during
12:00 am till 1:00 pm. Subsequently, the temperature went down within the mesophilic range till the
end of the experiment.

The internal temperature of biogas tank strongly depends on solar radiation and ambient
temperature. It was found that, high intensity of light results in high ambient temperature. As a result,
internal temperature also increases with increase in ambient temperature. For the comparison between
the ambient temperature and internal temperature of 3 systems (without solar heating, solar collector
heating and solar greenhouse heating), digested slurry temperature of each system were measured. It
was found that, system with solar greenhouse heating showed the highest difference in temperature
followed by system with solar collector heating and system without solar heating, respectively. In
addition, for solar greenhouse heating system, solar greenhouse dome was made from polyethylene
plastic which is a good insulator for heat. Therefore, this system could generate temperature more
than the other systems.
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Figure 8 Temperature of digested slurry (a) at the bottom of the digester, (b) at the middle of the
digester and (c) under the surface of the digested slurry

According to the results of using heat from solar energy to increase temperature of digested
slurry inside the biogas digester in this research, these techniques could increase the temperature of
digested slurry within the proper range for the fermentation process of anaerobic mesophilic bacteria
[15]. The effects of each solar heating technique on temperature lead to differences in organic waste
material fermentation among the experimental conditions. The effects of each solar heating technique
on temperature lead to differences in organic waste material fermentation among the experimental
conditions that could be discussed in COD removal of each condition as shown in Figure 9 COD
influent (CODi») of slurry of each condition is started with a value close to that in the same range
(27,894 — 28,012 mg/L). These values were appropriate for biogas system when it started up. The
solar heating technique is the most effective in COD removal because the temperature was in the
proper range in the long term more than other conditions. The proper range effected to anaerobic
process from bacteria digestion in other hand temperature increasing of the solar greenhouse heating
was stimulated bacteria on anaerobic process too but in some days was found higher temperature than
mesophilic range that not appropriate for biogas system (over 40°C). Eventhough, the effectiveness of
solar greenhouse heating was less than solar collector heating but still effective than no solar heating
condition. The COD removal of three conditions is shown in percentage in Figure 9 and Figure 10.
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Figure 9 A comparison of CODi, and CODy, of three experiment
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Figure 10 A comparison of highest methane fraction of each condition

The quantities of daily biogas production from each condition could be compared as shown in
Figure 11. According to the result, the technique of using solar collector heating could efficiently
stimulate the fermentation process of anaerobic bacteria. The quantity of biogas produced by this
technique is apparently greater than those of the other technique. This is because it could control
temperature of digested slurry to be within the proper range of 372 °C continuously [16, 17]. This
allows bacteria to decompose organic waste material inside the digester effectively and continuously
throughout the experimental period [13]. Moreover, there was a large amount of biogas produced
during the first 3 days when using solar collector heating, as compared to the production in the
remaining experimental days. This trend is different from the daily biogas production using a solar
greenhouse heating. The quantity of biogas production using a solar greenhouse heating was quite
consistent during the first 5 days and during the latter 5 days. Although the production during the last
5 days was lower than the first 5 days, the production in each day yielded similar quantities. This
phenomenon happens even though the biogas production using a solar greenhouse heating was unable
to control temperature of digested slurry in the biogas digester to be within the proper range like the
use of solar collector heating. The use of a solar greenhouse heating raise the temperature at some
times to fall in the upper portion of the mesophilic range, which is higher than the proper range.
However, this high temperature was still able to stimulate functioning of anaerobic bacteria.
Therefore, it could be operated continuously. For the biogas production without solar heating,
although the temperature of digested slurry is within the mesophilic range throughout the
experimental period, it was lower than the proper temperature range for fermentation process of
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bacteria. Therefore, the efficiency of biogas production was low. Considering the daily production,
biogas quantities decreased continuously after the first 3 experimental days without solar heating. In
this condition anaerobic bacteria took longer time to decompose organic waste material than the other
two technigques which utilize solar energy to raise temperature of digested slurry inside the digester.
The two solar heating techniques were found to be effective in enhancing biogas production and
reducing retention time (the time required for fermentation of organic matter in each cycle). That
means the solar heating techniques allow faster input feeding of organic waste material in the next
cycle while increasing effectiveness in removal of organic waste material in the digester.
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Figure 11 Quantities of daily biogas production of three experimental conditions

A comparison among the accumulated quantities of biogas from the three conditions, as
shown in Figure 12, revealed that biogas production was highest with solar collector heating, followed
by solar greenhouse and production without solar heating, respectively. The technique of using solar
collector heating to raise temperature of the system resulted in the maximum accumulated quantity of
3,754 L (368 L/kg CODremoved) Which is 3.9 times higher than the quantity of biogas production
without solar heating condition. Similarly, the technique of using solar greenhouse heating to
increase temperature of the digested slurry yielded, the maximum accumulated biogas quantity of
2,325 L (234.99 L/ kg CODremoved) Which was 2.4 times higher than the production without solar
heating condition.
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Figure 12 Quantities of accumulated biogas production of three experimental conditions

Biogas production using solar collector heating was more efficient than using solar
greenhouse heating since it could control the temperature within the proper range continuously for a
longer time. By the way, it is a complicated technique that requires much more expensive equipment
than solar greenhouse heating. Therefore, it is quite impractical to be applied by ordinary users. Thus,
the technique of raising temperature by means of heat—storing solar greenhouse is more interesting
and more practical. The experimental results also showed that this solar greenhouse technigque could
stimulate the fermentation process of anaerobic bacteria to take place consistently and more
efficiently than the fermentation occurs without solar heating [18, 19]. Although the average
temperature of Thailand is within the mesophilic range, the results show that fermentation of organic
waste material by anaerobic bacteria under the ambient temperature occurred mostly under the proper
temperature range (37+2 °C). Even though the temperature was not lower than 20 °C, which is the
minimum temperature of the mesophilic range, the biogas production would be better if the
temperature could be increased up to the proper range or higher than that. Under proper or high
temperature, efficiency of organic waste material fermentation can be higher for 2.4-3.9 times [20],
which is in agreement with the experimental result as presented previously.

4. Conclusion

Three experiments under 3 conditions have been conducted to test efficiency from the use of
solar heat for raising temperature of digested slurry inside a 1,000 L biogas digester to achieve higher
efficiency of organic waste material fermentation and better biogas production. Two solar energy
based techniques namely a solar collector and a solar greenhouse were applied. The results could be
concluded as follows.

4.1 The technique of increasing temperature of digested slurry via a solar heat production
system relied on a 218x127 cm? solar collector and a 200 L hot water tank. The temperature of
digested slurry was increased via a heat transfer process by allowing circulation of hot water through
a 5/8 inch diameter and 14 m long copper tube. This technique could increase the temperature of
digested slurry within the proper range of 372 °C continuously.

4.2 The technique of increasing temperature of digested slurry by using a heat—storing
solar greenhouse relied on a greenhouse measuring 2.10 m width, 3.00 m length, and 2.20 m height.
The solar greenhouse heating system was prepared by covering the plant entirely with 0.2 mm thick
UV protection plastic sheets. This allows the temperature of digested slurry inside the biogas digester
to be increased. However, the temperature was increased higher than the proper range, and this
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technique could not control the temperature within the proper range continuously. There were only
some short periods of time when the temperature remained within the proper range.

4.3 The accumulated quantity of produced biogas without solar heating condition was
965 L (100.31 kg CODremoved), While the solar collector heating produced biogas in total 3,754 L
(368.60 L/kg CODremoved), and solar greenhouse heating yielded an accumulated biogas production of
2,325 L (234.99 L/ kg CODremoved). The ratios of biogas production from the solar collector heating
and solar greenhouse heating as compared with the without solar heating are equal to 3.9 and 2.4,
respectively. That means the use of a solar collector panel to store heat energy and increase
temperature of digested slurry was the most efficient technique for biogas production. The reason is
this technique could maintain the temperature of digested slurry to be within the proper range more
continuously and more consistently than the technique of using a solar greenhouse heating.

4.4 The results from the analysis on compositions of the produced biogas reveal that biogas
produced from the solar collector heating had the highest quality. Biogas from this technique
contained 55-58% of methane, 33-42% of carbon dioxide, 2-10% of nitrogen and 0.3-2 ppm of
hydrogen sulfide. The average of methane fraction for 10 days is 56.4 % and the maximum is 58%.
The biogas production occurred under the pH range of digested slurry during the experiment at 7.0-
7.2.

4.5 The results of COD removal reveal that COD removal from the solar collector heating
had the highest percentage. It was 73.02% because the temperature was in the proper range in the long
term.

4.6 The experiment results represent only winter period, in summer at higher ambient
temperatures the temperatures may rise further for the Green House case, however it will contribute to
get better results in the case of no solar heating as compared to winters.
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