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Abstract 

The global waste issue is getting worse due to increase in the waste volume caused 
by rising population and change in people’s living standard in developing countries. 
There are various types of anaerobic digestion (AD) systems that are able to convert 
organic waste into methane and carbon dioxide by utilizing microbiological processes. 
Food waste, livestock waste, and agricultural waste are common feedstock for AD due to 
having high composition of biodegradable materials.  

Two-stage anaerobic digestion system (TSAD) is a multistage system of 
anaerobic digestion that is composed of the acid-forming fermentation stage (hydrolysis 
and acidogenesis) and gas-forming stage (methanogenesis). In the hydrolysis and 
acidogenesis phases, the pH condition tends to be acidic. Microbes in these phases are 
relatively tolerant to acidic conditions, but if the pH is below 4, it affects or sometimes 
stops the hydrolysis process (Bajpai, 2017). This shows the necessity of pH control in the 
acid phase (hydrolysis and acidogenesis phase) to avoid a failure in fermentation.  

The oyster shells containing CaCO3 at 80-95 % (de Alvarenga et al., 2012) can 
control the pH in the anaerobic reactor as an alternative for NaOH or KOH. Although 
oyster shells are sometimes used for fertilizer, soil conditioner, or water treatment, almost 
all of them are piled up on seashore as fishery waste. (Oo et al., 2018). 

Three experiments (1-3) has been done in this study: the first experiment(1) was 
conducted to compare the performances of single stage digestion system and TSAD 
system. The second experiment(2) was done to figure out the carbon flow and microbial 
characteristics of TSAD under the two pH control substances, alkali and oyster shell 
power.  The third experiment(3) was done to compare the effects of different particle size 
of oyster shell powder.  At final, using the result of these experiments, we examined the 
feasibility of this anaerobic digestion system with a composting process for treatment of 
biomass waste generated in university campus.  

In these experiments, agro-waste (AW), horse dung (HD), and kitchen waste 
(KW) were prepared for experimental materials; the first two were collected from 
Tsushima campus of Okayama University. As for the kitchen waste we collected it from 
campus cafeteria or made up simulated kitchen waste by referring to household waste 
composition data by Kyoto City's survey (2012 as cited in Yamada et al., 2017). The 
coarse and fine oyster shells powders were used: the coarse oyster shell (OS) was ground 
by hand using mortar and pestle so that the size may be less than 1 mm; the fine one was 
industrial oyster shell (IOS) (Sanyou Clay Industry Co., Ltd) with particle size 10.5 μm. 

The anaerobic digester used in this study is single-stage and two-stage anaerobic 
digestion (TSAD) system. The single-stage was a batch system with 2 L tank (TS 10%, 
35°C) keeping operation through around 30 days. The fermentation stage of TSAD is a 
batch system with 5 L tank with stirrer (TS 8 %, 35°C). 100 g of OS or IOS were mixed 
with the raw materials at the start of fermentation, while NaOH 10 M was added to the 
other reactor once a day. After 5 days, this stage was terminated, and liquid residue was 
separated from solid residue. The methanogenesis stage was performed in an UASB 
reactor with a heater (35°C). The liquid residue was fed to the reactor at increasing 
organic loading rate (OLR) (0.4 - 2.8 gVS/L/d) for the experiment(1) and at constant OLR 
(1.5 gVS/L/d) for the experiment(2).  

The expected methane production from campus biomass waste was calculated 
based on the carbon’s material flow of methane fermentation process that was obtained 
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from the analysis of our experiments, meanwhile, the expected yield of compost was 
calculation based on general information from past experiments. Both the power 
generated by the system and the power demanded in the operation of the system were 
calculated, and the cost of construction and operation were calculated as well. 

The results of experiments and system evaluation in this study are summarized as 
below: 

 In the experiment (1), TSAD produced biogas with higher methane concentration 
and higher methane yield; the methane production reached the peak faster than a single-
stage reactor. Single-stage reactor required more alkali to control the reactor pH within 
the optimum range. The TSAD effluent had less ammonia concentration and COD than 
single-stage reactor. However, quite a considerable amount of unhydrolyzed biomass 
moved to solid residue after separation at the end of the fermentation stage of TSAD. This 
unhydrolyzed biomass in solid residue will be usable for composting. 

As a result of using alkali and OS in the experiment(2), it was found that single 
simple? addition of OS powder can keep the pH stable throughout fermentation period. 
However, OS treatment could not reach the optimum range of pH (pH 6-7) until the end 
of fermentation period. Alkali treatment could easily control pH to reach the optimum 
range, but it was necessary to add alkali daily to keep the ideal condition.  

More than half (51.29%) of carbon still was left in the solid residue in OS 
treatment and only 40.33% was transferred to liquid residue.  The 48.66% of carbon was 
transferred to the liquid residue and the amount was lower than in alkali treatment. 
Undissolved OS or precipitated CaCO3 may have increased the percentage of carbon 
transferred to solid residue. This hypothesis was supported by the fact that no significant 
difference in the percentage of VS transferred to liquid residue between alkali (34.05%) 
and OS (33.75%) treatment. 

In methanogenesis stage, the methane yield ratio of alkali treatment rose 
according to the increase of OLR. In the OS case, the yield ratio was stable at around 320 
mL/g VS. The yield ratio in alkali treatment was lower than OS at lower OLR (~0.8 g 
VS/L/d) but was vice versa at higher OLR (1.5 g VS/L/d~). In an extended observation 
period at the same OLR (1.51.5 g VS/L/d), the average methane yield was 487 mL/gVS 
for the alkali treatment and 413 mL/gVS for the OS treatment. Only 17.67-20.56 % of 
carbon converted to CH4 in the OS treatment and 23.75-29.05 % in the alkali treatment. 
The amounts of CO2 gas produced in the both treatment conditions were the same. Unlike 
in the first stage, the OS in liquid residue did not affect the CO2 production in the second 
stage. However, the experiment(3) showed different results as mentioned below. 

In microbial analysis, we found that the? order Methanosarcinales makes up most 
Archaea in the sludge of both treatments. Acetoclastic methanogen population is higher 
in the sludge of OS treatment, and on the contrary, hydrogenotrophic methanogen 
population is higher in the sludge of alkali treatment. Acetoclastic methanogen uses 
acetate and produce CH4 and CO2, while hydrogenotrophic methanogen uses hydrogen 
and CO2 to produce CH4.  The CO2 concentration in OS treatment was higher than that 
in Alkali treatment; it can be considered that the reason was the difference between 
populations of the two methanogens.  Another notable difference was the denitrification 
bacteria population from phylum Proteobacteria, Pseudomonas caeni, and Pseudomonas 
veronii. These bacteria populations was higher in the OS sludge than the alkali sludge, 
and their growth might be promoted by addition of OS.   
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In the experiment(3), IOS treatment maintained the reactor pH close to the 
optimum pH range on the second day. The size of oyster shell powder also affected 
generation of CO2 in fermentation stage. The OS treatment released CO2 twice as much 
as the alkali treatment, and the IOS treatment released around thrice higher than the alkali 
treatment. Since smaller-sized powder has generally a larger surface-to-volume ratio, it 
is considered that the reaction rate of IOS with acids became higher and the pH increased 
higher than OS, as a result, more CO2 was released.  

The pH of hydrolysis reactor and pH stability affected the result of raw material 
hydrolysis. The IOS treatment was able to hydrolyze the raw material well and produced 
liquid residue with the highest COD (96 g/L) and sCOD (46.45 g/L). It also had the 
highest percentage of VS transferred to liquid residue (42.22%) compared to the alkali 
and the OS treatments. 

The addition of oyster shell powder, regardless of size, produced biogas with the 
same CH4 concentration (74.24 % for OS and 74.33 % for IOS), while the alkali treatment 
had the highest CH4 concentration (80 %). CH4 production seems to be more affected by 
pH, shown by no significant difference between CH4 yield from the IOS (533.9 mL 
CH4/gVS) and alkali treatments that have the same pH at the end of the first stage. 
However, the addition of oyster shell increased CO2 production from the 
methanogenesis? reactor, making the CH4 concentration in biogas lower. 

In feasibility study of the hybrid methane fermentation and composting system 
aiming the treatment of biomass waste generated from campus, we found that the facility 
could produce methane on average 11.11 Nm³/day in the alkali treatment and 7.81 
Nm³/day in the OS treatment, respectively. The average power generated by the system 
was 13,450.25 kWh/year in the alkali treatment and 9,464.45 kWh/year in the OS 
treatment, respectively.  The total power consumption to operate the facility was 38.44 
kWh/day, but not including the power for heating. The power generated from biogas was 
insufficient to meet the energy demanded by the facility. It could only reduce on average 
1.59 kWh/day in the alkali treatment and 12.52 kWh/day in the OS treatment, respectively. 
By supposing from the calculated result of this power generation, the size of our biomass 
reactor was similar to the micro scale-sized biogas reactor that is often used in various 
European countries. 

We also calculated the costs of the facility and greenhouse gas (GHG) emission 
from the facility in the alkali and IOS treatments.  As a result, the cost in the IOS treatment 
was 78% less than the cost in the alkali treatment. As for the GHG emission, the gas 
emitted in commercial NaOH production was much higher than the gas emitted in 
producing oyster shell powder from oyster shell waste.  Moreover, the GHG emission in 
operating the facility in the OS treatment was quite low, like 0.15 times of the emission 
in the alkali treatment.  

In conclusion, it became obvious that the oyster shell is useful for pH control in 
the TSAD system as a substitute of commercial NaOH. Manually ground oyster shells 
does not significantly affect hydrolysis reaction other than pH value. Although oyster 
shell powder has a weak point that the methane yield is less than the alkali treatment with 
NaOH, the methane yield is much improved by using the oyster powder with finer particle 
size.  Oyster shells powder with micron particle size can produce comparable results with 
the alkali treatment with NaOH. Additional advantages of using oyster shell power are 
practicality, lower cost, and lower environmental impact. 
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Chapter 1 -  Literature review 
 Introduction 

The global waste issue is becoming worse as the volume of waste increases from 
the rising population and living standard in developing countries. There are various types 
of anaerobic digestion (AD) systems that able to convert organic waste into energy by 
utilizing microbiological processes. Food waste, livestock waste, and agricultural waste 
are common feedstock for AD due to biodegradable materials' high composition.  

Anaerobic digestion is a process by which microorganism break down 
biodegradable material in the absence of oxygen. This process is very suitable as waste 
treatment for industrial/domestic waste or any biodegradable waste that have high water 
content to produce fuel (methane gas). Domestic waste such as kitchen waste or food 
leftover or agriculture waste have the potential to be used as reactor material, however 
the usual treatment is either dumped together to be incinerated or piled up in sanitary 
landfill. Incineration may reduce the volume of the waste, but it also removes the valuable 
nutrients and chemical substance from incinerated substrate (Paritosh et al., 2017)  

Multi-stage anaerobic digestion system as opposed to single stage system is an 
effort to improve the process of anaerobic digestion. The improvement included increase 
in productivity, rate of material (in this case biowaste) consumption, shorter period of 
processing and smaller area needed for installation. Nevertheless, the system still 
encounter problem in form of pH control due to the nature of biowaste used in anaerobic 
digestion system. The biowaste used in the anaerobic digestion system are easily 
degraded that acidification occurred and decreased the pH of the reactor. 

The solution to acidification is to counter it with alkaline substance addition. 
Chemical alkaline are usually used to increase the pH of the reactor to acceptable range. 
However, in this study we are using alternative material, oyster shell, which is regarded 
as waste. Reusing oyster shell as pH conditioner have been done before to increase the 
pH of the soil. Based on that utilization, we are studying the effect of using oyster shell 
as pH conditioner in anaerobic digestion system and the advantages of reusing the oyster 
shell compared to using commercial chemical alkali. 

This chapter included brief explanation of anaerobic digestion process, anaerobic 
digestion system type and oyster shell. These brief descriptions are to provide basic 
overview regarding the study that focused on these subjects 
 

 Anaerobic digestion process 
Anaerobic digestion is a sequence of biological decomposition process of organic 

matter into biogas under low or no oxygen condition. This process is different from 
composting that decompose organic matter in the presence of oxygen. AD heavily 
depends on microorganism metabolism, involved several steps with different groups of 
microbes with different roles. The anaerobic digestion process can be divided into 4 steps: 
hydrolysis, acidogenesis, acetogenesis and methanogenesis as shown in Figure 1-1.  
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Figure 1-1Anaerobic digestion stages 

 
1.2.1 Hydrolysis 

The hydrolysis process breaks down the bulk biomass of complex or polymeric 
organic substances into soluble and simpler intermediate molecules. Complex molecules 
such as protein and fat are broken down into amino acids, glycerol, and fatty acids (Sikora 
et al., 2017). Proteins are the primary building material for animal tissue, while fat is fuel 
reservoirs for animals (Sanders, 2001). These substances are typically found in biomass 
waste originating from meat, such as waste from the meat processing industry.  Food 
waste or kitchen waste also contains a high amount of protein, fat, and carbohydrate. 
Carbohydrates are naturally found in the form of polysaccharides and insoluble in water 
(Sanders, 2001). Examples of polysaccharides usually found in biowaste are cellulose, 
hemicellulose, pectin, and starch. After the hydrolysis process, polysaccharides degraded 
into monosaccharides (Sikora et al., 2017). Other types of biowaste commonly used in 
anaerobic digestion are animal waste, agriculture waste, or sewage.   

Hydrolysis is considered a rate-limiting process (Pavlostathis and Giraldo-
Gomez, 1991) and decides the overall anaerobic digestion process rate and how much of 
total biomass can be used in anaerobic digestion system. There is non-hydrolyzable 
biomass that cannot be used in the subsequent step. Biomass from lignocellulosic 
substance is abundant and considered a material with great potential for anaerobic 
digestion due to its high cellulose and hemicellulose content, but difficult to digest due to 
lignin (Sawatdeenarurat et al., 2015). Lignin in lignocellulose is basically regarded as 
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non-degradable material and, due to that characteristic, biomass with high lignin content 
is considered inert material and unsuitable for anaerobic fermentation. With this inert 
material, the amount of biomass that can be used in anaerobic digestion becomes reduced. 

 
1.2.2 Acidogenesis 

In acidogenesis, acidogens converted sugar, amino acid, and fatty acid into 
volatile fatty acid (VFA), alcohol, and biogas, such as CO2 and H2. VFA comprises short-
chain fatty acid with less than six carbon, such as formic acid, acetic acid, propionic acid, 
butyric acid, and valeric acid. They are a very soluble compound and tend to reduce the 
pH of the reactor due to their acidic nature. This step is relatively faster than other 
anaerobic digestion steps, which is why acidification of reactor can occur quickly and 
caused disturbance to anaerobic digestion system (Deublein and Steinhauser, 2011). This 
acidification is the cause of system failure in single-stage anaerobic digester where the 
pH is too low and out of the acceptable limit for methanogen microbes that ends up 
stopped methane production (Akuzawa et al., 2011). 

Bacteria that dominated acidogenesis step also overlapped with hydrolysis step. 
The dominant bacteria are Bacteroidetes, Firmicutes, and Proteobacteria. However, this 
microbial community is strongly affected by environmental growth conditions, 
substrates, or inoculum sources (Li et al., 2017). pH can change the fermentation type, 
products, and dominant bacteria in the hydrolysis and acidogenesis stage. At alkaline pH, 
fermentation that produced acetic acids such as butyric fermentation with a high output 
of acetic acid, butyric acid, and hydrogen is favored. In this fermentation, Clostridium 
dominates the microbial community of anaerobic digester. Lower pH will lead to different 
kinds of fermentation that mainly produce lactic acid by Lactobacilli or fermentation that 
produces ethanol at pH 4-4.5. As acetate is the preferred intermediate product for methane 
production, it is advised to operate at pH 6-7 conditions that promote acetate production 
(Yu and Fang, 2003). 

 
1.2.3 Acetogenesis 

Acetogenesis is formation of acetate from other volatile fatty acid, alcohol or 
reduction of CO2. Oxidation of VFA and alcohol from hydrolysis or acidogenesis 
produced acetate and H2. Other acetogen type use H2 and CO2 to produce acetate and they 
are strictly anaerobic bacteria. This chemolithotrophic acetate conversion process is held 
back by unfavorable energetics and can only gain energy if the products concentration is 
kept low, usually by methanogenic bacteria (Angelidaki et al., 2011). This acetogenesis 
step in anaerobic digestion itself is important because acetoclastic methanogen is the 
major methanogenesis pathway in AD and methanogen also depends on acetogenic 
bacteria to produce the substrates needed for methanogenesis.  

The symbiotic relationship between the two group of microbes made up the 
second half of anaerobic digestion process. However, chemolithotrophic acetogenesis, 
does not only have symbiotic relationship. This pathway also competing against 
hydrogenotrophic methanogenesis in hydrogen utilization. At lower temperature, the 
pathway leaning towards chemolithotrohoic acetogenesis, while in mesophilic 
temperature (30°C), methane formation via hydrogenotrophic methanogenesis are higher 
(Fu et al., 2019).  

In the case of VFA accumulation due to acetoclastic methanogen inhibition, 
syntrophic acetate oxidizing bacteria (SAOB) carry out the reverse process of 
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chemolitotrophic acetogenesis (Westerholm et al., 2018).  Syntrophic acetate oxidation 
(SAO) process converts H2 and CO2 from acetate. Moreover, this pathway able to 
outcompete against acetoclastic methanogens process in high temperature (Pap et al., 
2015). SAO pathway also reported to become dominant under high ammonia stress to 
overcome acetate accumulation (Wang et al., 2020). 
 
1.2.4 Methanogenesis 

Methanogenesis is the step where anaerobic digestion produces methane. All 
known methanogens belong to archaea domain (Angelidaki et al., 2011). Different form 
hydrolysis and acidogenesis bacteria, methanogens are more sensitive against pH and 
oxygen exposure than hydrolytic bacteria. It also has slower growth rate compared to 
another microorganism (Wikandari and Taherzadeh, 2019). The range of pH in which 
methanogen can be active is 6.2 to 8 (Liu et al., 2008), but pH less than 6.5 and over 7.5 
decreased the gas evolution rate from acetoclastic methanogenesis pathway (Ikbal et al., 
2003). pH lower than 6.5 will also decrease archaea diversity, which can be detrimental 
to the stability of methanogen community in the reactor. 

 There are three types of major methanogenesis pathways, acetoclastic 
methanogenesis, methylotrophic, and hydrogenotrophic methanogenesis (Liu and 
Whitman, 2008). Acetoclastic methanogenesis convert methane and CO2 from acetate. 
This pathway is considered as the dominant pathway in methane production. Around 70% 
of total methane ouput converted from acetate and the remaining is formed from H2, CO2 
or formate (Conrad et al., 2010). Hydrogenotrophic methanogenesis convert methane 
from hydrogen and carbon dioxide. Sometimes this pathway also use formate and rarely, 
alcohols. The last is methylotrophic methanogenesis that use methylated compound such 
as methanol, methylated amines and methylated sulphides. 

 
 Anaerobic digestion system type 

1.3.1 Single stage 
The most typical anaerobic digester is a single-tank reactor in which all steps of 

anaerobic digestion take place inside one container with delicate condition and population 
balance between various microorganisms. The main advantage of this system is ease of 
operation, less maintenance and lower cost (EPA, 2006). However, it has lower gas 
production and lower organic conversion rate. Digester failure also more likely to occur 
if the material is easily degradable that lead to rapid acidification of reactor. Hydrolysis 
and acidogenesis microbes may have higher toleration towards this acidic condition, but 
methanogenesis microbe may not and stopped their activity (Rabii et al., 2019). The 
difference of optimal condition and tolerance range for each microbial group give the idea 
of separating the anaerobic digestion steps to different containers as to maintain optimum 
condition for different microbial groups.  

 
1.3.2 Multistage 

Multistage anaerobic digester separates the anaerobic digestion process into 
different reactor. A solution to separate acid-forming steps (hydrolysis and acidogenesis) 
and methane forming steps into two reactors was proposed to enhance the overall process 
(Pohland and Ghosh, 1971 as cited in Demirel and Yenigun, 2002). The advantages of 
using a two-stage anaerobic digestion (TSAD) system compared to the conventional 
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single-stage system include, but not limited to, higher conversion of carbon into biogas, 
faster methanogenesis kinetics, and higher CH4 content (Dinh et al., 2019). 

Two stage anaerobic digester separate acid forming phase and methane forming 
phase. Acid forming microbes are more tolerant to wide range of pH than methanogenesis 
bacteria which is very sensitive and only active or have optimal pH in narrow pH range. 
With separating these two groups of microbes with different optimal pH, we can optimize 
each group process. Multistage reactor also has advantages such as shorter period of 
retention time which allows the digester to process higher loading rates of materials in 
digester with less volume than single stage reactor (EPA, 2006).  

Multistage anaerobic digestion system used in this study composed of batch 
reactor and upflow anaerobic sludge blanket (UASB) reactor. Batch reactor is a storage 
tank with agitator or stirrer. Until the end of reaction or fermentation period, no materials 
are removed. UASB reactor process developed in 1970 by Lettinga and used for treating 
industrial and municipal wastewater (Lettinga et al., 1980). The sludge suspended in the 
reactor functioned as growth media or where microbes attached to the sludge granules to 
prevent washing out of the reactor. Feedstock flows from bottoms of the reactor, upwards 
through the sludge and then the effluent go out from the outlet at the upper side of reactor. 
Gravity helps in settling the sludge or solid part of the feedstock that require longer 
retention time to be digested. Uncomplicated construction and maintenance, small land 
requirement, low construction and operating cost, low excess sludge production, 
robustness in terms of COD removal efficiency, ability to cope with fluctuations in 
temperature, pH and influent concentration, quick biomass recovery after shutdown, and 
energy generation in the form of biogas or hydrogen are the advantages of using UASB 
reactors as anaerobic digester (Daud et al., 2018). 

 
 Oyster shell 

Oyster shell come from oyster, one of the Mollusca class Bivalvia. In general, the 
distinguishing body parts of oyster as mollusk are divided into four, namely foot, 
digestive, and reproductive organs (visceral mass), shell (mantle), and mantle cavity (with 
gills). The color and shape of the shell varies greatly depending on the type, habitat, and 
diet. Oysters are bilaterally symmetrical, have a mantle in the form of auricles or lobes 
and a symmetrical shell. The function of the outer surface of the mantle is to secrete shell 
organic matter and deposit calcite or lime crystals. The shell properties can be seen in 
Table 1-1. The shell itself composed of layers described below: 

a. The outer layer is thin, almost skin and is called the periostracum that protects. 
b. A thick second layer, made of calcium carbonate; and 
c. The inner layer consists of mother of pearl, formed by the mantle in the form 

of a thin layer. This thin layer is what makes the shell thicken as the animal gets older. 
Oyster farming are common form of aquaculture around the world. In 2016, China 

accounted for 86% of global oyster aquaculture production (FAO, 2018). Japan itself 
produced 158,925 metric tonnes of oyster and positioned as the third largest oyster 
aquaculture producer. Currently the production of oyster in Japan are stagnating and 
slowly declining from mid-1960s due to natural disasters, such as earthquake and tsunami, 
and Norovirus problem (Seki, 2017).  
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 Table 1-1. Typical Oyster Shell Properties (Yoon et al., 2003) 
Parameter Value Unit 

CaCO3 95.994 % 
SiO2 0.696 % 
MgO 0.649 % 
Al2O3 0.419 % 
SrO 0.33 % 
P2O5 0.204 % 
NaO 0.984 % 
SO3 0.724 % 

 
The oyster shells which contain CaCO3 at 95 % has the potential to be able to 

control the pH of anaerobic reactor as alternative for NaOH or KOH. Some known oyster 
shells applications are fertilizer, soil conditioner, or water treatment, although for the most 
part, they are piled up on seashore as fishery waste material (Oo et al., 2018). It also can 
be utilized as concrete component due to its high calcium carbonate content (Ruslan et 
al., 2021). Some oyster shell has artistic value and used in art creation and decoration. In 
2017 total oyster production from capture are 148 t and 5,711 t from aquaculture (FAO, 
2019). Data on the amount of oyster shell waste was not recorded, and the weight 
percentage of shells also varied according to the species. A study by Tokeshi et al. (2000) 
stated that shell weight could range from 58.6 % to 76.4 %. This re-use of oyster shells 
might help for the reduction of waste and waste treatment.  

CaCO3 or calcium carbonate neutralizing acid by acting as buffer (Salek et al., 
2015). When dissolved in liquid or contacted with acids, CaCO3 dissociate into calcium 
ion and carbonate anion. The carbonate will neutralize acid by binding with protons that 
decreased the concentration of hydrogen ion. Due to this process, pH of the reactor 
increased from acidic condition. This process also released CO2 in gas form and produce 
calcium salts that precipitate in solid form. Because of the low solubility of CaCO3 and 
the reversible nature of the reaction, CaCO3 may also found to precipitate in solid form.   
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Chapter 2 -  Fundamental Study of Two Stage Anaerobic Co-
Digestion System 

 
 Introduction 

In meetings on the needs of people around the world use of low environmental 
impact energy sources and sustainable food production is considered as an important task. 
Due to concern about greenhouse gas (GHG) emissions and environmental health, many 
people and industries considered replacing fossil fuels energy and fertilizer to a more 
environmentally friendly alternative. One of the solutions is to recover energy from 
biomass sources in the form of methane by anaerobic digestion.  Especially, energy 
recovery from biomass waste is also useful for waste reduction in treatment, therefore, 
‘biomass waste to every’ has an important role in activities for the sound material-cycle 
society.  

Implementing energy recovery procedure can be applied in varying scale, which 
means community scale is also feasible. Community-Based Solid Waste Management 
(CBSWM) is a waste management system that recognises the community as the active 
role player in cleaning up their neighbourhoods and/or to earning an income from solid 
waste. People are likely to modify their own behavior when they participate in problem 
solving. CBSWM gives people control over their environment to participate, maintain, 
and improve its aesthetic value. Treating the waste at source also offer advantages such 
as reducing traffic and amount of waste transported to centralized waste treatment facility 
On the other hand, it is difficult to devote a large site for processing and recycling 
resources on a small community, where waste treatment is not the main purpose. In 
addition, it is desirable to construct a system that can effectively utilize limited space and 
obtain a large amount of methane gas. In order to meet the above objectives, we aim to 
shorten the retention time of waste in the digester and to obtain methane gas efficiently. 
Therefore, we tried to improve the efficiency of medium-temperature wet methane 
fermentation. 

Unlike the conventional single stage anaerobic digester in which raw materials 
with high solid content processed by a single tank of anaerobic digester as they are, the 
system used in this study performs hydrolysis and methanogenesis in separate tanks to 
shorten the retention time. Additionally, instead of digesting all organic substances in 
hydrolysis tank, the reaction is terminated when the easily digested components are 
decomposed, and solid-liquid separation is performed. The liquid content is transferred 
to the methane fermentation tank while the solid content is composted. 

Based on this system, we conducted a comparative experiment of the single stage 
and the double-stage system (hydrolysis period comparison experiment) and a hydrolysis 
acclimatization condition comparison experiment. A hydrolysis acclimatization 
experiment was conducted using a double-stage anaerobic digestion system with waste 
samples and addition of liquid residue from the previous hydrolysis process. We 
compared and evaluated the methane gas yield, effluent and solid residue quality from 
the system without acclimatization and with acclimatization. 

 
 Materials and methods 

In this study we compared one stage batch anaerobic digester with two stage 
anaerobic digester. Experiment in this paper consist of 2 parts. Initial experiment is to 
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decide the length of acid fermentation (hydrolysis-acidogenesis) stage and the methane 
yield compared to one stage digester. For the rest of this paper, this stage will be referred 
as hydrolysis stage. The length of hydrolysis stage period tested in this experiment is 3,6 
and 12 days (3d, 6d and 12d treatment group). Second experiment is to compare methane 
yield using acclimatization of hydrolysate or liquid residue and different raw material 
(model and real sample). All reactor in both experiments placed in water bath (35℃) to 
keep the process in mesophilic condition. In figure 2-1 we can see the difference of 
treatment group based on flow of hydrolysis condition.  
1 stage reactor 2 stage reactor Acclimatization reactor 

 

 
Figure 2-1. Anaerobic digestion system comparison flow diagram 

 
2.2.1 Raw material 

The raw material for initial experiment were consisted of cabbage and rice. 
Cabbage obtained from retail stores and chopped using food cutter (Chiba Kogyo Co., 
Ltd., Misinger). Rice used in experiment is packed white rice sold in retail stores and used 
without heating in microwaves. Second experiment also performed using real waste as 
raw material aside from using cabbage and rice. The waste used in experiment are kitchen 
waste (KW), agricultural waste (AW) and horse dung (HD) sample collected from 
cafeteria, agricultural field and stable in Okayama University Tsushima campus.  

As inoculum for methane fermentation, the digested sludge collected from the 
digestion tank of the city A sewage treatment plant is put in a plastic tank and stored at 
room temperature. Food waste and horse dung added to inoculum in plastic tank. Before 
used in methanogenesis reactor, solid matter removed by using draining net. 

The material total solid and volatile solid were analyzed first by drying in oven 
(105℃) and incinerator (550 ℃). Total Carbon and Nitrogen also analyzed using CHN 
elemental analyzer. Table 2-1 shows the total solid (TS), volatile solid (VS), total carbon 
(C) and nitrogen (N) percentage of raw material and inoculum. 
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Table 2-1 Analysis results of raw material of first experiment and inoculum properties 
Material TS(%) VS(%) C(%) N(%) 

Rice 34.3 34.0 42.6 1.08 
Cabbage 7.26 6.73 43.2 2.91 
Inoculum 1.59 0.449 17.8 1.35 

KW 27.39 26.86 47.17 2.17 

AW 10.28 9.60 42.42 1.38 

HD 22.25 19.94 46.39 1.10 
Hydrolysate 1.51 1.39 42.10 2.09 

 
Raw materials are mixed in the reactor based on composition shown in Table 2-2. 

Each raw material contributes 1.5% of TS of substrate so the total TS from substrate is 
3%. The seeding sludge added directly with raw material in one stage reactor, meanwhile 
in two stage reactor it was added in second stage. In acclimatization treatment group, 
liquid residue from hydrolysis reactor are used again in new hydrolysis reactor. Liquid 
residue obtained by separating liquid and solid part by using draining net and squeezed 
by hand. 

  
Table 2-2 Mixing ratio and composition of reactor with model sample 

Material Single 
stage 

Two stage - 
hydrolysis 

Acclimatization - 
hydrolysis 1 

Acclimatization - 
hydrolysis 2 and 3 

Methanogenesis  

Rice 56 84 84 84  
Cabbage 264 396 396 396  
Inoculum 320    320 
Tap water 960 1440 1440 1056  

Hydrolysate    384 1280 
Total (gr) 1600 1920 1920 1920 1600 

    
Mixing ratio for real sample is 6:3:2 (KW:AW:HD) with total TS of 3%. Inoculum 

were added directly in the one stage reactor and in methanogenesis stage in 2 phase 
reactors up to 20% of total volume. The weight composition of each material for each 
reactor is shown in Table 2-3 below. 

 
Table 2-3. Mixing ratio and weight composition of each reactor for real sample (gram) 

Material Single 
stage  

Two stage -
hydrolysis 

Acclimatization 
- hydrolysis 1 

Acclimatization - 
hydrolysis 2 and 3 

Methanogenesis  

KW 96.2 144.3 144.3 144.3 - 
AW 48.1 72.1 72.1 72.1 - 
HD 32.1 48.1 48.1 48.1 - 

Inoculum 320 - - - 320 
Tap water 1103.7 1655.5 1440 1271.5 - 

Hydrolysate - - - 384 1280 
Total (gram) 1600 1920 1704.5 1920 1600 

 
2.2.2 Determination of first stage and second stage period  

In the TSAD digester system, the time when the substrate is added to the second 
stage is time 0, and the cumulative gas amount at time T (days) is G (mL). The 
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accumulated gas amount at the time (T + Δt) when Δt has elapsed is defined as (G + Δg). 
In general, the amount of gas generated per unit time (production rate) increases slowly 
from zero, reaches a peak, and then decreases (Figure 2-2). The characteristic of the 
production rate is that the gradual decrease continues after the peak, and if it is operated 
for a long time, the gas production efficiency decreases, and the required capacity of the 
reaction tank must be increased. It is necessary to terminate methane fermentation in an 
optimal number of days. Therefore, we decided to cancel methane fermentation according 
to the following criteria from the relationship between elapsed days and gas accumulation. 
 

 
Figure 2-2 Theoretical model of methane gas accumulation graph 

 
The termination condition is 

𝛥𝑡

𝑇
>
𝛥𝑔

𝐺
 

the above equation is calculated when the generation rate passes the peak and 
becomes flat. Fermentation terminated if this state continues for 5 days.  
 
2.2.3 Effluent quality 

After terminating fermentation process, the effluent water analysed by using 
Lovibond water quality meter MD600). Parameter analysed are suspended solid, CODcr 
and NH4+-N. To avoid debris from HD and other fine solid residue when analysing 
CODcr and NH4+-N, samples are filtered by draining net, 0.45µm paper filter (Whatman 
PROTRAN BA 85) and syringe filter (GVS FILTER TECHNOLOGY) with the same 
pore size.  
 

 Result 
2.3.1 Comparison in Hydrolysis Period  

A. Methane gas production and fermentation process 
The result of methane yield from different hydrolysis period and one stage reactor 

can be seen in Figure 2-3 below. One stage reactor able to produce more methane gas 
than two stage reactors, however it also need longer time to reach peak of methane gas 
production. The peak methane production for single stage reactor were more than 30 days, 
however it was considered too long so the reactor was terminated on the 30th day.    
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Figure 2-3. Methane gas accumulation from different hydrolysis period.  
 
Table 2-4 shows the detailed performance of each treatment with different 

hydrolysis period. The treatment 6d able to reach peak earlier than the other treatment, 
excluding the time needed for hydrolysis period. This treatment also produced more 
methane gas and have higher methane gas percentage than other two stage reactors. 
Treatment 3d2 also reached peak around the same time from separation into second stage, 
but with much fewer methane yield and methane gas percentage. Excluding this failed 
reactor, hydrolysate from 3 days and 12 days hydrolysis produce about the same amount 
of methane gas and methane gas percentage. 

 
Table 2-4. Fermentation period and result from different hydrolysis period 

  After separation From first stage  Maximu
m CH4 

(%) 

CH4 gas 
accumulati

on (ml) 

Biogas 
accumulati

on (ml) 
Treatme

nt 
Peak 
(d) 

Fermentati
on period 

(d) 

Peak 
(d) 

Fermentati
on period 

(d) 
1 stage 25.5 30 25.5 30 32.1 907 10773 

3d1 14 24 17 27 24.7 585 7138 
3d2 12 20 15 23 5.94 133 6123 
6d1 11.5 20 17.5 26 30.2 619 5534 
6d2 11.5 21 17.5 27 33.4 773 6811 
12d1 14 23 26 35 24.1 484 5981 
12d2 15.5 26 27.5 38 25.2 656 7954 

 
Hydrolysis can also be evaluated from TS and VS reduction as shown in Table 2-

5. On the first stage of two stage system there was a trend of increasing TS and VS 
reduction in line with increasing hydrolysis period. These data also accompanied by 
increasing reduction in solid TS, VS and amount of VS substrate in second stage. VS 
reduced considerably higher in second stage than in first stage of the reactor because it 
was converted into methane gas. Based on the efficiency of conversing methane gas per 
gram VS of substrate, 6d treatment is the most efficient. Followed by 12d and 3d. The 
least efficient is 1 stage reactor which have around half efficiency of 6 days hydrolysis 
period treatment 
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Table 2-5 Substrate reduction and methane conversion efficiency 
Treatment  TS reduction (%) VS reduction rate (%) Methanogenesis 

substrate VS 
(gr) 

Methane/VS 
(ml/gr) 1st 

stage 
Solid 

residue 
2nd 

stage 
1st 

stage 
Solid 

residue  
2nd 

stage 
1 stage 20.09 60.89 36.66 24.74 

3d1 10.99 54.0 18.30 12.16 52.9 62.98 16.66 35.11 

3d2 5.92 43.6 18.47 7.44 43.2 65.50 15.66 8.49 

6d1 6.79 49.5 17.65 7.26 48.4 64.17 17.26 35.86 

6d2 11.85 51.2 12.33 12.7 50.3 60.00 16.06 48.12 

12d1 10.98 52.8 19.12 13.97 52.0 60.66 16.86 28.70 

12d2 10.98 57.1 19.12 11.25 55.3 68.34 18.46 35.53 

 
Table 2-6 shows the data on pH control. Initial pH measurement taken from the 

start of single reactor and from the start of second stage of two stage reactor. Initial pH 
for two stage anaerobic digester system is low because the hydrolysis and acidogenesis 
process already started in previous stage. The shortest period for pH control and lowest 
amount of alkali used is on 6d treatment group. On the contrary, the longest pH control 
period and the highest amount of alkali used is from single stage reactor. 

  
Table 2-6 pH control on anaerobic digester. 

Treatment Initial pH Total alkali (ml) Days alkali used (d) 
1 stage 6.17 27.4 18 

3d1 3.44 15.3 11 
3d2 3.44 13.6 6 
6d1 3.39 14.5 5 
6d2 3.40 15 5 
12d1 3.45 17 6 
12d2 3.45 16.6 6 

 
B. Effluent and solid residue quality 

At the end of experiment, the effluent quality is analyzed for chemical and 
physical properties and the result can be seen in the Table 2-7.  

 
Table 2-7 Effluent and solid residue quality 

Treatment Effluent Solid 
residue 

CODCr(mg/L) NH4
+-

N(mg/L) 
SS(mg/L) TS(mg/L) VS(mg/L) C/N C/N 

1 stage 23000 300 4267 21124 8796 60.3 18.8 

3d1 2000 120 2333 12009 4217 25.7 22.4 

3d2 8000 120 3133 11264 3649 15.6 23.6 

6d1 2000 110 2100 12222 4169 26.1 23.9 
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6d2 12000 100 2133 12409 4394 28.8 19.9 

12d1 3000 250 2133 12780 4476 32 22.5 

12d2 10000 230 2133 12680 3944 27 17.7 

 
Effluent from one stage reactor holds the highest value for all parameter, which 

means it discharged the worst effluent quality. On the C/N ratio parameter, C/N ratio of 
effluent become higher proportionally to the increase of hydrolysis period. On the 
contrary, C/N ratio decreasing as the hydrolysis period become longer.  

 
2.3.2 Comparison in using different material and acclimatization condition  

A. Methane gas production and fermentation process 
The methane gas accumulation result from second experiment can be seen in 

Figure 2-4. It shows that reactor with real sample (R1 and R2) produced the most methane 
gas in shortest period of time. Addition of hydrolysate reduced the methane yield in real 
sample with acclimatization treatment group (RA1 and RA2). However, treatment with 
model sample produces inverse result from real sample. Acclimatization treatment in 
model sample (MA1 and MA2) generates more methane gas than non-acclimated model 
sample reactor (M1 and M2).  

 
Figure 2-4 Methane gas accumulation from different sample type and acclimatization treatment 

 
Table 2-8 provide more detail about reactor performance of each treatment. R1 

and R2 produced the most methane gas and reach methane gas production peak faster 
than other treatment. Acclimatization from both type of sample (MA and RA) generated 
roughly the same amount of methane gas and reach the peak in about the same time. M1 
and M2, aside from produced the least amount of methane gas, it also needs longer time 
to reach peak of methane gas production. 

 
Table 2-8 Fermentation period and result from different sample type and acclimatization 

  
Treatment 

After separation From first stage Maximum 
CH4 (%) 

CH4 gas 
accumulation 

(ml) 

Biogas 
accumulation 

(ml) Peak 
(d) 

Fermentat
ion period 

(d) 

Peak 
(d) 

Fermentati
on period 

(d) 
M1 19.5 30 22.5 33 15.4 295 5811 
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M2 16 27 19 30 9.41 187 5729 
MA1 9 18 19 28 29 390 5035 
MA2 9.5 18 19.5 28 19.4 279 6531 
R1 8 18 11 21 34.62 402 2439 
R2 8 18 11 21 37.75 501 2821 

RA1 8 22 17 31 31.39 349 3864 
RA2 10 21 19 30 10.49 58 2170 

 
Table 2-9 displayed more detail on reactor performance. On first stage, M and R 

treatment reduced more TS than MA and RA treatment, however TS reduction on solid 
part are about the same. Addition of liquid residue also added more TS, which is why 
even though acclimatization treatment had lower TS reduction rate, it has higher VS for 
second stage.  

 
Table 2-9 Substrate reduction and methane conversion efficiency 

Treatment TS reduction rate (%)  VS reduction rate (%) 2nd stage 
substrate 
VS (gr) 

Methane/VS 
(ml/gr) 1st 

stage 
Solid  2nd 

stage 
1st 

stage 
Solid  2nd stage 

M1 13.69 46.23 2.08 15.05 44.91 38.73 12.76  23.11  

M2 17.67 49.85 4.15 18.86 48.60 40.07 12.86  14.54  

MA1 12.10 43.62 10.78 11.67 42.10 51.78 17.06  22.86  

MA2 12.69 47.70 11.29 13.23 46.25 49.28 18.06  15.45  

R1 17.37 46.09 -3.19 17.87 45.22 15.01 11.34 35.41  

R2 19.39 48.47 -2.80 19.68 47.38 18.34 11.51 43.51  

RA1 15.30 47.17 -8.98 15.23 46.05 10.68 16.35 21.33  

RA2 12.33 45.92 -10.90 12.17 44.82 8.45 17.21 3.36  
 
Reactors using model sample able to reduce more VS in second stage than reactors 

using real sample. However, highest efficiency of conversing VS into methane gas is from 
reactor using real sample (R1 and R2). Reactor RA2 failed to reduce VS as much as other 
reactor and have the lowest efficiency. Other treatment (M, MA and RA1) generally have 
the same conversion efficiency. 

Table 2-10 shows the data on pH control. The amount of alkali added to the 
acclimatization reactor are higher than alkali addition to the reactor without 
acclimatization. Treatment R and RA need shorter time than M and MA to reach stable 
pH, but the total alkali needed are slightly higher.   

 
Table 2-10 pH control on anaerobic digester  
Treatment pH before separation Total alkali Days alkali used 

M1 3.7 11.6 15 
M2 3.68 11.3 15 

MA1 3.63 13.8 11 
MA2 3.62 14.7 11 
R1 3.55 11.9 5 
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R2 3.55 12.1 5 
RA1 3.39 15.1 5 
RA2 3.38 15.1 5 

 
B. Effluent and solid residue quality 

Based on data from Table 2-11, effluent from real sample reactor have higher 
COD, suspended solid and C/N ratio than model sample, but the ammonia level is lower. 
All parameter generally has higher value for effluent from acclimatization treatment than 
from respective reactor without acclimatization. Solid residue from M and MA have 
higher C/N ratio than R and RA, but all solid residue C/N ratio still within acceptable 
range for compost, which is 30.  
 
Table 2-11 Effluent and solid residue quality 

Treatment CODcr 
(mg/L 
COD) 

NH4+N 
(mg/L N) 

SS 
(mg/L) 
average 

TS 
(mg/L) 

VS 
(mg/L) 

C/N 
effluent 

C/N 
solid 

M1 4060 180 2167 14660 7773 20.7 24.6 

M2 4740 210 2233 11190 4860 22.8 20.7 

MA1 5000 200 2600 15680 8740 26.8 22.7 

MA2 4000 240 3100 14510 7920 28.1 23.1 

R1 6110 150 3213 11065 6809 36.7 18.9 

R2 5560 70 3337 10814 6435 29.4 20.8 

RA1 9250 110 3827 14885 9719 40.8 18.8 

RA2 11000 90 3737 15721 10496 52.2 18.0 

  
 Discussion 

2.4.1 Hydrolysis period evaluation 
Each treatment group performance was evaluated from the average value and 

given a score, respectively. Four points score is used to evaluate experimental condition 
and higher score indicate the best experimental condition. The best conditions are detailed 
below as: 

- Experimental period, the shorter time needed for experiment, the faster methane 
fermentation process proceeds. 

- Methane gas accumulation, higher value of methane recovery rate 
- Total alkali, the system operation cost is more economical by using the least 

amount of alkali. 
- COD, NH4

+-N, SS, TS and VS, these parameters denote effluent quality and the 
subsequent need for water treatment. 

- CH4/VS, this signifies the methane gas generation efficiency per substrate VS of 
the system. 

- C/N ratio, this parameter is evaluated on its suitability for compost or liquid 
fertilizer use. 
 All these parameters measurement summarized in table 12 below. 
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Table 2-12. Different hydrolysis experiment measurement summary  
Parameter 1 stage 3 days 6 days 12 days 

Fermentation period (d) 30 27 26.5 36.5 
Peak   25.5  16  17.5  26.75 
Methane accumulation (ml) 907 585 696 570 
Maximum CH4 (%) 32.1 15.32 31.8 24.65 
Methane/VS (ml/gr) 24.74 35.11 41.99 32.115 
Total alkali (ml) 27.4 15.3 14.75 16.8 
NH4

+-N(mg/L) 300 120 105 240 
SS(mg/L) 4267 2333 2116.5 2133 

TS(mg/L) 21124 12009 12316 12730 

VS(mg/L) 8796 4217 4281 4210 

CODCr(mg/L) 23000 2000 7000 6500 

C/N effluent 60.3 25.7 27.45 29.5 

C/N solid residue  18.8 22.4 21.9 20.1 

 
The result evaluated into Table 2-13 and classified into above 6 items list in Table 

2-14.  
 

Table 2-13 Evaluation score of different hydrolysis period experiment condition 
Parameter 1 stage 3 days 6 days 12 days 

Fermentation period (d) 3 2 1 4 
Peak   3  1  2  4 
Methane accumulation (ml) 4 2 3 1 
Maximum CH4 (%) 3 1 4 2 
Methane/VS (ml/gr) 1 3 4 2 
Total alkali (ml) 1 3 4 2 
NH4

+-N(mg/L) 1 3 4 2 
SS(mg/L) 1 2 4 3 

TS(mg/L) 1 4 3 2 

VS(mg/L) 1 3 2 4 

CODCr(mg/L) 1 4 2 3 
C/N effluent 1 2 2 2 

C/N solid residue  1 1 1 1 

 
Table 2-14 Evaluation result of different hydrolysis period experiment condition 
Treatment 1 stage 3 days 6 days 12 days 

Fermentation period (d) 2 3 4 1 
Methane accumulation (ml) 4 2 3 1 
Maximum CH4 (%) 4 1 3 2 
Total alkali (ml) 1 3 4 2 
Effluent quality 1 4 3 2 
Methane/VS (ml/gr) 1 3 4 2 
C/N 1 2 2 2 
Total score 14 18 23 12 
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Based on score evaluation, 6 days hydrolysis period is the best experimental 

condition. Second best experimental condition is 3 days hydrolysis period. One stage 
reactor and 12 days hydrolysis period treatment have the same score. Although single 
stage reactor generated the highest amount of methane gas, it also consistently scored 
poor in another parameter. 

The longer retention time in first stage, the more material able to be solubilized 
and digested (WEF and ASCE,2009 as cited in Hidaka et al.,2015). This is indicated from 
the increasing TS and VS reduction in solid residue as the hydrolysis period become 
longer (Table 2-5). Longer retention time for first stage also mean longer time for 
acidogen to produce more VFA (Jankowska et al., 2015) that consequently decrease pH 
of the first stage reactor. Methanogen are sensitive to acidic environment (Hung et al., 
2012), so it is required that we control the pH of second stage. Gradually, the reactor will 
convert VFA to biogas and pH will increase. At that stage, pH control is no longer 
required. Treatment 12d need more time and alkali to neutralize more VFA until pH reach 
tolerable range for methanogen. Other disadvantages of longer retention time also mean 
that slow growing methanogen population will start to increase and using the nutrient that 
was supposed to be used in second stage. By keeping the solid retention time (SRT) short, 
below 6 days, it can restrict methanogen growth rate and maintain hydrolysis process 
(Vanwonthergem et al., 2015) 

It is possible that multiple process of anaerobic digestion proceeds at the same 
time (Shah, 2017). In single stage reactor, acidogenesis process may take place as long as 
the environment condition support it. Therefore, to neutralize the acid produced from 
acidogenesis, amount of alkali added to the single stage reactor and days needed to control 
the pH of the reactor comparatively higher than two stage reactors. 

Aside from methane production and reactor operation, the condition of reactor can 
be observed from effluent.  COD level and VS from 1 stage reactor effluent is the highest, 
which mean it is possible the methanogenesis was still in progress. It also corresponds 
with the data shows in figure 3, where the methane generation rate had not slowed down 
like other treatment. However, the C/N ratio was too high, which is more than 50, that it 
was in risk of nitrogen deficiency (Khoiyangbam et al., 2011)  

Solid residue, obtained from solid-liquid separation at the end of hydrolysis 
fermentation, usually considered as byproduct of wet anaerobic digestion. The effect of 
longer hydrolysis also can be seen on the C/N ratio and VS reduction of solid residue. 
C/N ratio of solid residue become lower as the hydrolysis period become longer. The 
decrease of C/N ratio is due to higher carbon consumption than nitrogen consumption. 
The microbes digested and solubilized the carbon in raw material into the liquid part and 
the longer hydrolysis proceeded, the more material consumed. This byproduct can be 
considered to be used as compost material. C/N ratio of solid residue from all treatment, 
are within the ideal composting C/N range of 25-30 (Kumar et al., 2010), which means 
they are suitable for compost. Nevertheless, proper treatment such as drying and pH 
adjustment need to be done before application. Effluent also have potential to be utilized 
as liquid fertilizer, but only effluent from two stage system can be used based on C/N 
characteristic as the C/N ratio of the effluent from single stage reactor are too high.  
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2.4.2 Evaluation on acclimatization treatment 
The same evaluation method as hydrolysis period experiment also used to analyze 

experiment result on using different raw material and acclimatization period. The 
parameters measurements of second experiment summarized in Table 2-15 below. 

 
Table 2-15 Acclimatization experiment measurement summary 
Parameter M MA R RA 

Fermentation period (d) 32 28 21 31 
Methane accumulation (ml) 241 335 451 349 
Maximum CH4 (%) 12.4 24.2 36.18 20.94 
Total alkali (ml) 11.45 14.25 12 15.1 
CODcr (mg/L COD) 4400 4500 5835 9250 
NH4

+N (mg/L N) 195 220 110 110 
SS (mg/L) average 2200 2850 3275 3827 
TS (mg/L) 12925 15095 10940 14885 
VS (mg/L) 6316.5 8330 6622 9719 
Methane/VS (ml/gr) 18.83 19.15 39.46 21.33 
C/N effluent 21.75 27.45 33.01 40.8 
C/N solid 22.65 22.9 19.9 18.8 

 
The result of evaluation can be seen in Table 2-16 and subsequent classification 

in Table 2-17. 
 

Table 2-16 Evaluation score of acclimatization experiment condition 
Treatment M MA R RA 

Fermentation period (d) 1 3 4 2 

Methane accumulation (ml) 1 2 4 3 

Maximum CH4 (%) 1 3 4 2 

Total alkali (ml) 4 2 3 1 

CODcr (mg/L) 4 3 2 1 

NH4
+N (mg/L) 2 1 3 3 

SS (mg/L) average 4 3 2 1 

TS (mg/L) 3 1 4 2 

VS (mg/L) 4 2 3 1 

Methane/VS (ml/gr) 1 2 4 3 

C/N effluent 1 2 1 1 

C/N solid 1 1 1 1 

 
Table 2-17 Evaluation result of acclimatization experiment condition    
Treatment M MA R RA 

Fermentation period (d) 1 3 4 2 
Methane accumulation 
(ml) 

1 2 4 3 
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Maximum CH4 (%) 1 3 4 2 
Methane/VS (ml/gr) 1 2 4 3 
Total alkali (ml) 4 2 3 1 
Effluent quality 4 2 3 1 
C/N 1 2 1 1 
Total score 13 16 23 13 

 
Highest total score obtained from R treatment and RA acquired the lowest score. 

Methane production looks like more affected by the source material based on the result 
of methane accumulation and methane conversion by VS, in this case real sample are 
better than model sample. We can also see from previous table that R and RA treatment 
have higher percentage of methane gas concentration, but half the amount of biogas 
produced. It is because that in M and MA treatment, more substrates are converted into 
biogas other than methane. However, anaerobic digester system used in this experiment 
cannot process all the nutrient contained in real sample and have to be discharged to the 
effluent with the high suspended solid, VS and COD parameter as evidence. Higher C/N 
ratio on R and RA effluent also mean that bacteria will deplete nitrogen faster to digest 
the carbon. Lack of nitrogen or high competition for nitrogen will decrease substrate 
degradation efficiency marked by lower VS reduction rate (Table 2-9). On that account, 
it is likely that the reactor could not digest the solubilized real sample as efficient as model 
sample and discharged a worse effluent quality.  

Acclimatization on simple material like model sample did not affect much to the 
overall result, on the other hand, acclimatization is detrimental on real sample. Build up 
solubilized material from RA could not fully digested by the reactor as indicated by 
smaller VS reduction rate and end up in effluent. Higher C/N ratio from effluent of 
acclimatization reactor also signify that carbon content was not consumed as much as 
nitrogen like its non-acclimated counterpart.  

Factors that commonly inhibit the process in second stage reactor is pH and 
ammonium. Decreasing pH during first stage and acclimatization caused by VFA 
accumulation are capable of inhibiting methanogenesis (Yuan et al., 2006). 
Acclimatization treatments have lower initial pH for second stage and as consequence 
require more alkali for pH control. On the other hand, the ammonium concentration was 
not high enough to be toxic. Methanogen activity will be decreased 50% and acidogens 
will start affected by ionic ammonia at concentration around 5000 mg/L (Sung and Liu, 
2003)  

Effluent from MA is the only one with the C/N ratio suitable for composting. The 
other effluent is either have too low C/N ratio (M treatment) or too high (R and RA 
treatment). All solid residue also not in the range or suitable C/N ratio to be used as 
compost as they have low C/N.    
 

 Conclusion 
In summary, from first experiment, 6 days of hydrolysis give the most efficient 

results for methane production in short time.  In regard to experiment of reusing 
hydrolysate to acclimatize hydrolysis bacteria for better hydrolyzation, it was proven to 
be detrimental for hard-to-digest material such as mix of real sample of KW, AW and 
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HD. Acclimatization might help increases methane production from simple and 
homogenous raw material, but the trade-off is lower quality effluent. 
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Chapter 3 -  Effect of Oyster Shell Powder as Alkali Additives to 
Two-Stage Anaerobic Co-Digestion: Approach from 

Carbon Flow and Microbial Analysis 
 

 Introduction 
The advantages of using a two-stage anaerobic digestion (TSAD) system 

compared to the conventional single-stage system include, but not limited to, higher 
conversion of carbon into biogas, faster methanogenesis kinetics, and higher CH4 content 
(Dinh et al., 2019). Nevertheless, this system still experiences an issue, namely pH drops 
in hydrolysis and acidogenesis process. One of the most deciding factor is pH that have 
significant effect on microbe performance. When the pH drops to lower than 4, 
microorganisms stop the hydrolysis process (Bajpai, 2017).   

pH drops in the acidogenesis process originated from the conversion of 
carbohydrates into volatile fatty acids (VFA).  In the acid-forming step of anaerobic 
digestion process, organic acids are produced from breaking down and fermenting the 
raw organic materials. The complex polymers are dissolved in the small molecular ones 
in the hydrolysis step and then converted into organic acids in acidogenesis step. This 
step can be said the rate limiting of two stage anaerobic system as the next stage depend 
on the result. Especially in two stage anaerobic system where only liquid hydrolysate can 
be used to the second stage and non-hydrolysable material removed from the system. This 
step is needed but the removal of non-hydrolysable material that cannot be converted into 
biogas and resulted in loss of energy potential (Dinh et al., 2020).  

Since it is necessary to control the pH value not to be too low, chemical alkali is 
often used for the pH control even it is costly. The alkali commonly used is NaOH or 
KOH to reduce the acidity quickly. However, such expensive chemical leads to high 
operational cost and generates more CO2 emissions from alkali chemical manufacture.  

The main component of the oyster shell is CaCO3, where the calcium carbonate 
can neutralize the acid. Oyster shell is usually disposed of as waste, but it can be reused 
in many applications, such as soil conditioning (Lee et al., 2008) and livestock food 
supplements (Morris et al., 2019). One of our expecting potentials is to use it in AD. The 
oyster shell application to AD has been surveyed in some studies in one stage anaerobic 
digestion system. It was found that oyster shell can act as growing substrate for microbe 
and accelerating methane fermentation (Takisawa et al., 2016). CaCO3 in oyster shell also 
can reduce cyanide in cassava starch wastewater resulted in increased methane gas 
production compared to raw cassava starch wastewater without pH adjustment (Andrade 
et al., 2020). Zeolite modified by oyster shell and lignite proved to be able to adsorb 
ammonium, one of inhibitor in methanogenesis process (Zheng et al., 2020). From 
previous experiment, using oyster shell as pH control produced stable and constant 
methane yield throughout different organic loading rate (OLR), different from using 
NaOH that increased its methane yield in line with increasing OLR (Notodarmojo et al., 
2021). Most of the study about using oyster shell in anaerobic digestion are more focused 
on the final product of the methane production or counter for inhibitor. This study is also 
continuation of previous study using oyster shell powder done in different OLR but in a 
short period. We used carbon flow analysis to evaluate the result quantitatively and 
understand further the behavior that took place in this experiment in regard to the 
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appropriate addition of oyster shells for two-stage AD system as pH control in longer 
period.   

 
 Material and method 

3.2.1 Materials  
Agro-waste (AW), horse dung (HD), and kitchen waste (KW) were prepared for 

experimental material: the first two are collected from experimental farm and horse stable 
in Tsushima campus of Okayama University. As for kitchen waste, at first we collected 
the waste from campus cafeteria, however as precautions for Covid-19, the latter 
experiment was using simulated kitchen waste by referring to household waste 
composition data from Kyoto City's survey (2012 as cited in Yamada et al., 2017). The 
simulated kitchen waste is composed of cooked rice, four types of vegetables, and fish 
that are widely consumed in Japan. The vegetables composed 80.47%, rice 9.26%, and 
fish 10.27% of the total weight of the KW mix. Three kinds of wastes are chopped 
(Mizinger, Chiba Kogyo Co., Ltd.) and mixed well with 6:3:2 ratio (KW:AW:HD). 
 
3.2.2 Anaerobic digester system 

TSAD system is employed in this paper.  A batch reactor with 5 L capacity is used 
for fermentation (hydrolysis and acetogenesis) processes. The reactors consist of 3 
replications for each group and kept at 35°C for 5 d. After that, filtering the material to 
separate solid and liquid material using commercial non-woven kitchen drain filter. The 
bacterial cultures for hydrolysis reactor came from fresh horse dung. Oyster shells was 
put into the hydrolysis reactor at a ratio of 20 g per material volume 1 L (100 gr/reactor) 
one time at the start of hydrolysis process. This treatment group will be called OS in this 
study. NaOH 10M is used in alkali group to control pH and added every day until the end 
of hydrolysis and another treatment group pH was not controlled. For this treatment group 
we will call it AL treatment in this study. 

An up-flow anaerobic sludge blanket (UASB) reactor with 6 L capacity is used 
for methanogenesis process. Figure 3-1 shows configuration of the two-stage 
anaerobic.digestion system. For first experiment, the methanogenesis reactor OLR was 
increasing over time. To control the OLR, hydrolysate diluted with water with various 
ratio (feedstock: water) before pumped into the reactor.  The dilution ranges from 1:2, 
1:1, 2:1, and 5:1. It also affect hydraulic retention time (HRT) that range from 3 d to 10 
d. Table 3-1 listed the operation parameter and this variation has been set to keep pump 
operated as close as 24 h. 
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Figure 3-1 Configuration of two-stage AD system  

 
Table 3-1 Operation of methane reactor 
Alkali Treatment Oyster Shell Treatment No pH Control Treatment 
OLR  
(g 
VS/L/d) 

Dilution  HRT 
(d) 

OLR 
(g 
VS/L/d) 

Dilution HRT 
(d) 

OLR 
(g 
VS/L/d) 

Dilution HRT 
(d) 

0.4 1:2 10 0.4 1:2 10 0.4 1:2 10 
0.8 1:2 5 0.8 1:1 5 0.8 1:2 5 
1.2 1:1 5 1.2 1:1 5 1.2 1:1 5 
1.4 2:1 5 1.6 1:1 4 1.6 5:1 5 
1.6 2:1 5 2.0 1:1 3 2.2 5:1 4 
2.0 2:1 4 2.4 5:1 3    
2.4 5:1 4 2.8 5:1 3    
2.6 5:1 4       

 
The second experiment was done by using the same OLR for methanogenesis 

reactor. The separated liquid pumped into the UASB reactor at OLR 1.5 gVS/L/d, diluted 
to hold HRT 9 d. The granular sludge used in UASB reactor was developed by Dinh and 
used in previous experiments (Dinh et al., 2019) using horse dung as inoculant source.   

 
3.2.3 Analytical methods  

In the operation of the anaerobic digester system in both stages, pH, biogas 
amount and biogas concentration are monitored daily. To analyse biogas concentration, 
we are using Shimadzu GC-2014. The pH of hydrolysis reactor, also the influent and 
effluent of methanogenesis reactor are measured. Samples of the composite material, the 
separated liquid, and the effluent from UASB reactor are collected and dried in oven at 
105°C (DV340S, Yamato Science Co., Ltd.) to measure TS and then burned in muffle 
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furnace at 550°C (FO300, Yamato Science Co., Ltd.) to measure ash and volatile solid 
(VS). Carbon and nitrogen composition of the dried samples are analyzed using CHNS 
Elemental Analyser (2400 Series II, Perkin Elmer). Total COD, soluble COD, and 
ammonia of the effluent are analyzed using the tintometer (Lovibond). In the analysis of 
soluble COD, the sample was preliminarily filtered using 45 μm filter to separate the 
particulate. COD analysis mentioned in this section was done in 3 repetitions, while 
ammonia only once.  

 
 Results and Discussions  

3.3.1 Anaerobic digestion first stage 
A. Reactor pH and hydrolysate chemical properties 

The first step of anaerobic digester is hydrolysis to breakdown complex material 
into simple sugar, fatty acid, and amino acid. Further, in the next step, acidogenesis, those 
substances are then digested into volatile fatty acids. This step can put digester into acidic 
conditions unsuitable for most anaerobic digester microbes. This acidic condition can be 
seen from the dip of pH in Figure 3-2 below, especially pronounced in the sudden 
decrease of pH to 3.92 from AL treatment. Addition of pH control substance is needed to 
maintain the pH of digester in optimum pH range of 6.5-7.5 (Liu et al., 2007). Alkali, 
such as NaOH, able to raise pH quickly, but it needs to be added frequently. At the end 
of first stage, the average amount of total alkali used in each reactor is 108.5 mL 10 M 
NaOH. The oyster shell's addition cannot raise the digester pH as quickly as alkali, but it 
can keep the pH from dropping too low.  All process of acidogenesis may stop if the pH 
is lower than 4 (Schon, 2009), which is what happened to AL treatment at day 1. The 
lowest point of pH in OS treatment is 4.8, and at the end of first stage, the pH reached 6.1.  

The difference of reaction mechanism of NaOH and CaCO 3 on oyster is that 
NaOH added into the reactor was in liquid form and reacted quickly with the available 
acid in the reactor. Hydroxide ion from alkali bound with hydrogen ion from acid to 
neutralize it. Hydrolysis and acidogenesis process is ongoing and more organic acid 
produced over time, the pH become acidic again because there was not enough alkali to 
neutralize it. Oyster shell in the form of coarse powder cannot dissolve easily and slowly 
released CaCO 3 to react with organic acid. The limited solubility of oyster shell (or CaCO 

3) means that it cannot raise the pH as high as alkali but the slow release ensures that when 
there are decrease in pH caused by increase in organic acid, there are still CaCO 3 left to 
neutralize it.   

 
Figure 3-2. pH changes in first stage digester 
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As the hydrolysis and acidogenesis progress, the by-product of amino acid 
digestion, ammonia, accumulates and increases the pH. The protein and the subsequent 
amino acid digestion process is slower than carbohydrate (Yang et al., 2015), which is 
why the digester pH will go acidic first before the pH rises later. Table 3-2 shows that 
liquid residue from AL has higher ammonia than OS treatment from digested nitrogen. 
The amount should be safe for AD process because it is still below 1 g/L, which is the 
threshold for ammonia inhibition (Moestedt et al., 2016).  

 
Table 3-2. Ammonia and COD analysis of liquid residue 
Liquid residue NH3 (mg/L) COD (g/L) sCOD (g/L) 
Oyster shell 69.54 56.77±11.04 42.8±2.11 
Alkali 82.96 59.08±4.92 38.44±1.92 

 
The organic content of liquid residue can be measured by using COD parameter. 

AL has higher COD content than OS but lower soluble COD. This condition means that 
the liquid residue in AL has higher organic compound concentration, but the parts that 
relatively easier to be digested by microbes, the soluble COD, are more available in OS 
liquid residue. This particulate or non-soluble COD is made up of complex carbon not 
yet digested by microbes but broken down by alkali. NaOH, alkali used in this experiment, 
is known as strong alkali that can breakdown and dissolves complex carbohydrates such 
as hemicellulose and lignin (Xiao et al., 2001).  

 
B. TS and VS characteristic 

In the experiment using oyster shell powder for pH control, ash content in the 
solid residue was higher than other experiment conditions because undissolved oyster 
shells remained. On the other side, in the case of AL input, the amount of ash in the liquid 
hydrolysate is high. From Table 3-3 below we also can see VS % and the weight % of the 
residue. On the contrary with ash content, solid residue weight % from AL treatment is 
less than solid residue from OS. High ash content in liquid residue might be the result of 
salt formation from acid and alkali (Bethi et al., 2020). The ash content itself represents 
inorganic fraction of TS. NaOH as strong base are able to melt or break down non-
biodegradable material to smaller size that can dissolved or pass through the filter into 
liquid residue. 

The data of TS and VS characteristic is in accordance with the data of carbon flow 
that show higher carbon percentage in solid residue. The difference is that more VS% 
transferred to OS liquid residue than in AL liquid residue. VS usually used to estimate 
organic portion of the substance and higher percentage of VS transferred to liquid residue 
means that higher amount of organic matter content is hydrolysed and non-hydrolysable 
are left in solid matter. This observation also in line with sCOD data in Table 3-2 in which 
liquid residue from OS contain more sCOD than AL treatment.   
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Table 3-3. Hydrolysis residue weight, TS and VS analysis 
Residue sample Weight % from total 

hydrolysis product 
TS % 
(w/w) 

VS % 
(w/w) 

Inorganic 
Ash (%TS) 

VS % from 
raw 
material 

Oyster 
shell 

Liquid  74.73±3.67 4.71 
±0.28 

3.25±0.21 30.93 52.14±0.29 

Solid  18.56±0.73 23.14 18.6±0.61 19.61 42.36±1.58 

Alkali Liquid 88.27±1.68 4.49 
±0.15 

2.78±0.11 38.07 47.86±0.29 

Solid  12.41±0.27 23.20 20.62±0.8 11.09 47.41±1.62 
 
The OS treatment solid residue ash content is also higher than AL as shown in 

Table 3-3. The insoluble part of the oyster shell that settles in the solid could be the cause 
of the higher ash content given that CaCO3 does not dissolve easily and can precipitate. 
By-product of neutralization using CaCO3 is calcium salt that precipitate into solid form. 
This observation should be investigated further by measuring the residue's calcium 
content to determine the CaCO3 deposit more clearly. However we can easily see either 
calcium salt or CaCO3 particle in solid residue of OS treatment (Figure 3-3). In AL 
treatment, inorganic ash is higher in liquid residue due to salt formed from NaOH 
neutralizing reaction. 

 
Figure 3-3. Solid residue of OS treatment 
 

C. Carbon flow and Nitrogen content 
One of the advantages of co-digestion is to balance the C/N ratio needed for 

digestion by mixing raw materials. Kitchen waste contains higher nitrogen content than 
other wastes, as seen in Table 3-4, which resulted in low C/N ratio for feedstock. This 
condition can be alleviated by the addition of agriculture waste and horse dung to raise 
the carbon content of feedstock, as well as addition of oyster shells in OS treatment. The 
kitchen waste makes up the bulk of feedstock that makes the result of the C/N ratio 
remains low.   

Generally, optimum C/N ratio for anaerobic digester considered about 20-30 
(FAO, 1996), much higher than the ratio in this experiment. This information does not 
always have to be followed as several studies have shown that different substrates have 
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their optimum C/N ratio or C/N ratio does not affect the biogas yield or substrate specific. 
Co-digestion of industrial food waste and sewage sludge achieved optimum methane 
yield at C/N ratio 15 (Siddiqui et al., 2011). Guarino et al. (2016) investigated water 
buffalo manure collected during 3 years with wide range of C/N ratio between 9-50 and 
found no effect on bio-methane yield. All carbon and nitrogen in the substrate may not 
be readily available for the microbe, and variation of C/N ratio from 10 to 90 can still 
result in good digestion (Marchaim, 1992). 

   
Table 3-4 Raw material carbon and nitrogen analysis 
Raw material Carbon 

(%TS) 
Nitrogen 
(%TS) 

C/N ratio TS % 
(w/w) 

VS % 
(w/w) 

Kitchen waste 35.45 3.05 11.62 15.6±0.69 14.82±0.81 
Agriculture waste 31.28 1.62 19.37 22.01±0.45 17.62±0.76 
Horse dung 36.01 1.63 22.13 18.26±0.22 16.56±0.23 
Oyster shell 8.97 0.57 15.88 99.26±0.07 6.94±0.09 
Feedstock oyster 
shell 

  14.42 9.8 7.2 

Feedstock alkali   14.34 8 7.2 
 
More than half (51.29%) of carbon still left in the solid residue in OS treatment 

and only 40.33% transferred to liquid residue to be used in second stage (Figure 3-4). The 
amount is lower than in AL treatment that can transfer 48.66% of carbon to liquid residue, 
but the difference is not significant. Difference in percentage of carbon transferred to 
liquid and gas are more considerably different between two treatments.  

Ideally, the more carbon dissolved into liquid residue, the better to maximize 
system efficiency. According to Weiland (2009), 30-50 % of organic matter is removed 
from anaerobic digestion system to residue. The carbon that remained in this experiment's 
solid residue is around the upper limit of the range. Compared to 44.43 % of carbon 
transferred to residue in the single-stage anaerobic system operated 45 d by Gao et al. 
(2020), hydrolysis performance in this first stage from both treatments are lower. In two 
stage system, by using longer retention time in hydrolysis (9 d), Dinh et al., (2020) able 
to hydrolyze 69.36% of carbon into liquid residue and only 25.96% carbon in solid 
residue as non-hydrolysable substrate. A longer period of hydrolysis affects the amount 
of carbon hydrolyzed (Gao et al., 2020), but it will allow methanogen process to occur in 
the first stage reactor when the pH is favorable for methanogenic bacteria. To avoid 
methane production reducing the organic acid in hydrolysate, retention time for first stage 
reactor should be below the minimum retention time for methanogenesis to start, which 
is around 8-20 days (Wikandari and Taherzadeh, 2019). 

    

  
Figure 3-4. Carbon flow in first stage from oyster shell (left) and alkali (right) treatment. 
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OS treatment released more carbon in the form of CO2 gas. At the start of 

hydrolysis, this gas originated from CaCO 3 neutralizing reaction with organic acid. 
Oyster shell mostly composed of CaCO 3 which react with acidic compound and releases 
CO2. This reaction causes the amount of gas released from the OS group to be twice that 
of the gas produced in AL. Large amount of CO2 produced from this neutralization 
process can also affect the pH of reactor because some of dissolved CO2 not yet released 
to air (Salek et al., 2015).  

The solid residue carbon content difference is almost significant based on statistic 
(Table 3-5). For liquid residue, there was no significance difference between carbon and 
nitrogen content from both treatments. There is also no significant difference between 
nitrogen content of solid residue. The biodegradable parts left in solid residue (table 3) 
represented as VS % can be used as material for compost. The high content of nitrogen 
in OS treatment solid residue made the C/N ratio too low for ideal composting material, 
ranging from 25-35 (USEPA, 1993), but C/N ratio from AL treatment solid residue made 
it suitable for composting. 

 
Table 3-5. Hydrolysis residue C and N analysis 
Residue sample C (%TS) N (%TS)  C/N ratio 

Oyster shell Liquid  28.31±1.36 2.89±0.23 9.81 
Solid  30.34±1.05 1.64±0.14 18.5 

Alkali Liquid 27.18±0.72 2.51±0.30 10.83 
Solid  33.86±1.68 1.34±0.29 25.33 

 
3.3.2 Anaerobic digestion system second stage 

A. Biogas production in different OLR 
Biogas production in the AL case, the methane yield ratio rose from 240 to 320 

(mL/g VS) according to the OLR increase. In the OSs case, the yield ratio was stable at 
around 320 mL/g VS (Figure 3-5A). The former yield ratio was lower than the latter yield 
at lower OLR (~0.8 g VS/L/d) but was vice versa at higher OLR (1.5 g VS/L/d~). In the 
highest OLR, the methane yield of AL treatment and OSs is 422 mL/g VS and 321 mL/g 
VS. However, a higher VS reduction percentage in the effluent of the highest OLR 
detected in OS treatment with 63 % VS reduction than in AL with only 38 % VS reduction. 
This observation of reactor removal efficiency needs further examination in longer time 
range.  

In the next graph, methane and CO2 percentages are shown in figure 3-5B. In the 
AL case, CH4 percentage was quite higher than the case without pH control, and it had a 
peak of 77.53 % at 2.0 (g VS/L/d). CO2 percentage was stable under 25 %. In the OSs 
case, CH4 percentage was around 70 % (66.55 - 71.11 %) at the range from 0.8 to 2.8 (g 
VS/L/d). Since methane percentage of methanogenesis biogas is generally around 50 – 
75 % and CO2 percentage are about 25 – 50 % (Roubik et al., 2018), it was identified that 
methane percentage of this two-stage methane fermentation system with pH control was 
relatively high.  

Finally, in the case without pH control, the methane yield ratio was quite lower, 
around 200 (CH4/g VS) than other cases. The methane percentage versus OLR has a 
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decreasing trend that is quite different from other cases. Trends of CO2 percentage of all 
cases were contrary to those of methane percentage. 
 

  
A B 

Figure 3-5. Methane yield (A) and gas content (B) 
 

B. Biogas production in stable OLR 
After 30 d, methane gas accumulation from AL is 19.72% higher than in oyster 

shell (Figure 3-6), with methane yield ranging 373-667 mL/gVS for AL and 234-580 
mL/gVS for OS treatment. The AL treatment produced more methane than oyster can be 
attributed to the pH of the liquid residue fed into the methanogenesis reactor. Methanogen 
reactors are known to be quite sensitive to acidic pH condition and the difference between 
AL and oyster liquid residue pH can affect the biogas production of methanogen. In 
general pH 5 considered as lowest pH limit for optimal range for methanogen bacteria 
(Ferry. 1993). For acetoclastic methanogen bacteria, pH 7 was found to be optimum pH 
and specific gas evolution rate decreased drastically if the pH dropped below 6.5 (Ikbal 
et al., 2003).  

According to Ariunbaatar (2014) methane yield of OFMSW from various pre-
treatment and AD system is about 280-557 mL/gVS. Dinh et al. (2019) obtained 373 
NmL/gVS of methane yield using vegetable waste in two-stage AD with UASB reactor. 
Methane yield from two-stage anaerobic co-digestion system using land and marine 
biomass are 0.34LCH4/gVS (Nkemka, 2012). Anaerobic digestion of organic fraction of 
municipal solid waste (OFMSW) carried out by hydrolytic batch reactor and UASB 
reactor generated 279 LCH4/kgVS (Rodriguez-Pimentel et al., 2015). Hence, methane 
yield in this study seems to be a good result. 

Figure 3-6 shows changes in accumulated biogas volume and methane gas 
yield.  CH4 and CO2 accumulation almost linearly increased until 30 days, and with AL 
treatment much faster than those with OS.  Methane yields of both treatments varied 
among 200 mL/gVS range but in OS case it is increased gradually, while in AL case 
decreased after a peak at 20 days. 
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Figure 3-6. Biogas accumulation (left) and methane yield (right) from second stage. 

 
The methane yield will be considerably lower if we calculate it from the start of 

hydrolysis. Range of AL treatment methane yield become 178-231 ml CH4/gVS (23.01-
29.85 % of carbon from raw material) and oyster treatment become 135-181 ml CH4/gVS 
(16.66-22.35 % of carbon from raw material). Individually, food waste or kitchen waste, 
vegetable waste and horse dung have specific methane yield of 363 ml/gVS (Hegde and 
Trabold, 2019), 250 ml/gVS (Babaee and Shayegan, 2011), and 263 ml/gVS (Raibley, 
2011). This smaller yield is caused by removal of solid residue that still contain 
biodegradable material out of processing reactor. In single stage reactor the solid residue 
continuously digested and resulted in higher total specific methane yield. The downside 
is longer time needed to fully digest all the material into methane. Alepu et al. (2016) 
tested different HRT (10, 20 and 30 d) to treat municipal sludge, the result is that they 
suggested HRT 30 days is the ideal criteria for treatment. The longer HRT, more methane 
can be produced (Shi et al., 2017).  

 
C. Second stage carbon flow  

The accumulated amount of CO2 is not different between treatments. This pattern 
also reflected in percentage of carbon converted into methane and CO2 from liquid residue, 
as seen in Figure 3-7. Less percentage of carbon converted into methane in OS (43.82-
51.05 %) than in AL (48.81-59.71 %), but both treatments converted roughly the same 
percentage of carbon into CO2, which is 13.84 - 18.37 % for OS and 13.19-17.7 % for 
AL. Both treatments also have the same increasing trend of converting carbon into biogas 
over time.  

The results of carbon analysis from effluent shows that AL discharged 2-3 times 
more carbon (11.77-17.09 %) than OS (4.17-6.08 %). The percentage of discharged 
carbon amount increased over time in AL, while the opposite occurs in OS. This trend is 
also observed in carbon content of effluent shown in table 3-6. In relation to decreasing 
VS and increasing ash parameters of AL effluent (table 3-6), more inorganic carbon is 
likely released over time in AL, while the opposite is occurred in OS, although not as 
apparent. OS effluent have more stable condition than AL treatment in regards of TS and 
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VS. OS treatment also able to remove more VS from liquid residue, even though AL 
treatment can convert more methane gas.  

 

 
Figure 3-7. Carbon flow in methanogenesis stage from oyster shell (left) and alkali (right) 
treatment. 

 
It is likely that because of less ideal pH in OS treatment, methanogen microbe 

cannot digest organic matter and change it to methane gas as efficient as AL treatment 
and caused the rest of carbon or organic matter to accumulate in the sludge. The 
accumulated carbon then slowly converted into methane and caused the increasing trend 
of methane production in later week of operation. We can see that considerable 
percentage of carbon accumulates in digester sludge of OS (26.41-36.26 %). As the 
methanogenesis progressed, the percentage of carbon accumulates in sludge of both 
treatments reduced due to digestion in OS case, indicated by increase in percentage of 
carbon converted to methane. In AL case, this reduction is more evident up to the third 
week not only because of organic matter digestion but also saturated condition of the 
reactor, showed by increase of carbon discharged from effluent. At the end of the third 
week of AL, some of the excess sludge was removed to keep the digester functioning, 
which also changed the carbon flow trend on the 4th week. The excess sludge was formed 
from undigested non-soluble COD or ash content available in greater quantity in AL 
liquid residue. 

The effluent from OS has more nitrogen content than AL and significantly 
increased over time. This increase of nitrogen content coupled with decreasing carbon 
content lowered the effluent C/N ratio. The low C/N ratio is unsuitable for fertilizer use, 
unlike the effluent from AL up to week 3. Fertilizer with C/N ratio under 20 will be 
quickly degraded and over 30 will be too difficult for microbes to digest.  

Other possible use of the effluent is to recirculate it into the anaerobic digester 
system. Recirculating effluent back into the system can help in controlling pH, increase 
VFA production and methane yield (Lukitawesa et al., 2018). Recirculating also help in 
preventing loss of nutrient from effluent (Aslanzadeh et al., 2013). The low TS% but high 
VS portion in OS treatment may take advantage of recirculation. The TS value of OS also 
did not change much during the period of experiment makes it good for steady and 
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uniform supply of effluent for recirculation. As for AL treatment, the increase of TS% 
and inorganic ash over time might not very useful for recirculation and might cause 
inorganic ash buildup. 

 
Table 3-6. Methanogenesis effluent analysis 

Parameter 
Oyster shell Alkali 

Week 1 Week 2 Week 4 Week 1 Week 2 Week 3 Week 4 

C (%TS) 
10.34 
±0.42 

6.94 ±0.90 7.19 ±0.35 8.94 ±0.41 9.78 ±2.28 
10.62 
±0.49 

10.17 
±1.36 

N (%TS) 0.92 ±0.19 1.43 ±0.21 3.75 ±0.22 0.36 ±0.21 0.35 ±0.13 0.49 ±0.17 0.32 ±0.19 
 
C/N ratio 

 
11.28 

 
4.86 

 
1.92 

 
25.03 

 
27.71 

 
21.8 

 
32.07 

TS (w/w) 0.39 ±0.04 0.38 ±0.05 0.37 ±0.04 0.79 ±0.06 0.80 ±0.04 0.93 ±0.06 0.87 ±0.01 

VS (%TS) 
61.03 
±7.60 

59.9 ±8.17 
66.35 
±8.92 

52.28 
±2.68 

38.52 
±10.08 

36.78 
±6.64 

27.86 
±16.06 

% VS from 
influent 

15.39 16.41 16.65 31.27 23.9 26.83 16.75 

Inorganic 
Ash (%TS) 

38.97 
±7.60 

40.10 
±8.17 

33.65 
±8.92 

47.72 
±2.68 

61.48 
±10.08 

63.22 
±6.64 

72.14 
±16.06 

Ammonia 
(mg/L)   

1.28 
   

205 

 
After adding oyster shell to first stage (hydrolysis) reactor in two stage reactor and 

compare the difference with using commonly used alkali, NaOH, we can see the overall 
change in carbon flow from Figure 3-8 and 3-9 below. OS treatment cannot perform as 
well as AL in hydrolyzing raw material into liquid residue. More CO2 produced from 
neutralizing reaction of CaCO3 with organic acid and undissolved oyster shell or 
precipitated CaCO3 were left behind in the solid residue, increasing amount of carbon 
transferred into solid residue. In second stage (methanogenesis), the OS treatment also 
performs less than AL treatment due to difference in pH. Only 17.67-20.56 % of carbon 
converted as methane in OS treatment and 23.75-29.05 % in AL treatment. Unlike in first 
stage, the oyster shell in liquid residue did not affect the CO2 production in second stage 
and as result the amount of CO2 gas is the same.  

 
Figure 3-8. Carbon flow of TSAD system with oyster shell treatment. 
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Figure 3-9. Carbon flow of TSAD system with alkali treatment 

 
3.3.3 Microbial analysis 

A. Methanogen in Archaea Kingdom 
Order Methanosarcinales makes up most Archaea in sludge of both treatments 

followed by Methanobacteriales. Methanosarcinales microbes, composed of 
Methanosaeta and Methanosarcina genus, are characterized as acetoclastic methanogen. 
The Methanosaeta genus identified in both sludge itself only composed of Methanotrix 
soehngenii and Methanosaeta harundinacea, in which both species produce methane by 
using acetate (Huser et al., 1982, Ma et al., 2006). On the other hand, the member of 
Methanomicrobiales and Methanobacteriales are hydrogenotrophic methanogen (Liu and 
Whitman, 2008). A difference between OS sludge and AL sludge shown in Figure 3-10 
is that acetoclastic methanogen (Methanosarcinales) population in OS sludge (78.66%) 
is higher than in AL sludge (76.9%), while hydrogenotrophic methanogen 
(Methanobacteriales and Methanomicrobiales) population observed in AL (22.23%) is 
higher than in OS sludge (20.66%). Table 3-7 shows detailed read for each Archaea genus 
from sludge samples. 

Acetoclastic methanogenesis considered as dominant pathway in methane 
production of anaerobic digestion (Conrad et al., 2010). Because of this, it is only natural 
that acetoclastic methanogen such as Methanosaeta is dominating the population. We 
also detected Methanomassiliicoccus luminyensis, methanogen microbe that produce 
methane from methanol and hydrogen, but cannot utilize CO2 in methanogenesis. More 
methanogen that uses acetate detected in OS sludge than AL. Furthermore, methanogen 
that can use CO2 in AL is higher than in OS. This might contribute to the cause of higher 
CO2 concentration in OS than in AL. Other consideration is that higher acetoclastic might 
be the effect of OS treatment that released CO2 from oyster shell CaCO3. High 
concentration of CO2 in subsurface high temperature oil reservoir found to lead the 
dominance of acetoclastic methanogenesis (Mayumi et al., 2013).  
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Figure 3-10. Archaea order and genus relative abundance in methane reactor sludge 

 
Table 3-7 Archaea genus sequence read number 

Order Family  Genus Reads 

   AL OS 

Methanosarcinales 
Methanosaetaceae Methanosaeta 7576 8010 

Methanosarcinaceae Methanosarcina 292 261 

Methanomicrobiales 

Methanospirillaceae Methanospirillum 364 336 

Methanoregulaceae Methanolinea 151 143 

Methanomicrobiaceae Methanoculleus 140 156 

Methanocorpusculaceae Methanocorpusculum 4 5 

Methanobacteriales Methanobacteriaceae 
Methanobacterium 1613 1531 

Methanobrevibacter 2 1 

Methanomassiliicoccales Methanomassiliicoccaceae Methanomassiliicoccus 89 72 

 
B. Non-methanogen bacteria 

The most dominant phylum in UASB reactor AL treatment sludge identified as 
bacteria are Thermotogae and Firmicutes, meanwhile Proteobacteria is the most 
dominant in OS sludge. Bacteroidetes, together with Proteobacteria, Firmicutes, and 
Actinobacteria, are among the most abundant bacterial groups in rhizosphere (Mendes et 
al., 2013). Firmicutes, Bacteroidetes and Proteobacteria are phylum of bacteria 
associated with fermentation (hydrolysis and acidogenesis) and often found in 
gastrointestinal tract of mammals (Ley et al., 2008). Their presence in methanogenesis 
reactor sludge can be come from hydrolysate fed into the reactor. It could also indicate 
that some fermentation processes are still ongoing but not as main process. 

We only identified Mesotoga infera in phylum Thermotogae. This bacterium is 
acetogenic bacteria that produce acetate, CO2 and sulfide as end products (Hania et al., 
2013). However, hydrogen production is not detected. It is also bacteria phylum that have 
characteristic of living in thermophilic condition. Mesotoga infera itself have temperature 
range for growth around 30-50 °C with optimum temperature 45 °C (Mori et al., 2020). 
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Seeing that the anaerobic digestion system is heated to 35 °C, it is within the range of M. 
infera growth temperature. 

Bacteroidetes population is relatively higher in AL than OS with main difference 
in Petrimonas sulfuriphilla population (7.43% in AL and 4.04% in OS). P sulfuriphilla 
is anaerobic fermentative bacteria that produce acetate, hydrogen and CO2. They also 
reduce sulfur and nitrate into sulfide and ammonium. As acetoclastic methanogenesis is 
the major pathway to produce methane, it is quite important to note that these acetogen, 
Thermotogae and Bacteroidetes, can be found more in AL treatment.  

 
Figure 3-11. Bacteria phylum relative abundance in methane reactor sludge 

 
Table 3-8 Bacteria phylum sequence read number   

Reads 

Phylum AL OS 
Thermotogae 981 1020 
Firmicutes 973 1015 
Bacteroidetes 806 740 
Proteobacteria 549 1072 
Actinobacteria 396 466 
Synergistetes 335 359 
Chloroflexi 48 42 
Sphirocaetes 5 13 

 
Notable difference is denitrification bacteria from phylum Proteobacteria, Pseudomonas 
caeni (Xiao et al., 2009) and Pseudomonas veronii (Elomari et al., 1996). In AL sludge 
P. caeni and P. veronii detected 0.26% and 0.11% of total population, while in OS sludge 
the relative abundance is 0.66% and 0.36% respectively. Based on study by Yen and Chou 
(2016) oyster shell aid nitrification in water purification of aquaponic system. However, 
it seems in anaerobic sludge, OS treatment promote denitrification bacteria growth. 

 
 Conclusion  

The addition of the oyster shell as a pH control substitute can maintain hydrolysis 
pH from dropping too low with one-time application. The methane yield in oyster shell 
case in higher OLR (2 – 2.8 g VS/L/d) is lower than using hydrolysate with AL treatment. 
Highest methane yield in OS treatment, 321.32 mL CH4/g VS (OLR 2.8 g VS/L/d), is 
lower than the highest methane yield in AL treatment, which is 429.82 mL CH4/gVS 
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(OLR 1.64 g VS/L/d). However, the yield is stable, whether in low or higher OLR, 
fluctuating in around 320 mL CH4/g VS. This stability is an excellent point to have 
because the amount of waste is not consistent. 

OS treatment also transferred more VS to liquid residue and produced liquid 
residue with higher soluble COD that is better for methanogenesis microbes. The carbon 
content of hydrolysis residues is not significantly different, but more percentage of carbon 
transferred to liquid residue in AL treatment than OS treatment. More than likely it is 
caused by undissolved oyster shell remained in solid residue. More carbon also converted 
into methane in AL treatment which made the methane yield from AL is 19.72% higher 
than oyster shell in the second stage, while carbon converted into CO2 in second stage are 
around same percentage in both treatments. Carbon converted into methane from OS 
treatment at maximum is 51.05% in methane reactor or in the range of 17.67-20.56 % of 
raw material carbon. In AL treatment, methane reactor can convert 59.71% of carbon or 
23.75-29.05 % of carbon from raw material. This is caused more by the difference in pH 
than the oyster shell in liquid residue, in which OS liquid residue have lower pH (6.1) 
than AL liquid residue (6.72). The accumulation of sludge mass occurred more rapidly in 
AL that removal of sludge is needed in third week while it was not needed in OS. Solid 
residue from AL also more suitable for composting and used as compost, while 
recirculation is more feasible for effluent from OS treatment.  

Roughly the composition of microbial community in the methane reactor sludge 
of both treatments are the same but OS have more acetoclastic than AL, which means OS 
treatment tend to use acetate more to produce biogas. On the other hand, AL have more 
hydrogenotrophic methanogen that indicate more hydrogen and CO2 used up to produce 
biogas. The difference in composition of microbial community can affect the result of 
biogas production and in this case, lower CO2 concentration in AL due to 
hydrogenotrophic methanogenesis. Other difference OS have more denitrifying bacteria 
whose growth might be promoted by oyster shell addition. 

Using alkali as pH control produce better result, but oyster shell powder can be 
used as pH control substitute in TSAD with better characteristic in stable pH. 
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Chapter 4 -  Performance of Oyster Shell Powder Size on 
Methane Gas Generation 

 
 Introduction 

Oyster shells are composed mostly of CaCO3 (Yoon et al., 2003), an alkaline 
source that can neutralize acid and act as buffer. In previous study, addition of oyster shell 
powder in AD can increase and keep the pH from being too acidic (Notodarmojo et al., 
2021 In this study we used two different-sized oyster shell powder to investigate the 
effects on TSAD. Different size of lime powder can have different effect in the increase 
of soil pH value even months after application (Crozier and Hardy, 2017). Finer particles 
of lime powder can increase soil pH higher than bigger particles. In AD system or 
bioreactor, Rugele et al. (2014) used alkaline activated material (AAM) that leach NaOH 
gradually to control pH. They concluded that bigger AAM particle leach the base 
chemical more gradually than smaller particles and that smaller particles of AAM are 
more suitable for shorter fermentation. However, the mentioned AD is single batch 
system, while the system used in this study is TSAD system, in which we only used the 
oyster shell in first stage. Nevertheless, the effects of different sized oyster shell powders 
were examined in both stages and in longer period of observation than previous 
experiment. We also compared the costs of coarse and fine oyster shell powders with 
commercial NaOH, all of which were used in anaerobic digester. 

 
 Material and method 

4.2.1 Material 
Raw materials for anaerobic digestion are kitchen waste (KW), agriculture waste 

(AW) and horse dung (HD). Agriculture waste composed of post-harvest waste taken 
from agriculture faculty field. Fresh horse dung collected from horse stable in Okayama 
University Tsushima Campus. Kitchen waste simulated using rice, vegetable, and fish 
bought from local market based on household waste composition data from Kyoto city 
survey (2012). Kitchen waste and agriculture waste chopped into small parts before mixed 
in anaerobic digester with 6:3:2 ratio (KW:AW:HD) based on the total solid (TS) 
properties of each material. TS of each raw material can be seen in Table 4-1 below.  

 
Table 4-1. Total solid and volatile solid properties of raw material 
Raw material TS % (w/w) VS % (w/w) 
Kitchen waste 15.6 14.82 
Agriculture waste 22.01 17.62 
Horse dung 18.26 16.56 

 
There are two types of oyster shell powder used (Figure 4-1), oyster shell (OS) powder 
ground by hand using mortar and pestle until the size is less than 1 mm. On the other hand, 
industrial oyster shell (IOS) powder was produced by Sanyou Clay Industry Co., Ltd and 
ground by industrial milling machine with particle size 10.5 μm. The properties of 
industrial oyster shell powder and typical oyster shell chemical composition are shown in 
Table 4-2. 
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Figure 4-1Oyster shell powder ground manually (left) and industrial oyster powder (right) 

 
Table 4-2. Properties of industrial and typical oyster shell powder  

Industrial Oyster Shell  Oyster Shell (Yoon et al., 
2003) 

Parameter Value Unit Parameter Value Unit Parameter Value Unit 
Moisture <1.0 % Mn 32 mg/kg CaCO3 95.994 % 
pH 8 - Fe 59 mg/kg SiO2 0.696 % 
CaCO3 94 % Br 8 mg/kg MgO 0.649 % 
N 0.08 % Mo <1 mg/kg Al2O3 0.419 % 
H3PO4 <0.2 % Na 4600 mg/kg SrO 0.33 % 
K 0.04 % Zn 3.4 mg/kg P2O5 0.204 % 
Mg 0.17 % Humic acid 18 mg/kg NaO 0.984 % 
Organic 
matter 

3 %    SO3 0.724 % 

 
4.2.2 Anaerobic system 

The anaerobic digester used in this study is TSAD system, separating hydrolysis 
stage (acid phase) with methanogenesis stage (alkaline phase).  The hydrolysis stage, the 
former, is a batch system in 5 L tank with stirrer and adjusted to TS 8 %. During 
fermentation period, temperature was kept at 35°C. 100 g of OS or IOS were respectively 
mixed with the raw materials at the start of fermentation.  NaOH 10 M was added in the 
other reactor once in a day to keep a certain pH level. After 5 days, this stage was 
terminated, and liquid residue was separated from solid residue manually by using 
nonwoven kitchen filter mesh. Longer retention time for hydrolysis stage allows for more 
material to be hydrolyzed. However, it might start methanogenesis process earlier. 
Minimum retention time for hydrolysis microorganism is around 1-2 days, while 
methanogen is 8-20 days (Wikandari and Taherzadeh, 2019). This is due to CH4 
producing microorganism need longer doubling time (5-15 days) than acid producing 
microorganism (1-1.5 days). Methane production also started to increase on the 4th and 
5th day in the previous experiment using a single stage batch reactor. Based on these 
references, retention time for first stage was set for 5 days. 

The methanogenesis stage is an up-flow anaerobic sludge blanket (UASB) reactor 
with a heater to keep the temperature at around 35°C.  The liquid residue was fed to the 
reactor from hydrolysis stage with the same OLR (1.5 gVS/l/d) and 9 days of hydraulic 
retention time. The methanogenesis process was continuously observed for 21-30 days. 
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4.2.3 Analysis 

TS and VS properties of raw material at the start of hydrolysis stage, and solid 
and liquid residue at the end of the stage were analysed. The samples were collected and 
dried in an oven at 105°C (DV340S , Yamato Science Co., Ltd.). The weight difference 
indicated moisture loss and showed the TS ratio. Dry samples then burned in a muffle 
furnace at 550°C (FO300, Yamato Science Co., Ltd.). Ash weight obtained and VS can 
be calculated from the weight lost after burning the samples. The liquid residue was also 
analysed for its COD value using the tintometer (MD600 Photometer, Lovibond ® Water 
Testing). For soluble COD (sCOD) analysis, we used 45 μm filter to separate the 
particulate within the sample before analysis. Biogas is collected in gas bag and measured 
every day. Biogas components were analysed using Shimadzu GC-2014. Cost 
comparison between IOS and NaOH was done by calculating the amount of materials 
used during experiment and the price as well. The price of IOS acquired from the producer 
and the price for commercial NaOH was acquired from the price in website market. 

 
 Results and discussion 

4.3.1 Hydrolysis stage 
Fermentative bacteria for hydrolysis and acidogenesis quite tolerant to wide pH 

range between 4 to 8.5 (Appels et al., 2008), but the optimum pH for hydrolysis digester 
is close to neutral. It is recommended to operate at a neutral pH range of 6-7 to maximize 
acetate production (Yu and Fang, 2003) and avoid inhibition from undissociated acid in 
lower pH (Babel et al., 2004). Zhang et al. (2005) managed to get the highest 
concentration of VFA and high percentage of dissolved total organic carbon and COD 
from hydrolysis of kitchen waste at pH 7. IOS treatment was able to maintain the reactor 
pH in the closest to optimum pH on the second day while OS treatment was not able to 
reach within the range until the end of fermentation period. As shown in Figure 4-2, the 
pH of AL treatment dropped to 3.92 one day after the beginning of fermentation. It was 
required to add alkali (NaOH) constantly to keep the reactor pH at around 7. After 
dropping, the pH gradually increased as hydrolysis progressed. Both IOS and OS 
treatments had similar fluctuation pattern of pH unlike alkaline treatments. At the 
beginning of the reaction, the pH dropped to the bottom and then gradually rose without 
the addition of oyster shell powder. A remarkable point is that the powder size affected 
the ability to raise pH of the reactor. At the beginning, initial pH of IOS treatments was 
6.84 that was higher than pH 5.77 of OS treatment and the difference did not change a lot 
until the end of hydrolysis stage. 

 
Figure 4-2. pH of hydrolysis reactor. 
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In OS treatments, even though CaCO3 can neutralize VFA, the reaction produces 

CO2 gas that can lower the pH. CO2 gas can be released to the atmosphere to reduce CO2 
saturation. However, the liquid-gas transfer rate is not fast enough to keep up with 
neutralizing reaction and high concentration of CO2 end up decreasing the reactor pH at 
the beginning of fermentation (Salek et al., 2015). 

The size of oyster shell powder also affects generation of carbon dioxide (Table 
4-3). OS treatment released 23,798 mL CO2 gas, twice as much as AL treatment (10.136 
mL) and IOS released around thrice higher (33,645 mL). Since smaller powder has larger 
surface to volume ratio, the reaction rate with acids become faster. As a result of higher 
neutralization effect of smaller powder, the pH was increased higher and more CO2 was 
released  

 
Table 4-3. Carbon dioxide gas emitted from hydrolysis stage. 
Treatment CO2 gas (mL) 

Alkali 10,136 
Oyster shell 23,798 
Industrial oyster shell 33,645 

 
The difference by selection of pH control additive can also be recognized in 

hydrolysis residue. Properties of solid and liquid residue are shown in Table 4-4. OS 
treatment increased the liquid residue TS than AL treatment: the reason is higher VS in 
OS treatment and higher inorganic ash content in IOS treatment. Solid residue from OS 
treatment had the highest inorganic ash content followed by IOS and the lowest was AL 
treatment. Insoluble oyster shell powder deposited in solid residue of OS treatment 
increased the inorganic ash content.  On the other hand, the oyster shell powder in IOS 
treatment was too small and able to pass the filter and accumulated into the liquid residue.  

VS percentage and COD level in liquid residue indicates organic matter 
solubilization from raw materials (Saragih et al., 2019). sCOD level itself shows 
concentration of soluble organic matter that is more readily biodegradable (Płuciennik-
Koropczuk and Myszograj, 2019). With reactor pH that best meets the optimum pH 
condition for hydrolysis, IOS treatment was able to hydrolyse the raw material well and 
produced liquid residue with the highest COD and sCOD level. VS percentage of liquid 
residue in IOS treatment is not the highest. However, it has the highest percentage of VS 
transferred to liquid residue. IOS treatment has higher efficiency in hydrolysing the raw 
materials based on the higher VS percentage of material transferred to solid residue than 
liquid residue in other treatments.    

 
Table 4-4. Liquid and Solid residue properties 

Residue sample TS (w/w) VS (%TS) Inorganic 
Ash (%TS) 

% VS 
transferred to 
residue (%) 

COD (g/L) sCOD (g/L) 

Alkali Liquid 4.49±0.16 61.54±0.3 38.46±0.3 34.05±1.92 59.08±4.92 38.44±1.92 
Solid  23.2±0.92 88.44±1.1 11.56±1.1 35.48±0.99   

OS Liquid  4.71±0.31 69.05±0.85 30.95±0.85 33.75±2.49 56.77±11.04 42.8±2.11 
Solid  23.14±1.36 80.97±2.41 19.03±2.41 47.86±0.29   

IOS Liquid 5.21±0.24 59.51±1.11 40.49±1.11 42.22±2.92 69±5.26 46.45±3.269 
Solid  23.61±0.31 86.03±1.54 13.97±1.54 31.73±1.22   
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4.3.2 Methanogenesis stage 

Methanogenesis stage was observed for 21-30 days to investigate the trend of 
biogas production. Figure 4-3 shows that the OS treatment produced the least biogas, both 
CH4 and CO2, and IOS treatment produced the most biogas by 21st day. The difference 
in the accumulated CH4 gas between IOS treatment and AL treatment is not so great, 
compared to the accumulated CH4 gas in OS treatment. This difference can be attributed 
to the similar end pH of liquid residue of IOS and AL treatment at the end of first stage 
In contrast, the more acidic liquid residue of OS treatment caused lower biogas production. 
OS and AL treatment produced almost the same amount of CO2, while IOS treatment 
produced higher amount of CO2 gas. 
 

   
Figure 4-3. Biogas CH4 (left) and CO2 (right) accumulation in methanogenesis stage 

 
The typical CH4 concentration in biogas is 55-70 % (EPA, 2006). Both OS and 

IOS treatment produced biogas with the same amount of CH4 concentration (74.24 % and 
74.33 % respectively), while AL treatment had the highest CH4 concentration (80 %). It 
seems that particle size does not affect the concentration of CH4 in biogas, but addition 
of oyster shell does affect it. Even though they are lower than AL treatment, CH4 
concentrations in OS and IOS treatments are still higher than typical CH4 concentration 
in biogas.  

After weeks of observation, we recognized that OS treatment had high variation 
in their methane yield compared to the AL treatment (Figure 4-4). Oyster shell powder is 
coarser and does not mix well in the liquid residue. In comparison, alkaline solution 
dissolves evenly with the liquid residue. The solid particle of oyster shell powder has size 
variant, even more so in OS treatment, that affect the reaction rate (Cho and Sohn, 2016). 
The affected reaction rate making the reactions uneven and influenced the stability of CH4 
production in reactor fed with liquid residue from both oyster shell treatment (OS and 
IOS).  

Another observation from weekly average is the increase of OS treatment methane 
yield until the end of experiment period. Meanwhile, AL treatment yield was increasing 
up to third week. At the end of third week of AL treatment, excess sludge had to be 
removed from the reactor to keep it operational, and this removal changed the methane 
yield to be lower than previous week. IOS treatment methane yield increased up to second 
week and go down again at the third week even without interference, yet average methane 
yield is still relatively high. 
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Methanogen is active at pH 6.2-8 and the optimum pH is 7-7.2 (Liu et al., 2008). 
OS treatment had the lowest pH among treatment alternatives, and it was lower than the 
active range of methanogen. IOS and AL treatments had the same pH and caused the 
methane yield to not differ significantly. 

It was thought that higher addition of CaCO3 in liquid residue of IOS treatment 
would reduce CH4 gas rate in biogas due to increase of CO2 gas.  However, the CH4 
concentration did not change much from OS treatment. The lower CH4 concentration in 
both oyster shell treatments shows that addition of oyster shell or CaCO3 in the liquid 
residue will release CO2 and reduce CH4 concentration in biogas. Mayumi et al. (2013) 
mentioned that high CO2 concentration can shift methanogenesis pathway to acetoclastic 
methanogen pathway and accelerates methanogenesis. This acceleration of 
methanogenesis could be the cause of the high methane yield in the IOS treatment. 
Additional micronutrients from oyster shell can also affect the methanogen growth and 
increase CH4 production (Chen et al., 2015). However, looking at the difference between 
OS and IOS, it seems like pH have bigger effect on methane yield. 

 
Figure 4-4. Methane yields weekly average. 

 
IOS treatment has the highest overall average of specific methane yield at 533.9 

mL CH4/gVS. The second highest methane yield is AL treatment (487.3 mL CH4/gVS) 
and the last is OS treatment (413.7 mL CH4/gVS). Lehtomaki and Bjornsson (2006) used 
two stage anaerobic digester and obtained specific methane yield 0.39 m3/kgVS from 
grass silage. For co-digestion, methane yield from mixture of food waste and straw 
reached 0.392 m3/kgVS (Yong et al., 2015) and mixture of fruit vegetable waste and food 
waste reached 0.49 m3/kgVS (Ike et al., 2010). Rodriguez-Pimentel et al.(2015) used two 
stage system composed of batch hydrolysis reactor and UASB to digest organic fraction 
of municipal solid waste and obtained 279 mL CH4/gVS. Compared to previous studies, 
the methane yield in IOS treatment can be considered as high. AL and OS treatment also 
obtained relatively high specific methane yield result.   

 
 Conclusions 

Performance of three kinds of pH control additives, NaOH,OS and IOS, were 
evaluated in terms of pH controllability, yields of CH4 and CO2 gas, properties of liquid 
and solid residue, and cost as well, by using TSAD system.  We obtained the following 
remarkable results. IOS with smaller particle size can increase hydrolysis reactor pH 
higher than OS with rougher particle size and the same dosage. Due to higher pH, IOS 
treatment can hydrolyse more effectively, produce better quality of liquid residue, and 
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higher methane yield than OS. Addition of oyster shell will increase CO2 release from 
both stages of hydrolysis and methanogenesis and decrease CH4 percentage in biogas. 
More CO2 was released from treatment with smaller oyster shell particles (IOS). However, 
the methane concentration of oyster shell treatments is more or less the same regardless 
the oyster shell powder size and still higher than typical biogas. The insoluble oyster shell 
particle in liquid residue also causes the methane production in oyster shell treatment to 
fluctuate. Besides buffering ability from oyster shell addition, using oyster shell also more 
practical than NaOH that needs continuous addition and monitoring. 
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Chapter 5 -  Study of Two Stage Anaerobic Digestion to Biomass 
Recycling System in Campus: Application  

 
 Introduction 

Biomass waste is organic material that come from organism (MAFF, 2011). In the 
agricultural industry, it can be found in the form of post-harvest waste or manure from 
livestock. In urban areas, biomass waste is commonly in the form of sewage sludge or 
food leftovers from homes, restaurants, or shops. Composting is the most common 
method for treating agricultural biomass waste. Sewage sludge can be used as building 
material or otherwise also used as compost. Biomass waste is not much utilized as source 
of energy and in the case of urban areas, disposed of as municipal waste.  

The common practice of municipal waste treatment in Japan is by incineration 
and by 2011 there were 1,211 incineration facilities in Japan (Ministry of Environment, 
2013). The heat from incinerator then recovered by steam turbine generator to generate 
electricity. Biomass waste has high moisture unsuitable for incineration, especially 
kitchen waste, food waste and manure. Rather than lowering the calorific value of 
incineration material, the wet biomass waste is better treated with anaerobic digestion or 
composted.  

In 2030, Japan aim to increase renewable energy to 22-24% of total power 
generation and biomass energy to 3.7-4.6% as part of adopting and realizing Sustainable 
Development Goals (Yamazaki, 2015). As of 2020 this target has been reached where 
renewable energy occupies about 23% of total Japan energy source (IEA, 2020 as cited 
in Kaberger.2020). The majority of renewable energy source in japan come from solar 
power (9%) and hydroelectric plant (10.3%). However, biomass is still only 2.5% of total 
energy source. It is clear that biomass is not yet much utilized as energy source. 

Anaerobic digestion is a more complicated than composting, but it has advantages 
such as methane gas production that can be used as fuel source. The TSAD system used 
in this study also have advantages over single stage system such as smaller reactor volume 
to digest the same quantity of input due to shorter retention times (EPA, 2006). 
Furthermore, it is also highly stable and able to return to its original state after facing 
change in OLR (Pham Van et al., 2020) 

Okayama university as target of study has an expansive campus ground, which 
also included agriculture field for agriculture department research purpose. The campus 
also generates great amount of biomass waste in which usually disposed of by outsourcing 
waste treatment. Rather than simply disposed, the university should tackle reducing and 
recycling waste within the campus. Utilizing biomass as energy source that considered as 
carbon-neutral fuels is one way to establish sound material cycle society and take part in 
reducing GHG emission. To analyse the potential and feasibility of biomass waste 
recycling on the campus, first we evaluate the amount of biomass waste generated in a 
year. After that, we conducted analysis of methane gas and compost production. We also 
evaluate the power consumption on running the facility to determine its feasibility. 

 
 Materials and Method 

5.2.1 Estimation of waste generation in campus 
We interviewed and surveyed all the related company and party that responsible 

for biowaste management in the university. Mowed grass and fallen leaves waste 
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discharge in a year were estimated based on a survey from June 2016 until January 2017 
by Wada (unpublished). The harvesting residue (non-edible parts) and inferior products 
not to be sold become agriculture waste.  We estimated the amount of agriculture waste 
by multiplying the harvested amount of each product in each month based on the 
Okayama University Agricultural Center Report (Field Science Center of Agriculture 
Department,2016) with the crop by-product coefficient (Chiba Prefectural Agriculture 
and Forestry Research Center), otherwise estimated from crop acreage and the crop by-
product coefficient. The trunk circumference of all trees recorded and managed by the 
university's financial division are surveyed and then we estimated the pruning residue. 
Horse dung and cow dung are estimated by equation proposed by the Ministry of 
Agriculture, Forestry and Fisheries and actual monthly number of livestock counted by 
the field science center. Co-op union that manages kitchen waste discharged from the four 
cafeterias in campus are interviewed to find out the amount of the kitchen waste. 

 
5.2.2 Feasibility study of biomass treatment facility 

We examined a hybrid biomass treatment facility composed of the methane 
fermentation process (using TSAD system) and composting process. The methane 
fermentation used horse dung, kitchen, and agro-waste. The composting facility targets 
horse dung, fallen leaves, grass, and pruned branches. The group of biomass waste used 
in methane fermentation is categorized as biomass A, while the group of biomass waste 
used in composting facility is biomass B. Because both processes use horse dung, the 
amount of horse dung is divided into two for each process. The solid digestion residue 
discharged from the methane fermentation process is also processed at the composting 
process. The effluent of methane fermentation circulated back to the methane reactor to 
reduce water usage, and the excess applied to the university farm as liquid fertilizer. 
Schematic of hybrid biomass treatment facility can be seen in Figure 5-1. 

 
Figure 5-1. Hybrid biomass waste treatment facility process diagram 
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Calculation of the methane production from campus biomass waste data collected 
is based on the carbon flow in the previous experiment. The calculation for methane 
production can be seen in equation 1 below. We used the data of carbon content of 
biomass waste for each category and the percentage of carbon that converted into methane. 
The percentage of carbon converted into methane from raw material in AL treatment on 
average is 26.61% and from OS is 18.96%.  

 

𝑉 =
( × × × )×% ×

×
      (1) 

Vx = volume 
Cx = carbon content of each category 
%CCH4 = percentage of carbon converted to methane 
Mx= molar mass 
mx= dry mass 
ρ=density 
Compost mass reduction calculated by using TS and C/N ratio data at initial and 

end process. We calculated percentage of carbon lost by comparing C/N ratio with 
assumption that the nitrogen amount does not change. The percentage of carbon lost 
multiplied by biowaste dry weight to gives mature compost dry weight. To calculate the 
mature compost weight with moisture, we calculated it with end TS data of mature 
compost.  

In environmental impact evaluation of AL case, the weight of NaOH consumed 
in the experiment was accounted and GHG emission inventory of NaOH production was 
estimated by using SimaPro 9.0.0 software. The system boundary for NaOH can be seen 
in Figure 5-2 within square a. Result of assembly of NaOH (materials, production, 
transport, and energy processes that needed for production) was then compared with 
oyster shell.  

 
Figure 5-2 system boundary of GHG emission calculation 

 
In the oyster shells case, GHG emission inventory of production of the oyster 

shells powder was estimated based on study of Boicko (2005) in Alvarenga et al. (2012) 
and the system boundary is within square b of Figure 5-2. The powder is produced from 
waste of oyster shells with milling machine and dryer. The electric power required by the 
machines was estimated and was referenced in calculation of GHG emission.  The GHG 
emission from treatment of the undissolved powders was not considered because 
undissolved oyster shells powder ends up to composted solid residue.  Also, GHG 
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emission in terms of dilution with water, heating and stirring for reactors, and water 
treatment of the effluent from methanogenesis reactor, and so on was not considered 
because such GHG emission is same as the oyster shell case. 

 
 Results and Discussion 

5.3.1 Waste survey 
The result of survey and estimation are displayed in Figure 5-3 below. All data 

regarding biomass is used in calculation of methane gas and compost production 
estimation. 

A  B  

 
C 

 
D 

 
E 

Figure 5-3 A Mowed grass and fallen leaves, B Agro waste C. Pruned branch waste D. Kitchen 
waste E. Horse dung waste  
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Biowaste related to plants such as grass, fallen leaves, pruned branch and 

agriculture waste are closely related to the change of season. Meanwhile kitchen waste is 
more related to campus activity due to population of student that came to campus and 
visited the cafeteria to eat. Horse dung waste does not change significantly because the 
population are controlled throughout the year. 
Summarized graphs below (Figure 5-4) show the annual discharges of biomass waste 
targeted by the treatment facility by type, and the ratio. Horse dung and kitchen waste 
makes up 55% of the on-campus biomass waste. The total amount of biomass waste on 
campus, excluding cow dung, was 251 tons / year. 

 

 
Figure 5-4 Annual waste generation amount (left) and biomass waste composition (right) 

 
5.3.2 Methane reactor feasibility study 

A. Methane reactor energy production and consumption 
Methane produced from biomass waste calculated using previous data of carbon 

flow of anaerobic digester that also used in this study. From previous study, the amount 
of carbon converted into methane is 26.61% of total carbon from raw material. After total 
carbon converted into methane was found, we convert it into the volume of methane 
produced.   

After adding up all kitchen waste, agro-waste and half of the total horse dung, the 
average input amount to the methane fermenter was 0.33 t/day. Calculation of biogas and 
methane gas based on previous laboratory experiment resulted in 11.11 Nm³/day on 
average or 4,054 Nm³ of methane gas annually from AL treatment and 10.53 Nm³/day on 
average or 3,842 Nm³ of methane gas annually from OS treatment (Table5-1). The 
theoretical methane yield, calculated to be 212 m³/tVS, is on the lower of range of 
methane reactor. Rodriguez-Pimentel et al. (2015) using UASB reactor can generate 279 
L- CH4/kgVS by using organic fraction of municipal solid. Single stage biogas plant in 
Greece fed with manure and industrial waste related to food industry able produce 0.46 
m³/kgVS methane yield (Spyridonidis et al., 2020). The low methane yield of this system 
is due to solid residue separation after hydrolysis process that still contains biodegradable 
material. The percentage of carbon transferred with solid residue is 47.29%, almost half 

0
10
20
30
40
50
60
70
80
90

100

D
isc

ha
rg

e 
W

ei
gh

t (
t/

ye
ar

)

Mowed 
grass, 
10% Fallen 

leaves, 
12%

Pruned 
branches

, 12%

Kitchen 
waste, 

18%

Agro 
waste, 

11%

Horse 
dung, 
37%



55 
 

of the initial carbon amount. Longer fermentation period is needed to hydrolyze all 
biomass; however, time and space limitation of this facility also need to be considered.  

Methane concentration in the biogas produced using this TSAD system is 69%, 
which is higher than typical single stage reactor. From this concentration, calculated 
amount of biogas generated in a year from the reactor is 5,875 Nm³ of biogas generated 
in a year. Higher concentration of methane gas can provide higher energy conversion, 
however for calculation in this study, we are using the lower calorific value of biogas 
with 60-70% range of methane concentration. The energy potential in methane gas is 
11.06 kWh/m3 and this data used to calculate power generated from biogas. 
 
Table 5-1. Methane reactor energy generation and consumption calculation 
Parameter Alkali Oyster 

shell 
Unit 

Methane amount  4,054.01 2,852.12 m³ /year 
 11.11 7.81 m³ /day 
Biogas amount   5,875.37 3,842 m³ /year 
Energy on methane  11.06 11.06 kWh/ m³ 
Power generation coefficient 30.00 30.00 % 
Power generation  3.318 3.318 kWh/ m³ 

36.86 25.93 kWh/day 
Power difference (consumption-generation) 1.59 12.52 kWh/day 
Residue energy 70.00 70.00 % 
Heat recovery coefficient 50.00 50.00 % 
Heat energy recovery   35 35 % 

42.99 40.74 kWh/day 
Heating 0.93 0.7 kWh/day 
Surplus heat 42.07 40.04 kWh/day 

 
The average generated power from reactor with AL treatment is 13,450.25 

kWh/year or 36.85 kWh/day with power generation coefficient of the generator set to be 
30%, while oyster treatment generated power 9,464.45 kWh/year or 25.93 kWh/day. The 
50% of residue energy in the form of heat is recovered to heat methane reactor. Energy 
needed to heat the reactor is 0.93 kWh/day (AL) and 0.7 kWh/day (OS), while heat energy 
recovered is more than 40 kWh/day. Because recovered heat energy can be used to heat 
the reactor, heater is not needed and lessen the energy consumption of this facility. The 
rest of the heat then released to the environment. The difference in methane yield also has 
an impact on energy yield. More energy can be generated from AL treatment per amount 
of waste (0.115 kWh/kg) than from OS treatment (0.081 kWh/kg). This also mean that 
more energy can be generated from AL treatment.  
 

B. Evaluation in GHG emission 
Methane fermentation facility power consumption detail can be seen in table 5-2. 

Total power consumption to operate the facility is 38.44 kWh/day, not including heating. 
The power generated from biogas was insufficient to meet the energy need of the facility 
and can only reduce the energy requirement to 1.59 kWh/day for AL and 12.52 kWh/day 
for oyster shell on average. The capacity of the reactor plays an important role in 
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determining its self-sufficiency and economic feasibility (NEDO, 2017 in MAFF, 2018). 
Reactor with bigger processing scale able to generate more electricity with higher 
efficiency and thus able to be self-sustaining. The case of difficulty in using the energy 
or the case that most of the heat is used for the plant itself are often found in micro scale 
biogas plant. In addition, the two-stage system required pump and other instruments 
unlike the simpler single stage system, increasing the reactor energy consumption.  

 
Table 5-2. Methane fermentation facility power consumption detail. 
Instrument Watt Time (h)/day Watt.hour/day 
Fermentation facility 310.55 4 1,242.19 
Solid liquid separator 698.73 6.5 4,541.77 
Spreader 126.16 6.5 820.04 
Raw material pump 465.82 4.53 2,111.73 
Fermenter pump 213.50 24 5,124.05 
Agitator 1 36.88 4.8 177.01 
Agitator 2 25.23 4.8 121.11 
Heating pump 407.59 24 9,782.28 
Cooling pump 53.38 24 1,281.01 
Liquid transfer pump 213.50 0.13 28.47 
Night lighting 92.19 15.5 1,429.01 
Ventilation 58.23 24 1,397.47 
Gas holder air charge fan 54.35 24 1,304.30 
Monitoring and control 378.48 24 9,083.54 
  Total 38,444.00 

 
Regarding environmental impact, electricity from Japan commercial plant in 2018 

generated an emission of 0.506 kg- CO2/kWh (Climate Transparency, 2019), and based 
on that data, greenhouse gas (GHG) emission generated by this methane fermenter 
operation is 0.8 kg-CO2/day for AL and 6.33 kg-CO2/day for OS treatment.  

To reduce water usage, effluent water from methane fermenter can be recycled as 
dilution water in both hydrolysis stage and methane fermentation stage. Recirculation of 
effluent water can help to increase pH of hydrolysis reactor and subsequently increase 
gives higher degradability (Lukitawesa et al., 2018). Increasing pH also help in lowering 
operational cost by reducing alkali chemical addition to control reactor pH. The surplus 
of effluent water then can be used as fertilizer in campus farm field.  

The pH conditioner use per unit waste in the AL case was lower than that in the 
oyster shells case (Table 5-3). It can be considered a good point because the more oyster 
shell can be used, the more oyster shell waste amount reduced. GHG emission rate of 
NaOH is much bigger than that of the oyster shells case, so that resulting in GHG emission 
of the oyster shells case at 0.15 times of the AL case. This result indicates a large GHG 
reduction is expected if oyster shell powder is used as pH conditioner in two-stage 
methane fermentation. 
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Table 5-3. GHG emission calculation for pH conditioner 
Material  pH conditioner per 

experimental material 
(kg/kg) 

GHG emission 
per 
pH conditioner  
(kg CO2-eq/kg) 

GHG emission per 
experimental 
material  
(kg CO2-eq/kg) 

Alkali (NaOH) 0.0463 1.26 0.0583 
Oyster shell powder 
(CaCO3) 

0.0864 0.102 0.0088 

 

We see that there are two different GHG emission result from waste treatment facility 
energy consumption and pH conditioner. However, if we calculate the emission for one-
year, total GHG emission from AL treatment is still higher than OS treatment. In a year, 
GHG emission from facility power consumption is 293 kg added with GHG from NaOH 
used in a year, which is 6,809 kg, totalled at 7,103.06 kg/year. Meanwhile, GHG emission 
from OS treatment is 3,339 kg/year, obtained from sum of GHG emission from power 
consumption (2,312 kg) and pH conditioner (1,028 kg). The GHG emission of the 
biowaste treatment facility using oyster shell is 0.47 times than using chemical alkali.  

 
C. Cost comparison 

One of the concerns in using chemical to control pH in anaerobic digestion process 
is the cost of the chemical. NaOH is a commercial chemical alkali that is easy to acquire 
and commonly used to maintain pH from going acidic. However, the chemical need to be 
produced using raw materials, in this case NaOH produced from salts. Using oyster shell 
can help in reducing oyster shell waste and reduce the cost for chemical. In table 5-4, 
comparison of cost between industrial oyster powder and NaOH described. Oyster shell 
was not included because of its minimal processing and cost. From the table we can see 
that IOS powder are needed per waste material than using NaOH. However, the price for 
IOS powder is significantly cheaper than NaOH making the cost 78% less than using 
alkali. 

 
Table 5-4. Cost comparison between industrial oyster shell and chemical NaOH 
Parameter Industrial Oyster powder 

(Sanyo clay industries 
Ltd.) 

NaOH (Hayashi 
Junyaku, Co. Ltd) 

g material/g waste 0.044 0.019 
g material/kg waste 44.01 18.94 
price (jpy)/g material 0.15 1.598 
Cost (jpy)/kg waste 6.6 30.26 
cost difference % 78% - 

 
5.3.3 Composting process 

Tsushima campus already have composting facility built within agriculture field 
area. The composting location is quite far from residents’ housing, so it does not cause 
problem with compost smells. In this hybrid system, composting facility processed 
biomass waste 0.36 t/day on average with addition of 0.09 t/day solid residue from 
methane fermentation with AL treatment. More solid residue produced from OS treatment 
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that makes additional 0.15 t/day of material. Based on previous experiment, the initial 
C/N ratio is 30, and the mature compost C/N ratio changed to 10. Total moisture also 
changed from 65% to 50%. The composting process and water evaporation reduced 
biomass waste weight to 0.11 t/day or 38.82 t of matured compost annually from AL 
treatment and 0.12 t/day or 43.68 t/year of compost from OS treatment. Together with 
liquid fertilizer from methane fermentation effluent, the compost is used in farm field of 
Okayama University Tsushima campus 

 
 Conclusion 

Largest portion of biomass waste generated from Okayama University Tsushima 
Campus was horse manure, followed by kitchen waste. These two types of biomass waste 
account for 55% of the total waste which is around 251 t/year. The overall diagram hybrid 
biomass waste treatment system can be seen in Figure 5-5 for AL treatment and 5-6 for 
OS treatment. It also includes the mass transfer of the process. The amount of biomass 
digested in anaerobic digester is 0.32 t/day while the amount of biomass for composting 
is 0.36 t/day with addition of solid residue from hydrolysis process. This hybrid system 
can produce 4,054 m3/year methane gas and 38.82 t/year compost when using alkali as 
pH conditioner and 2,852 m3/year methane gas and 43.68 t/year compost when using 
oyster shell as pH conditioner. This waste treatment system is not feasible for commercial 
use due to the insufficiency of energy generated by the system. The system needs 
additional 1.59 kWh/day to be able to operate and even higher power consumption (12.52 
kWh/day) if using oyster shell. This led to additional environmental impact of 293 kg-
CO2/year GHG emission from system operation with AL and 2,312 kg-CO2/year GHG 
emission from OS treatment. However, using oyster shells as a substitute is still more 
environmentally friendly, based on the reduction of GHG emissions up to 0.15 times than 
from using alkali only from pH conditioner use. Combined with emission from facility, 
GHG emission of oyster shell is 0.47 times of alkali. From cost perspective, using IOS 
are 78% cheaper than using NaOH. 
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Figure 5-5. Biomass recycling facility process flow AL treatment. Gray : mass (t/day), blue : gas 
(m3/day), red : heat energy (kWh/day), green : electrical energy (kWh/day) 
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Figure 5-6 Biomass recycling facility process flow OS treatment. Gray : mass (t/day), blue : gas 
(m3/day), red : heat energy (kWh/day), green : electrical energy (kWh/day) 
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Chapter 6 -  Conclusion 
 
The results of study of anaerobic co-digestion for biomass waste using oyster shell 

as pH control additive are as follows: 
 Fundamental Study of Two Stage Anaerobic Co-digestion system 
o After evaluation of system performance between single stage and two stage 

anaerobic digester, two stage anaerobic  
o Acclimatization to improve hydrolysis and methane production were not suitable 

for real waste sample, but applicable for model sample that is composed of simpler 
component than real waste sample. 

 Effect of Oyster Shell Powder as Alkali Additives to Two-Stage Anaerobic Co-
Digestion 
o Utilization of oyster shell as alkali additive was able to keep fermentation stage 

pH more stable than using chemical alkali (AL). 
o CH4 yield and CH4 concentration from OS treatment was stable throughout 

different OLR, different from AL treatment that showed increased CH4 yield with 
increasing OLR and increasing CH4 concentration with increasing OLR up to 
certain point (OLR 2 gVS/L/d). In longer period of observation and in constant 
OLR, CH4 yield from both treatments increased gradually over time with higher 
CH4 yield from AL treatment.  

o Carbon flow analysis in hydrolysis stage shown that OS treatment had lower 
percentage of carbon transferred to liquid residue and higher conversion to CO2 
gas. In methanogenesis stage, AL was able to convert more carbon to methane, 
but more carbon flowed out to effluent than in OS treatment. Carbon converted 
into CO2 in methanogenesis stage is the same from both treatments. 

o Methanosaeta, a genus of acetoclastic methanogen, dominated the methanogen 
population of OS and AL sludge. The difference in methanogen composition is 
that higher relative abundance of acetoclastic methanogen in OS sludge, but 
higher hydrogenotrophic methanogen in AL sludge than in OS.  

o It is possible that addition of OS facilitated the growth of denitrification bacteria 
in anaerobic digester. 

 Performance of Oyster Shell Powder Size on Methane Gas Generation 
o Smaller sized industrial oyster shell (IOS) powder could increase hydrolysis 

reactor pH higher than coarser manually ground oyster shell (OS) powder. Higher 
pH and stability of reactor pH resulted in better hydrolysis of raw material. 

o Particle size of oyster shell affected CH4 yield, and amount of CO2 produced, but 
not CH4 concentration. CH4 yield from IOS is the highest, followed by AL with 
no significant difference. The lowest CH4 yield was from OS treatment.  

o Particle size also affected the amount of CO2 gas released from both stages; 
however it does not affect methane concentration. OS and IOS had the same CH4 
concentration, but they are lower than Al treatment. 

 Study of Two Stage Anaerobic Digestion to Biomass Recycling System in Campus: 
Application 
o The hybrid waste recycling system produced 36.85 kWh/day of energy from 

campus biomass waste with AL treatment and 25.93 kWh/day with OS treatment. 
The facility was not able to generate enough electricity to power itself with power 
difference (consumption-generation) of 1.59 kWH/day for AL treatment and 
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12.52 kWH/day for OS treatment. This facility also produced compost as much as 
38.82 ton/year from AL treatment and 43.68 ton/year from OS treatment. 

o Using oyster shell is more economical and environmentally friendly than using 
chemical alkali. Industrial oyster shell for pH control additive also cost 78% less 
than using chemical alkali (NaOH) when used in the TSAD system in this study. 
Production of oyster shell powder also discharged less GHG, as much as 0.15 
times of GHG emission from alkali (NaOH) production.   

o In hybrid biowaste treatment facility, using oyster shell generate less GHG 
emission as much as 0.47 times of alkali treatment. 


