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ABSTRACT 

This research study examined the behaviour of co-digestion of landfill leachate with 

pineapple peel, focusing on biogas production. Laboratory scale batch experiments 

were conducted to investigate mono-digestion of leachate and of pineapple peel, and 

their co-digestion with three different mixing ratios. The inoculum and pineapple peel 

were derived from the Golden Circle factory and the leachate was collected from the 

Rochedale Landfill site in Brisbane, Australia. Mono-digestion of leachate had methane 

yield of 24 L kgVSconsumed
-1 and volatile solids (VS) removal efficiency of 37%. The results 

from mono-digestion of pineapple peel showed the higher methane yield of 317 L 

kgVSconsumed
-1 and higher VS removal efficiency of 80%. The reasons for better 

performance of digestion in pineapple peel digestion are the pineapple peel had a 

carbon to nitrogen ratio (C/N) of 24 to 1 that is suitable for anaerobic digestion process 

and the leachate sample was in mature age, as evidenced from low volatile solids (VS) 

and chemical oxygen demand (COD) composition and high pH level. 

 

Co-digestion batch experiments were run in the same reactors. 25 L of leachate was 

mixed with three ratios of pineapple peel - one, two and three kgVSpineapple peel m
-3. The 

results showed that co-digestion of the leachate with two kgVSpineapple peel m
-3 achieved 

the highest methane yield of 269 L kgVSconsumed
-1

 and 80% VS and 89% COD removal 

efficiency with good stability in the reactor. Further addition of pineapple peel at three 

kgVSpineapple peel m
-3 to the leachate slightly decreased the biogas yield and overall VS 

and COD removal efficiency. The co-digestion results showed better performance than 

the mono-digestion of leachate due to synergism from pineapple peel as a co-

substrate. 

  

The full-scale co-digestion experiments were conducted at the Panomsarakam Landfill 

site, Chacheonsao province in Thailand. The pineapple peel was collected from the 

Malee factory in Thailand since that peel had a similar chemical composition to that 

used in the laboratory scale experiments. The concentration of leachate at the 

Panomsarakam Landfill site was much higher than that at the Rochedale Landfill site. 

Mono-digestion treatment of leachate was already in operation at the Panomsarakam 

Landfill site. The existing digestion of leachate with loading rate of 4.33 kgVS m-3 day-1 

achieved methane yield of 810 L kgVSconsumed
-1 and 72% VS removal efficiency. The 

significant differences in results from mono-digestion of leachate in both landfill sites 

are due to the characteristics of the leachate. The leachate from the Panomsarakam 

Landfill site was still fresh. It contained high levels of solids contents and had a much 

higher C/N ratio. Pineapple peels were added as co-substrate at 6.25, 8.59, 10.38 and 
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13.77 kgVS m-3 day-1 in the full-scale reactor. At 13.77 kgVS m-3 loading, VS removal 

efficiency of 56% and methane yield of 609 L kgVSconsumed
-1 were achieved. Increased 

pineapple peel loading resulted in decreases of biogas yields and removal efficiencies 

but with an increase in biogas production, which was useful for electricity generation. 

The results showed that the utilisation of fruit waste could enhance gas production for 

renewable energy purpose.    

 

The results of all experiments were fitted with first order kinetics models to compare the 

behaviour of different batch and continuous co-digestion systems through rate 

constants (k). The first order kinetics equation was able to describe and compare the 

anaerobic digestion processes of the batch and full-scale experiments. In the lab batch 

anaerobic digestion, the rate constants (k) were 0.25, 0.22 and 0.18 day-1 for co-

digestion with one, two and three kgVSpineapple peel m-3. In the full-scale continuous 

experiments, the rate constant decreased step by step from 0.192 day-1 to 0.167 day-1 

with five ratios of co-digestion. The kinetics equation can be applied to design the 

anaerobic digestion in the continuous steady state.  

 

Finally, a mathematical model using artificial neural networks (ANNs) was developed to 

estimate the biogas production and VS reduction of the full-scale anaerobic digestion 

process in MATLAB environment using Neural Network Toolbox 7.0 of MATLAB 7.11.0 

(R2010b). The model used the amount of pineapple peel (kg fresh weight), the pH level 

of the inlet, the COD level of the inlet, the VFA level of the inlet, the VS level of the inlet 

content as the input data and the VS level of the outlet, the volume of the biogas and 

the methane content, as the target data. The multilayer feed forward back propagation 

neural network model fitted the results well, with eight hidden neurons and data 

separation of 70%:15%:15%.  
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CHAPTER 1 INTRODUCTION 

1.1 Landfill in Australia and globally  

Municipal Solid Waste (MSW) can be generally managed by using four basic methods: 

sanitary landfill, anaerobic digestion, incineration or composting (Tchobanoglous, 

2003). Sanitary landfill is usually practised wherever sufficient land is available (Rowe 

and Vangulck, 2010). Landfill practices around the world vary among countries (ISWA, 

2012). The improvement of landfill practices can be from open dumps to bioreactors 

(Christensen et al., 2010b). In some countries where there is no enforcement 

regulation of environmental protection, the landfill practices are only open dumps 

(Inanc et al., 2004). Normally all kinds of waste - including industrial and hazardous 

waste - are dumped from trucks into open dumpsites (Pichtel, 2010). When dumpsites 

continue to be filled without the use of proper landfill management, the result is 

environmental pollution - smells, flies, rodents, fire, underground and surface water 

contamination (Al-Khatib et al., 2007). 

In Australia and in the US, landfilling is used as the principal method of solid waste 

disposal. Other technologies such as incineration play only a secondary role. About 

135 million tonnes of municipal solid waste (53.8%) in the US was disposed of in 

landfills in 2012 (US.EPA., 2014).  In 2009, 47 million tonnes of waste was generated 

in Australia, and 48% of the waste was disposed of in landfills (National Sustainability 

Council, 2013). Landfill classification schemes in Australia vary depending on the types 

of wastes (Australian Bureau of Statistics, 2011). Landfills in Australia normally accept 

three different types of wastes:  

1) Putrescible materials from household waste, and other wastes with high organic 

materials such as food and garden waste 

2)  Inert materials that are not biologically active - mainly construction and demolition 

wastes 

3) Hazardous materials that need to require a higher level of management as a result of 

the possible risks to human health or the environment (Pickin, 2009).  

Stricter environmental regulations and public pressures have driven a significant 

improvement in landfill construction and operation in Australia since 1990 (Pickin, 

2013).  As a result, the landfilling practices are required to have licences from 

environmental regulators and the landfill operators are audited by regulators and 

neighbour communities (Environmental Regulatory Practice, 2013). A licence would be 

granted when the landfilling practices pose acceptable environmental impacts (National 

Sustainability Council, 2013). Landfilling normally generates two principal sources of 
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environmental pollution, namely landfill gas and leachate. Therefore, all technologies 

for landfilling management are developed with the intent to minimise landfill gas and 

leachate contamination to air, surface and underground water, and reduce odour that 

would create community complaints.               

 

Landfills in Australia are continuing to develop their operations as well as reducing 

greenhouse gas emissions through utilising landfill gas as fuel for renewable electricity 

generation (School of Civil and Environemental Engineering Universtiy of NSW, 2010). 

The current measures for landfill gas management are as follows: 1) placement of the 

waste within a low permeability layer to prevent leakage of landfill gas; 2) drainage and 

venting where a network of vertical gas wells or horizontal trenches are installed under 

the final cover, and are the pathways for transferring landfill gas to a specific point; 3) 

extraction of landfill gas by using a vacuum pump; 4) flaring and utilising facilities 

where the landfill gas is combusted (Willumsen and Barlaz, 2010). There are many 

options for landfill gas utilisation such as electricity generation and industrial steam use 

(Environmental Regulatory Practice, 2013). Landfill gas utilisation facilities are normally 

commercially feasible in Australia. The feasibility is dependent upon the proximity of a 

landfill site to a potential user, or the landfill site accepts over 100,000 tonnes of wastes 

a year for a period of more than 10 years, and has a depth of at least 10 metres 

(School of Civil and Environemental Engineering Universtiy of NSW, 2010). 

 

The landfill industry in Australia currently includes waste reduction and composting 

facilities that contribute a major role for resource recovery (Department of the 

Environment, 2013). Landfills commonly have material separation facilities onsite that 

segregate green waste, commercial waste, construction and demolition waste, and 

hazardous waste such as BaxVis landfill site in Melbourne and Resource Co in 

Adelaide (Clarke, 2005).  

 

In Southern and Eastern European countries such as Greece, Spain, Hungary, and 

Poland, landfilling still plays an important role for waste disposal. This is not the case in 

Northern European countries such as Germany where the waste separation system is 

very efficient, and as a result, other advanced waste disposal technologies such as 

anaerobic digestion, composting and incineration can be selected based on the type of 

wastes. The advantages of these advanced technologies over landfill are the significant 

reduction of the waste volume with smaller land requirements and by products, even 

though the advanced technologies require quality waste separation. For example, 

anaerobic digestion can reduce 70-90% of organic waste and generates more biogas 

than landfill (McDougall et al., 2007). 
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On the other hand, open dumps are the most common method of waste disposal in 

developing countries due to limited budget on landfill investment and operation (Diaz et 

al., 2005). In Kolkata, Mumbai, Chennai and Colombo, waste is dumped into wetlands 

for land development (Shaw, 2005, Hettiarachchi et al., 2011). In African countries, 

ocean dumping has been prohibited by law. However, the practice is still illegally 

practiced in some coastal cities of Africa (Reddy, 2011). Open dumping becomes a 

problem as leachate from waste contaminates water bodies such as underground or 

surface water. Many Central American countries, most Caribbean countries, and all 

non-capital cities in Bolivia, Ecuador, and Peru have open dumps (Phillips and Thorne, 

2013, Guerrero et al., 2013). Open dumps pose risks to waste pickers and landfill staff 

that are not provided with personal protective equipment, given that they would be in 

close contact with human faeces, toxic and hazardous wastes (Chandrappa and Das, 

2012). In Karachi and Tehran, fire is found regularly as the waste pickers burn plastic 

bags to seek metal cans. Fire from waste results in air pollution and consequently 

affects communities nearby (Johnson and Galea, 2011). In most countries in South and 

West Asia, there is no separation of industrial, medical, and hazardous wastes in open 

dumps (Vergara and Tchobanoglous, 2012, Khajuria et al., 2010). In addition, after 

closure of open dump sites, land improvement is often taken place immediately on top 

of the site as indicated through the practices in Nairobi, Kenya and Bantar Gebang, 

Indonesia (Njagi et al., 2013, Sasaki et al., 2014). Nevertheless, some open dumps are 

acceptable in some locations – North Africa, and the Middle East - where landfill sites 

are located near deserts and are not proximal to any bodies of water or communities 

(Amadi et al., 2012, Moghaddas and Namaghi, 2011, Goerke, 2013).  

 

With greater industrialisation of society, toxic waste continues to be a growing concern. 

(Ojeda-Benı́tez and Beraud-Lozano, 2003, Sharholy et al., 2008). It is therefore 

necessary for landfill management practices to include the contingency for toxic waste 

disposal. The basic measures of landfilling improvement could be executed by limiting 

access to the site, and covering of the waste with soil in order to allow less contact with 

rainfall water and pest (Scheutz and Kjeldsen, 2010). The next steps of landfilling 

development are controls on leachate and landfill gas contamination through liners, 

collection systems, and treatment facilities (Idris et al., 2004). In addition, landfill is 

categorised by waste classification (McDougall et al., 2007). Toxic and hazardous 

wastes are generally prohibited in municipal waste landfill sites.  

 

In some major cities, the landfill practices are improved to have leachate and gas 

management, and landfill classification. In Jubail, Saudi Arabia, the landfill is 

categorised into three types for hazardous, putrescible and inert wastes where the site 
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is lined (UNEP, 2005). The Ministry of Environment in Israel is planning for 

environmentally managed landfills with remediation of the unmanaged dumping sites 

(Nissim et al., 2005). Some large cities in Latin America such as Belo Horizonte, 

Buenos Aires, Guayaquil, Medellin, Mexico City, Santiago, and Sao Paulo do have 

state-of-the art landfills which include liner systems such as clay layer, or sand or 

ground stone layer (Reddy, 2011). In Argentina, Brazil and Chile, new landfills were 

lined with synthetic liners such as high density polyethylene sheets. These liners were 

divided into cells, and contained gas flares. Wastes were covered daily with soil and a 

final cover, as well as plantation after landfill closure (UNEP, 2005). Methane utilisation 

is another aspect of landfill practice development. In East Asia, some cities like 

Bandung, Jakarta, Manila, and Chile, the landfills have implemented methane recovery 

and utilisation (IEA, 2009). In Santiago and Valparaiso, landfill gas is supplied to 30% 

of the population instead of natural gas (UNEP, 2005).  

 

Bioreactor landfill is another measure for enhancing better landfill operation in 

Australia. Bioreactor landfills accelerate the degradation and stabilisation of waste 

carried out by microbial populations within the waste and is achieved by the addition of 

liquid (normally leachate) and air (Pichtel, 2010). The basic factors that affect the 

efficiency of decomposition in landfill are shredding of waste, waste compaction, buffer 

addition, sewage sludge addition, pre-composting part of landfill waste, enzyme 

addition and leachate recirculation (Yuen, 2001). There are two full-scale sites of 

landfill bioreactors in Australia. The first site is in Ti tree, Queensland and the second 

site is the Woodlawn Bioreactor located in Tarago, New South Wales (Pattison and 

Yuen, 2007). 

 

The bioreactor approach is widely implemented in the United States, Canada, South 

Africa, South America, Japan, Europe, New Zealand, and Australia (Reinhart et al., 

2002). In these countries, basic practices mentioned above such as liners, final covers, 

landfill classification and leachate and gas recovery and utilisation, have been used 

due to very strict regulations (Reddy, 2011).  

 

It can be concluded that landfill technology in Australia is recognised as a progressive 

waste disposal method that is comparable to other developed countries in the world. 

Federal and state regulations of waste management in Australia are intensively strict. 

As a result, environmental impact mitigation measures are included when landfill is 

sited. At the moment, bioreactor technology has become an approach that assists to 

stabilise landfill. On the other hand, landfilling in developing countries requires better 

management such as control of leachate and landfill gas. Leachate can be treated 
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using bioreactors and other biological processes such as aerated lagoons and 

anaerobic digestion (Ehrig and Robinson, 2010).  

1.2 Biomass as a source of renewable energy anaerobic 

digestion technology 

Anaerobic digestion is one of the oldest forms of biological wastewater treatment 

(Tchobanoglous and Burton, 1991). Anaerobic digestion converts organic matters to 

biogas through sequential conversion pathways. Biogas is produced at the last stage of 

the pathways. The produced biogas consists of methane (CH4) and carbon dioxide 

(CO2), together with minor quantities of nitrogen, hydrogen, ammonia and hydrogen 

sulphide (Asia Pro Eco project TH/Asia Pro Eco/05, 2006). Anaerobic digestion 

systems can be considered under three categories according to their process 

management: continuous processes, semi-continuous processes and discontinuous 

processes (batch systems).   

 

The first anaerobic digestion plant was operated in Bombay, India in 1859 (Meynell, 

1976). In 1895, the anaerobic digestion system arrived in Exeter, England and was 

properly designed to include biogas recovery and utilisation for fuel street lamps 

(McCabe and Eckenfelder, 1957). Globally, the most common anaerobic digestion 

technology is based in farm facilities that utilise biogas for cooking and lighting fuels 

(Persson et al., 2006). The use of the technology in China and India has developed a 

trend to produce electricity from generated biogas (Demirbas and Balat, 2006). In 

Europe, the anaerobic digestion technology is broadly applied in different approaches 

such as farm, industry and municipal waste facilities (Verma, 2002). In America, it is 

estimated that 244 anaerobic digester systems operate at commercial livestock farms 

with 199 dairy farms in 2014 (AgSTAR, 2014). In Australia, anaerobic digestion 

technology is used with agriculture industry (Bankers Investment Group, 2009).  

 

A continuous biogas plant comprises a main digester and a separated post-digestion 

tank for substrate (Asia Pro Eco project TH/Asia Pro Eco/05, 2006). When substrate is 

added to the digester, a similar amount of digestate will flow to the post-digestion tank 

via an overflow pipe. The digestate that enters the post-digestion tank may contain 

some substrates that will continue to digest in storage. The post-digestion tank is air 

tight, allowing for the use of biogas that is produced in this tank. Overall, this method 

will result in the increase of overall gas production.  

 

In a batch process, the digester is periodically completely filled with substrate. It is then 
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sealed and the digestion process starts. The digester generates biogas over time until 

it reaches maximum production. When production rate has subsequently dropped 

below a certain level, the digestate is moved to the storage tank. In order to achieve a 

constant biogas supply, it is necessary to have several digesters in different stages of 

the anaerobic digestion process that operate in parallel. 

 

Semi-continuous processes combine the advantages of the batch and the continuous 

processes. The material is continuously added to gradually fill the digester tank. The 

digested material will be kept in the tank as long as storage is required.  

 

Anaerobic digestion of leachate has been studied for many years, but the reports 

focusing on biogas production are rarely presented. Mostly, the studies focus on the 

treatability of the anaerobic digestion process without consideration of biogas 

generation. The biogas yield varies significantly, depending on; the season, the 

composition of the waste, and the age of the landfill site. According to Cameron and 

Koch (1980), Lin (1991), Wan (2009) and Kheradmand (2010) the biogas yield of 

anaerobic digestion of leachate ranges from 22 to 700 L kgCOD-1. The consistency of 

the biogas production is important for the design of biogas to energy projects as the 

selection of the equipment depends on how much biogas is generated. One of the 

methods to increase low biogas production stability of mono-leachate anaerobic 

digestion is co-digestion with other substrates. 

1.3 Co-digestion of landfill leachate and biomass 

In developing countries, a sanitary landfill is a suitable method of municipal solid waste 

disposal (Vergara and Tchobanoglous, 2012). It is an economical option because of its 

lowest investment cost compared to incineration and land is generally available. 

Leachate management and landfill gas are the main pollution problems when landfill is 

selected for disposal. Taking into account the requirements of renewable energy, 

anaerobic digestion can be considered as an appropriate treatment technology 

because leachate contains a high concentration of organic matter, which is the source 

of biogas.  

 

The age of leachate is categorised into young and mature stage. The characteristics of 

leachate depend on the age. The young leachate contains a low level of pH but high 

concentration of organic contents as seen from the values of chemical oxygen demand, 

total solids, volatile solids contents. The toxicity of the young leachate is also higher 

than that of a mature one. The young leachate comprises the complex biodegradation 
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products of organics, which are degraded by microorganisms in the landfill site. 

Therefore, the mature leachate has lower BOD and COD, neutral pH and lower VFA, 

as compared to the young leachate. 

 

As the characteristics of leachate vary according to the composition of the waste, age 

of the landfill and season, the biogas production is not consistent (Ehrig and Robinson, 

2010). Therefore, in order to maintain uniform gas production, a co-substrate can be 

mixed into the main substrate. The addition of co-substrates is an economically 

attractive way to increase biogas production (Asia Pro Eco project TH/Asia Pro Eco/05, 

2006). Co-substrate that generally has high biogas yield can be acquired from various 

sources. In developing countries, silage and agriculture residues are common 

(Demirbas et al., 2009). Table 1.1 shows the composition and yield of various co-

substrates.  

 

Table 1.1 Average biogas yields per kilograms of wet materials, and the variation of 

some possible substrates (Asia Pro Eco project TH/Asia Pro Eco/05, 2006). 

Feed stock Dry matter 
(%) 

Organic matter 
(%) 

Biogas yield 
(L kgwet

-1) 
Average 

biogas yield 
(L kgwet

-1) 

Vegetable 
waste 

10-20 65-85 25-120 75 

Corn silage 15-40 75-95 55-340 200 

Grass silage 30-50 80-90 120-315 220 

Fat and 
floatation 
slurry 

8-50 70-90 30-585 310 

 
 
In developing countries where agriculture is the main source of income, crop residues 

are abundant. Most common agricultural residues are corn leaves, banana stem and 

leaves, pineapple peels, vegetable leaves, and sugar cane leaves depending on type 

of cash crops grown in a particular country. These materials can be used as co-

digestion substrates for leachate to enhance biogas production and uniformity. In this 

study, pineapple peel is selected as a co-substrate because it is available in Asian 

countries where pineapple is produced for consumption and export. In Thailand for 

example, production of pineapple was for 1.94 million tonnes in 2014 (Office of 

Agricultural Economics, 2014) . In Australia it is reported that pineapple processing 

sector produced 39,000 tonnes of fruit for canning and juicing while the fresh fruit 

sector produced 48,000 tonnes (Department of Agriculture Fisheries and Forestry, 

2014).  
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1.4 Aim and objectives 

Anaerobic digestion of leachate has been studied for many years, but reports focusing 

on biogas production are rarely presented. Mostly, studies focus on the treatability of 

the anaerobic digestion process without consideration of biogas generation. In addition, 

scientific knowledge of the co-digestion of leachate with biomass is generally lacking, 

and the outcomes of the present study will benefit the landfill operator and renewable 

energy sector.  

 

The aim of this research is to study the behaviour of co-digestion of pineapple peel with 

leachate in terms of biogas yield, treatment removal efficiency, and stability of the 

process. In order to achieve the aim of the study, the following objectives were 

developed: 

 

 To evaluate the performance of the co-digestion process through TS, VS and 

COD reduction, the stability of the process through pH, VFA and alkalinity and 

the best biogas yield through the biogas production and the methane content 

for laboratory scale and full-scale experimental anaerobic digestion.  

 To identify the optimal ratio of the co-substrates in batch laboratory scale 

experiment.  

 To establish the kinetics analysis of anaerobic digestion of mono-leachate and 

mono-pineapple peel and their co-digestion and to determine the kinetics 

parameters in both laboratory scale and full-scale experiments. 

 To evaluate the influence of co-digestion ratio on the biogas yield, the process 

stability and treatment efficiency for both laboratory scale and full-scale 

experiments. 

 To develop an artificial neural network model for co-digestion to determine the 

biogas production, methane content and VS of the output for full-scale 

experiments. 

1.5 Scope of work 

In order to achieve the aim and objectives, laboratory and full-scale experiments of co-

digestion of leachate and pineapple peel were selected. Firstly, batch laboratory 

experiments were set up to find the optimal co-substrate ratio of leachate and 

pineapple peel that results in the best removal efficiency and maximum biogas yield of 

co-digestion with a stable process. Mono-digestion reactors of leachate and of 

pineapple peel in laboratory experiments were studied to evaluate the potential of the 
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pineapple peel as a co-substrate for anaerobic digestion of leachate. Then co-digestion 

of different leachate and pineapple peel ratios in laboratory experiments was evaluated 

so that the optimal ratio could be used in the full-scale plant. Secondly, full-scale 

experiment was implemented in order to investigate whether the co-digestion is 

applicable to the real anaerobic digestion operation, which is a continuous process and 

on a much larger scale than the laboratory experiments. Thirdly, the reaction kinetics of 

anaerobic digestion were analysed to explain the behaviour of the anaerobic digestion 

process. Finally, an artificial neural network model was developed to predict the biogas 

production, biogas composition and VS reduction of the full-scale experiments.  

 

Laboratory scale experiments were carried out at Griffith University in Brisbane, 

Australia. Full-scale experiments were carried out on-site in Thailand at the 

Panomsarakam landfill facilities. The Panomsarakam landfill site has a continuous 

digester system for research. Prior permission to perform the experiments was 

obtained.  

 

The Artificial Neural Network (ANN) model was developed for the correlation and 

analysis of the experimental data. The anaerobic digestion process is complicated as 

many studies have attempted to comprehend the behaviour of the process but their 

solutions are still not applicable to all cases (Yu et al., 2013). The ANN approach is 

generally suitable for the poorly defined or complex process like anaerobic digestion. 

ANNs are parallel computational models of nonlinear static or dynamic systems. 

Experimental data are used in solving problems, instead of programming. The 

approach of ANNs is very attractive in application domains with incomplete 

understanding of the anaerobic digestion processes and with readily available 

experimental results as data (Hanrahan, 2011, Priddy and Keller, 2005, 

Yegnanarayana, 2009). 
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CHAPTER 2 LITERATURE REVIEW ON ANAEROBIC 

DIGESTION AND CO-DIGESTION 

2.1 Anaerobic digestion 

2.1.1 Background 

"Anaerobic digestion is the biodegradable processing of organic matter through 

microorganisms that are sensitive or totally inhibited by oxygen" (Taricska et al., 2006). 

Anaerobic digestion involves a number of microbiological processes (Nizami, 2012). 

Figure 2.1 depicts how organic matter is degraded in the anaerobic digestion process. 

The biodegradable organic matter is converted to 70-90% biogas, 5-15% sludge and 

10-30% non-degraded material (Chernicharo, 2007).   

 

 

Figure 2.1 Conversion of organic matter in an anaerobic digestion process 

(Chernicharo, 2007). 

 

The compositions of biogases from different biomasses are shown in Table 2.1. 

Normally, biogas contains methane (45-80%), carbon dioxide (20-55%), hydrogen (5%) 

and hydrogen sulphide (7,000 ppm), depending on the characteristics of the biomass 

and the type of reactor (Jansen, 2010). The landfill gas contains the lowest content of 

methane because landfills do not have perfect anaerobic conditions since some parts 

have contact with air (Christensen et al., 2010a). 
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Table 2.1 Compositions of biogases from different sources.  

 

 

Gas Composition 

Agricultural Sewage Industrial Solid waste 

Wastes Sludge Wastes (Landfill) 

Methane 50-80% 50-80% 50-70% 45-65% 

Carbon Dioxide 30-50% 20-50% 30-50% 34-55% 

Water Saturated Saturated Saturated Saturated 

Hydrogen 0-2% 0-5% 0-2% 0-1% 

Hydrogen Sulphide 100-7,000 ppm 100 ppm <0.5% 0.5-100ppm 

Ammonia  Trace  Trace  Trace  Trace  

Carbon Monoxide 0-1% 0-1% 0-1% Trace  

Nitrogen 0-1% 0-3% 0-1% 0-20% 

Oxygen 0-1% 0-1% 0-1% 0-5% 

Trace Organics Trace  Trace  Trace  5 ppm 

Source: Coombs (1991) 

2.1.2 Reaction pathways 

The type of microorganisms in anaerobic digestion depends on the type of digester, the 

operational condition and the waste composition (Archer and Kirsop, 1991). Various 

types of microorganisms are involved to convert complex organic matter into final 

products as methane (CH4), carbon dioxide (CO2), hydrogen sulphide (H2S), water 

(H2O) and ammonia (NH3) as well as new bacterial cells (Williams, 2005a). The overall 

reaction can be illustrated by the following equation (Bitton, 2005a): 

 

 

 Complex organic matter                     CH4+CO2+H2+NH3+H2S 

 

The anaerobic process comprises two primary stages which are categorised into 

several metabolic pathways (Chernicharo, 2007) as shown in Figure 2.2. The main 

stages are acid fermentation and methane fermentation (methanogenesis). In the acid 

fermentation stage, there are sub-stages called hydrolysis, acidogenesis and 

acetogenesis. If the first stage is limited, the substrates for the following stages will be 

inhibited and consequently the process fails (Lin et al., 2011b). The failure of the 

process results in low methane production and low removal efficiency of TS, VS and 

COD (Chaudhari et al., 2012). Mostly, the inhibition of methane production happens 

due to a rise in the amounts of acids, resulting in a decrease in alkalinity and pH 

(Gerardi, 2003).  

 

Biomass source 

Bacteria 
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Figure 2.2 Reaction pathways and metabolic bacteria groups in anaerobic digestion 

process (Abrams, 1997). 

2.1.3 Four groups of microorganisms 

Four groups of microorganisms that transform organic matter to methane and carbon 

dioxide are described below (Bitton, 2005a). 

Hydrolytic bacteria 

Hydrolytic bacteria transform complex organic matter such as carbohydrates, protein, 

lipids and lignin to yield small soluble molecules (e.g. amino acids, alcohols, fatty acids 

and monosaccharide). The hydrolytic stage is quite slow and sometimes limits 

anaerobic digestion such as lignin biodegradation. It is difficult for hydrolytic bacteria to 

digest lignin (Bitton, 2005a).  

 

Acidogenic bacteria  

Acidogenic bacteria convert the monomer molecules from the previous stage (amino 

acids, sugar and fatty acids) to organic acids (acetic, propionic, formic, lactic, butyric or 

succinic acids), alcohols and ketones, acetate, carbon dioxide and hydrogen. 
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Acetogenic bacteria 

Acetogenic bacteria convert fatty acids and alcohol into acetate, hydrogen and carbon 

dioxide. Low hydrogen tensions are required because if high H2 partial pressure exists, 

there is a reduction in acetate formation, and substrate is converted to propionic acid, 

butyric acid and ethanol (Novaes, 1986).  

Methanogens  

Methanogens transform acetate, H2, CO2 and formate that are the end products of acid 

fermentation to methane. Methanogens belong to the archaebacteria, which are 

different from normal bacteria in cell wall composition, cell membranes, coenzyme, and 

ribosomal RNA sequences composition (Bitton, 2005a). Methanogens are sensitive to 

oxygen and rich in degradable organic compounds (Sekiguchi et al., 2001). 

2.1.4 Operational environment 

Methanogens are strongly susceptible to variations in the operational conditions of an 

anaerobic reactor (Taricska et al., 2006). These operational factors comprise organic 

loading rate, temperature, pH, alkalinity, retention time, nutrient (C/N ratio, phosphorus, 

sulphur, iron, cobalt, nickel, molybdenum) (Chernicharo, 2007), competition of 

methanogens with sulphate-reducing bacteria, the presence of toxicants (Bitton, 

2005a), mixing (Williams, 2005a), cation concentrations such as calcium and 

ammonium concentrations, and volatile acids such as acetic acid (Abrams, 1997). As a 

result, operational conditions must be monitored and maintained within an acceptable 

level of methanogen activity. Table 2.2 shows the operational parameter ranges of a 

typical anaerobic digestion process.  

 

Table 2.2 Operational parameter ranges for methanogens. 

Parameter Unit Optimum Acceptable range 

Alkalinity mg L
-1

 as CaCO3 1,500-3,000 1,000-1,500 

       3,000-5,000 

Gas composition      

  Methane % volume 65-70 60-65 and 70-75 

  Carbon dioxide % volume 30-35 25-30 and 35-40 

Hydraulic retention time days 10-15 7-10 and 15-30 

pH  6.8-7.2 6.6-6.8 and 7.2-7.6 

Temperature mesophilic °C 30-35 20-30 and 35-40 

Temperature thermophilic °C 50-56 45-50 and 57-60 

Volatile acids mg L
-1

 as acetic acid 50-500 500-2,000 

Source: Gerardi (2003) 
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Organic loading rate (OLR) 

The organic loading rate (OLR) is a significant factor in process control as it represents 

the amount of organic content in terms of volatile solids (VS) or COD fed into the 

digester (Mu et al., 2008). The volatile solids indicate the digestible organic matter, 

whereas non-biodegradable matter is called fixed solid. Suitable OLR varies among 

different types of substrates due to their own biochemical activities (Paepatung et al., 

2009a). Over loading a digester can inhibit the digestion process because either 

microorganisms cannot convert excessive substrate, or the complex substrate can be 

converted to VFA, but too high VFA levels limit methanogen activity (Møller et al., 

2010).  

Temperature 

Methanogens can survive in a range of temperatures from 5 to over 65°C, as indicated 

in Table 2.3. However, normally the operational conditions are under the mesophilic 

condition or the thermophilic condition (Zhang, 2010). The thermophilic digester 

requires more energy to control the temperature, resulting in higher operational costs 

and it is more sensitive to toxicants, but it can digest higher loading rates, resulting in 

better gas production and greater pathogen removal (Bitton, 2005a). 

 

Table 2.3 Temperature ranges for methanogens.  

Methanogen Group Temperature Range, °C 

Psychrophiles   5-25 

Mesophiles  30-35 

Thermophiles  50-60 

Hyperthermophiles  >65 

Source: Gerardi (2003) 

Alkalinity and pH 

The optimum pH range is 6.8-7.5 for most methanogens (Williams, 2005a). The system 

may fail if the pH is less than 6.0 because the number of acidogenic bacteria increases, 

which results in an imbalance in the reactor (Krishania et al., 2013). Normally, 

methanogens produce bicarbonate alkalinity as a pH buffer (Yamashiro et al., 2013). 

The pH depends on the carbon dioxide content of the biogas since CO2 leads to the 

production of carbonic acid, bicarbonate alkalinity and carbonate alkalinity (Chaudhari 

et al., 2012). Within the neutral pH range, the alkalinity concentration is between 1,000 

and 5,000 mg L-1 as calcium carbonate (Abrams, 1997). In order to recover the pH 
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balance, some chemicals such as lime, anhydrous ammonia, sodium hydroxide, 

sodium bicarbonate or soda ash are added (Bitton, 2005a, Gerardi, 2003). 

Retention time 

Retention time is generally defined as the time period that substrates are digested in 

the reactor before discharge. Retention time is important because it must be sufficient 

for metabolism of microorganisms (Chernicharo, 2007). Retention time is divided into 

two types, solids retention time (SRT) and hydraulic retention time (HRT) (Metcalf & 

Eddy, 1991). The SRT means the period that the microorganisms work in the process 

while the HRT is the period for which substrate is retained in the process (Gerardi, 

2003). In a suspended-growth reactor, the SRT is the same as the HRT. But in an 

attached-growth reactor or recycle solid reactor, the SRT and HRT are different 

(Polprasert, 1989). Retention time varies with the substrate characteristics, the 

quantities and system design (Wheately, 1991). Usually a thermophilic condition 

reactor is designed to have lower SRT than a mesophilic type, since the thermophilic 

bacteria are more efficient (De la Rubia et al., 2002). Higher SRT benefits the 

anaerobic digesters due to an increase in the capacity of the process, a decrease in 

the volume of the reactor, a higher buffering capacity for shock loading and an 

acclimation of toxicity from the substrate (De la Rubia et al., 2006).  

Nutrient of substrate 

Microorganisms in anaerobic digestion require nutrients for the biodegradation process 

(Rajeshwari et al., 2000). Nutrient can be categorised into two groups: macronutrients 

and micronutrients, as shown in Table 2.4 (Vintiloiu et al., 2012). To survive, all 

bacteria in the anaerobic digestion system need macronutrients such as nitrogen and 

phosphorus (Nges et al., 2012). Micronutrients are supplements to macronutrients that 

most microorganisms use in relatively small quantities for the anaerobic digestion 

process such as sulphur, iron, cobalt, nickel, molybdenum (Gerardi, 2003). 

 

Table 2.4 Macronutrients and micronutrients required by microorganisms in anaerobic 

digestion process. 

Macronutrients Micronutrients 

Nitrogen Sulphur 

Phosphorus Iron 

  Cobalt 

  Nickel 

  Molybdenum 
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Adequate nutrition must be balanced in the substrate. The optimal nutrients in the 

anaerobic digestion system have been researched. Polprasert (1989) advised the 

optimal C/N ratio as 25-30/1. Malina and Pohland (1992) reported that 7/1 is a suitable 

ratio of N/P for the anaerobic digestion process (Malina and Pohland, 1992). Nitrogen 

as ammoniacal-nitrogen (NH+
4-N) and phosphorus as orthophosphate-phosphorus 

(HPO-
4), are the main macronutrients for anaerobic digestion (Kafle and Kim, 2013, 

Mohan et al., 2011). Several chemicals can be added in order to maintain nutrients in 

the system. To increase nitrogen level, ammonium chloride, aqueous ammonia and 

urea may be used; while for raising phosphorus content, phosphate salts and 

phosphoric acid are added (Zhong et al., 2011, Gerardi, 2003). 

 

Micronutrients such as cobalt, iron, nickel, selenium and tungsten and sulphide are 

essential during the conversion of acetate to methane for effective degradation of 

substrate and operation efficiency (Takashima et al., 2011). Molybdenum, tungsten, 

selenium, barium, calcium, magnesium and sodium are reported as micronutrients 

(Gerardi, 2003). The addition of nickel dramatically enhances biogas production at 

laboratory-scale because methanogens can convert a greater quantity of acetate to 

methane (Williams et al., 1986). 

 

Optimum concentration of cation concentration can stimulate anaerobic digestion 

activity but high cation concentrations may have an adverse effect. For instance, the 

concentration of calcium between 100 and 200 mg L-1 stimulates methanogens, but 

gradually inhibits them within the range of 2,500-4,500 mg L-1 and is seriously toxic to 

anaerobic digestion at over 8,000 mg L-1 (Abrams, 1997).  

Competition of Methanogens with Sulphate-Reducing Bacteria 

In the condition of low acetate concentration, sulphate-reducing bacteria can overcome 

methanogens (Bitton, 2005a). The competitive ratio of COD/SO4 is between 1.7 and 

2.7. If the condition is beyond that range, methanogens will predominate over sulphate-

reducing bacteria (Choi and Rim, 1991). Also, at high hydrogen pressure, sulphate-

reducing bacteria are more effective than the methanogens at converting sulphate to 

sulphide (Abram and Nedwell, 1978). 

Toxicants  

The level of toxicants that the system can tolerate depends on the composition and 

quantity of the toxicant and the acclimation. The concentrations of inhibitory toxicants 

have been reported as in Table 2.5.  
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Table 2.5 Concentrations of toxicants that affect anaerobic digestion process in 

general. 

Concentration of Inhibition 

Toxicant Normal Level (mg L
-1

) High Level (mg L
-1

) 

Sodium 3,500-5,500 8,000 

Potassium 2,500-4,500 12,000 

Calcium 2,500-4,500 8,000 

Magnesium 1,000-1,500 3,000 

Ammonia-N 1,500-3,000 3,000 

Sulphide 200 200 

Copper ND 0.5 soluble 

   50-70 total 

Chromium (VI) ND 3.0 soluble 

   200-600 soluble 

Chromium (III) ND 180-420 total 

Nickel ND 2.0 soluble 

   30 total 

Zinc ND 1.0 soluble 

Acetaldehyde 440 ND 

Acrolein 10 ND 

Bacitracin 20 ND 

Bromoethanesulphonate 20   

Chloroform 15   

Creolin (mixture of creosote, phenols, and 

resins) 1   

Dinitrophenol 40   

Dettol  (p-chlorometaxylenol, terpinol, and 

isopropanol) 10   

Ethylbenzene 340   

Fluorinated hydrocarbons  (CCl3F, CCl2F2) 1   

Formaldehyde 70   

Long-chain fatty acids 500   

Nonensin 2   

Nitrobenzene 10   

Tannins 700   

Virginiamycin 10   

Source: Malina and Pohland (1992) 

ND is "Not detected". 

 

The inhibition level of un-ionised ammonia is between 1,500-3,000 mg L-1 which 

normally is observed at a neutral pH as the production of un-ionised ammonia is pH-

dependent (Bitton, 2005a). Chloroform of 1.0 mg L-1 or over, totally inhibits 

methanogens (Hickey et al., 1987). Long chain fatty acids (LCFAs) adsorb onto 

inoculum resulting in the flotation of inoculum and consequent washout (Chen et al., 
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2008b). Heavy metals at trace level motivate the digestion process but their higher 

concentration is inhibitive to methanogens (Hayes and Theis, 1978). The sources of 

heavy metals may result from industrial wastewater. The sequence of increasing 

toxicity is Ni, Cu, Cd, Cr and Pb, respectively (Hayes and Theis, 1978). Sulphide is 

inhibitive to the process at a level of 200 mg L-1 (Abrams, 1997). It can be in the form of 

H2S and sulphate (Bitton, 2005a). Sulphate in the form of sulphate-reducing bacteria 

inhibits the growth of methanogens. The inhibition is found at 5% H2S and up to 5,000 

mg L-1 (Karhadkar et al., 1987). Tannins originate from grapes, bananas, apples, 

coffee, beans and cereals (Bitton, 2005a). Tannins have been found to contribute to 

less than 50% of the COD of the debarking process wastewater and a methanogen 

inhibitor proportional to the extent of polymerisation (Field et al., 1988). NaCl is 

recognised as an inhibitor of this process (Malina and Pohland, 1992). The addition of 

potassium salts would enhance the toxicity of salinity as potassium increases sodium 

toxicity (Bitton, 2005a). 

Mixing 

Stirring the substrate develops good contact between the substrate and the bacteria, 

and reduces the grit sedimentation and scum (Li and Wang, 2011). Mixing promotes 

uniform distribution of materials in the reactor so that dead zones and thermal 

stratification are avoided (Williams, 2005a). There are three methods of mixing: re-

circulation of sludge, recirculation of gas and mechanical mixing (Hobson and 

Wheately, 1992). 

2.1.5 Configurations of anaerobic digestion reactor 

Anaerobic digesters can be divided into many categories based on the bacterial growth 

system in the reactor, operating temperature, stage of the process, mode of operation 

and solids contents in the reactor, as shown in Table 2.6. Considering the bacterial 

growth system, normally the reactor is designed to either have the bacteria distributed 

throughout the reactor by mechanical mixing or have the bacteria fixed, in which case 

the substrate is fed through the bacteria (Bitton, 2005b). Based on the operating 

temperature, the reactor is maintained within one of three ranges called psychrophilic, 

mesophilic and thermophilic (Li et al., 2011). For the stages of the reactor, a two-stage 

reactor is more complex than a single stage (Nasr et al., 2012). The mode of operation 

can be ‘batch’ or ‘steady state’ (Nizami and Murphy, 2010). Finally, the design of solids 

content depends on the substrate characteristics. Substrates with a high content of 

solid, such as waste, are designed to work in dry reactors (Nizami and Murphy, 2010). 

The details of all configurations are discussed below. 
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Table 2.6 Categories of anaerobic reactors with different characteristics. 

Characteristic Application 

Bacterial growth system Suspended 

  Fixed film 

Operating temperature Psychrophilic 

  Mesophilic 

  Thermophilic 

Stage Single-stage 

  Two-stage 

Modes of operation Batch 

  Steady state 

Solids contents Wet 

  Dry 

Bacteria growth systems 

The growth of bacteria in the reactors can be divided into two categories: suspended 

and fixed film systems (Nizami and Murphy, 2010). Table 2.7 shows the features of 

suspended growth bacteria versus fixed film growth bacteria. In a suspended growth 

system, the bacteria are dispersed by a mixing mechanism, and all matter in the 

reactor ideally has a uniform distribution (Gray, 2004). Therefore, solid retention time 

(SRT) is the same as the hydraulic retention time (HRT) (Chernicharo, 2007). On the 

other hand, the bacteria are fixed and grow for long periods of time in an anaerobic 

fixed film reactor (Abrams, 1997). Thus the SRT is longer than the HRT (Chernicharo, 

2007). Sometimes, media such as gravel, plastic and rock are used as a support of 

microorganisms and the flow of substrate through the media may be from the top to the 

bottom or in the reverse direction (Oh and Ellis, 2012). The main advantage of the 

suspended type is its capability of receiving high solids content of substrate (Jansen, 

2010). The fixed film reactor is smaller than the suspended growth reactor, with the 

same designed organic loading rate as the suspended type has, because of its lower 

SRT; and consequently, less investment and a smaller project area are required for a 

fixed film reactor (Acharya et al., 2008) 

 

Table 2.7 Features of suspended growth bacteria versus fixed film growth bacteria. 

Suspended growth Fixed film growth 

Appropriate for high strength wastes and 

suspended solids  

Appropriate for lower strength of wastewater 

More toxic dilution Less volume due to higher SRT 

Similar level of nutrients, pH, substrate and 

temperature over the reactor 

Better toxic acclimation (suitable for industrial 

wastewater) 

Good mixing minimises dead zone and settleability. More reduction efficiency due to longer SRT 

No media filter required No mechanical mixing required 
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Anaerobic digestion is used to treat waste from small-scale systems up to industrial-

scale systems (Massoud et al., 2009). In developing countries, most households have 

septic tanks to dispose of faeces before discharge (Hammes et al., 2000). For the 

large-scale system such as oil palm wastewater, the up-flow anaerobic sludge blanket 

(UASB), as a fixed film bacterial growth system, becomes a well-known technology due 

to odour reduction and renewable energy as a by-product, compared to an aerobic 

treatment system (Fricke et al., 2005).The diagram of a UASB, as an example of fixed 

film bacterial growth, is shown in Figure 2.3. Examples of the fixed film growth reactor 

types are UASB, anaerobic filter, hybrid bed filter and fluidised bed reactor (Wheately, 

1991). The latter three types have media in the reactor to allow the microorganisms to 

be retained, and consequently are resistant to wash out (Oh and Ellis, 2012). 

 

 

Figure 2.3 Upflow anaerobic sludge blanket (UASB), fixed film bacterial growth type. 

 

The two main suspended bacterial growth reactors are a completely stirred tank reactor 

(CSTR) and an anaerobic contact reactor (Chaudhari et al., 2012). Figure 2.4 illustrates 

the configuration of the CSTR. The CSTR requires a mixing mechanism to assist the 

microorganisms to digest the substrate and to provide uniform conditions throughout 

the contents of the reactor and the incoming substrate is evenly distributed by the 

mixing mechanism (Bitton, 2005b). As the concentration of the substance in the CSTR 

tank is uniformly distributed, the SRT is the same as the HRT (Chernicharo, 2007). 

This results in a bigger reactor than the fixed film growth type (Erickson, 1992). Due to 

the larger size of the reactor, the suspended bacterial growth reactor is advantageous 

over the fixed film type when considering the capability to accept substrate containing 

high levels of toxicants (Metcalf & Eddy, 1991). The CSTR is appropriate for substrates 

with a high degree of suspended solids and soluble organics (Bitton, 2005a). Malina 

and Pohland (1992) recommend a loading rate of 0.5 to 6 kgVS m-3 day-1 or 1 to 10 

kgCOD m-3 day-1.  
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Figure 2.4 Completely stirred tank reactor (CSTR), suspended microorganisms growth 

type. 

 

Figure 2.5 shows the configuration of the anaerobic contact process. The anaerobic 

contact process is designed to solve the disadvantages of the conventional CSTR. The 

main problem with a CSTR is that the suspended solids are not well degraded in the 

reactor. Biomass settlement and degasification are added to the system. Biomass is 

separated and returned to the reactor. Consequently, there is a higher SRT than HRT. 

Three approaches to the degassing process are: a) gas stripping, b) stirred, and c) 

vacuum degassing. The retention time in the degassing process is 10-15 minutes. All 

concepts can be aggregated. For example, the French Degremont process applies gas 

stirred, and vacuum as degasification (Hobson and Wheately, 1992). Normally, the 

operational conditions of the contact digester are 0.5 to 2.5 kgCOD m-3 day-1 organic 

loading rate and 1-5 days retention time; and the removal efficiency is 80 to 90% with 5 

to 10,000 mg L-1 solid concentration (Metcalf & Eddy, 1991). 

 

 

Figure 2.5 Anaerobic contact process, suspended microorganisms growth type. 

Operating temperature 

As discussed earlier, methanogens can survive in several ranges of temperature and 

are classified into psychrophilic, mesophilic, thermophilic and hyperthermophilic 

systems. The mesophilic system is preferred for full-scale plants for the following 

reasons (Gerardi, 2003). Firstly, mesophilic methanogens are the most common in 

nature. Therefore, the mesophilic reactor is more stable. Secondly, the operation is 

relatively easy when compared to the thermophilic system, as it is operated at 30-
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35°C. The thermophilic system takes place at higher temperatures (50-60°C). The 

advantage of a thermophilic system is the high destruction efficiency of pathogens due 

to the high temperature at which it operates (Gerardi, 2003). 

Number of Stages 

Digesters can occur in a single stage process or a two stage process (Nizami, 2012). A 

single stage digester comprises substrate inlet and outlet, sludge discharge, mixing, 

heating and gas collection (Taricska et al., 2006). After the steady stage of anaerobic 

digestion, there are layers of gas scum, supernatant, active digester sludge and 

digested sludge and grit (Angelidaki and Batstone, 2010). The drawback of the single 

stage digester is that the reactor has an increased opportunity for failure since all 

bacteria as hydrolysis, acidogenic, acetogenic and methanogen work together 

simultaneously (Malina and Pohland, 1992). Acidogenic bacteria grow more naturally, 

and are more tolerant of changes in operational conditions than methanogens (Bitton, 

2005b). The lack of tolerance in change with methanogens is why the two-stage 

system has been developed.  

 

A two-stage reactor contains more than two individual tanks. Methane production and 

SRT are equivalent to those in a single stage reactor, but there is less HRT as it is 

designed to retain the inoculum (Chernicharo, 2007). The operational condition of the 

two stage systems varies. In some systems, acid production happens in the first tank 

and methane production occurs in the second tank; in other systems, both sludge 

digestion and methane production occur in the first tank and sludge thickening and 

storage takes place in the following tank. Sometimes, both thermophilic and mesophilic 

temperatures are applied in the first and second reactors (Jansen, 2010). 

Mode of operation 

An anaerobic digestion reactor can be operated at a batch process level or as a steady 

state process (Møller et al., 2010). Figure 2.6 illustrates the batch reactor. In the batch 

operation, the reactor is, first of all, fed with inoculum. The substrate is then added 

once at the beginning of the process and at the end the sludge in the reactor is 

pumped out. It is an unsteady-state operation where the composition in the reactor 

changes with time but it is uniform throughout the reactor at any given time (Fogler, 

2006). The design of batch digestion is simple and requires less equipment than 

continuous flow reactors (Kurchania, 2012). 
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Figure 2.6 Diagram of batch reactor. 

 

Steady state digestion is divided into two types (Levenspiel, 1999). Firstly the plug flow 

reactor, as depicted in Figure 2.7, is characterised by the substrate flow in the reactor 

passing through the reactor without overtaking or mixing with any matter ahead or 

behind (Chernicharo, 2007). The concept of the plug flow reactor is to allow all 

elements of the substrate to have the same retention time in the reactor (Kurchania, 

2012). The second type of steady state reactor is the mixed flow type, as shown Figure 

2.8 (Chernicharo, 2007). The substrate is uniform throughout, and the discharge has a 

composition similar to the substrate in the reactor (Kurchania, 2012). The steady state 

process is operated by constantly loading organic content throughout the operation. 

The end products are continuously removed. As a result, biogas production is constant. 

 

 

 

Figure 2.7 Diagram of plug flow reactor. 

             

Figure 2.8 Diagram of mixed flow reactors. 

 

Solids content 

In terms of solids content, anaerobic digestion is divided into dry and wet processes 

(Luning et al., 2003). In the dry process, the reactor has 20-40% total solids while the 

wet reactor consists of below 20% total solids (Vandevivere et al., 2003). The CSTR is 
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the most common configuration for the dry process (Weiland, 2006). A dry process is 

suitable for municipal solid waste, fruit and vegetable solid waste, and grass biomass 

without pre-treatment (Ahn et al., 2010). Leachate is recirculated to maintain the level 

of total solids (Sponza and Ağdağ, 2004, Brummeler et al., 1991). The wet process 

requires greater energy than the dry one because of the demands of biomass dilution 

and the pumping and mixing mechanisms (Nizami and Murphy, 2010). However, the 

dry process has a disadvantage with its pumping system - the pump functions with a 

high solids content substrate sometimes causing an overloading of the pump (Ahn et 

al., 2010). 

2.1.6 Application of anaerobic digestion 

In developed countries, anaerobic digestion can reduce the amount of organic waste 

that is deposited in a landfill site; is environmentally friendly and the by-products are 

useful (Nizami et al., 2011). Anaerobic digestion reduces methane production from 

landfill sites. Biogas and sludge, as by-products, can substitute for fossil fuels and 

chemical fertilisers. Anaerobic digestion in developing countries is used for home and 

farm-based digesters for cheap, low cost energy for cooking and lighting, which 

constitute the greatest benefits of anaerobic digesters in India and China (Doelle, 

2002). Anaerobic digestion is used to treat wastewater, agricultural waste, municipal 

solid waste, and sludge that have a high organic content (Vandevivere, 1999). This 

study focuses on two applications: leachate and biomass anaerobic digestion. 

Anaerobic digestion of leachate 

The performance of anaerobic digestion of leachate in suspended bacterial growth and 

fixed film bacterial growth processes is shown in Table 2.8. The composition of 

leachate varies, ranging from 108 to 64,000 mgCOD L-1. The pH is between 4.07 and 

13. Around 50% of studies report the reactor is set at 30-35oC with a mesophilic 

temperature range. The biogas production results are not presented in most reports. 

The most important data in anaerobic digestion studies of leachate is the removal 

efficiency, as shown in all reports.  
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Table 2.8 Summary of anaerobic digestion of leachate. 

Reference Substrate pH Volume of Temperature HRT  Removal Methane  

   concentration     reactor     efficiency  yield 

  (mgCOD L
-1

)    (L)  (
o
C) (days)  (%) (L kgCOD

-1
) 

Conventional suspended growth digester 

Cameron and Koch 
(1980) 

21,000-33,000 
5.1-
5.3 

14 29-38  5-20 
65-79 
COD 

360-420 

Bull et al. (1983) 4,000 (BOD) 7 >4 20-25 86 96 BOD N/A 

   2 24 30 53 COD N/A 

 Rautenbach and Mellis 
(1994) 

1,000-4,000 N/A 155 N/A N/A N/A N/A 

Martienssen and 
Schöps (1997) 

2,560 8 30 25 N/A N/A N/A 

Sung et al (1997) 
5,100-8,300 

7.6-
9.3 

1.25 15.5-35  2-10 
56-70 
COD 

N/A 

 Lin (1991) 
22,750 

6.3-
7.5 

2 35  8-20 
49-94 
COD 

330-700 

Shiskowski and 
Mavinic (1998)  

200-1,200 
(NH4+) 

7.5 N/A 20 
1.72 

hr 
N/A N/A 

Welander and 
Henrysson (1998) 

800-2,000   N/A 900 17 0.72 20 COD N/A 

Ghsimi et al.(2008) 55,500 N/A 10 35 91  N/A  N/A 

Wan (2009) 21,000 4.07 1 35 20 33 COD 1 (VSadded) 

 
2,900 6.97  N/A  N/A 20 46 COD 

200 
(VSadded) 

Kheradmand (2010) 
48,552-62,150 6.31 150 32 15 

59-79 
COD 

22-40  

Sequencing batch reactor (SBR) 

Timur and Özturk 
(1999) 

546-5,770 
(TOC) 

7.3-
7.8 2 35 10-1.5 

73.9 
TOC N/A 

Zouboulis et al (2001) 15,000 7.5 8 40-50  N/A 
75 

COD N/A 

Uygur and Kargı  
(2004) 5,750 8.6 5 25  N/A 

62 
COD N/A 

UASB  

García et al (1996) 
10,000-64,000 

6.1-
7.8 

3.5 15-35 
0.6-
0.1 

82CO
D 

N/A 

Kettunen et al (1996) 
3,000-4,300 

6.8-
7.4 

0.38  11-24 
0.4-
1.4 

45-71 
COD 

N/A 

Kettunen and Rintala 
(1998) 

1,500-3,200 
6.5-
7.0 

40 13-23 
0.96-

1.3 
65-75 
COD 

N/A 

Borzacconi et al (1999) 
30,000  - 4.6 30 0.75 

82 
COD 

N/A 

Timur and Özturk 
(1999) 

3,800-15,900 
7.3-
7.8 

2 35 10-1.5 
83 

COD 
N/A 

Kennedy and Lentz 
(2000) 

3,210-9,190 
6.9-
9.0  

6.2 35 0.5-1 
77-91 
COD 

N/A 

Im et al.(2001) 
24,400 7.3 20 36 N/A 

80-90 
COD 

N/A 

Ozturk et al.,(2003) 
35,000-50,000 

5.6-
7.0 

 N/A  N/A  N/A  N/A N/A 

Sun et al., (2010) 
7,856-22,500 

7.1-
8.5 

3 30 
0.66-
1.88 

93.4-
94.5 
COD 

N/A 

Liu (2012a) 
33,000 

6.5-
7.5 

6 35 0.52 85-90 320 

       26-36 0.75 69 270 

Anaerobic filter   

Henry et al.(1987) 14,000 5.8 3 21-25  2-4 
68-95 
COD N/A 

  3,750 
6.38-
6.58     3 21-25   0.5-1 

60-95 
COD 320-430 

Bae et al.(1997) 5,000-6,000  N/A 4 35  N/A 
 87.5 

NH4+ N/A 
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Table 2.8 Summary of anaerobic digestion of leachate (continued). 

Reference Substrate pH Volume of Temperature HRT  Removal Methane  

   concentration     reactor     efficiency  yield 

  (mgCOD L
-1

)    (L)  (
o
C) (days)  (%) (L kgCOD

-1
) 

Hybrid bed filter 

Kettunen and Rintala 
(1995) 2,000-3,000 

 12-
13 2.5 21 62 75 COD N/A 

Kettunen et al.(1996) 1,800 
6.8-
7.4 0.56 11 1.4 56 COD N/A 

Nedwell and Reynolds 
(1996) 19,600-42,000 

6.5-
7.5 22 30 2.5-5 

81-97 
COD N/A 

Timur and Özturk 
(1997) 

1,250-4,490 
(TOC) 

7.3-
7.8 3.35 35 

5.1-
0.9 

65.3 
TOC N/A 

Fluidized bed reactor  

Imai et al.(1998) 108 8 4.5 20 N/A 
42-57 
DOC N/A 

Suidan et al.(1993) 1,100-3,800 N/A 7.9 35 N/A 82 COD N/A 

Chen et al (2008a) 7,800-16,000 
6.88-
7.65 4.2 35 1.5-4 

86-91 
COD N/A 

Source: Updated from Renou (2008)  

Note: N/A means data are not available. 

 

The suspended bacterial growth reactor can be divided into a conventional reactor and 

a sequencing batch reactor. Conventional reactors can remove 20-94% COD while 

SBR can remove in the range of 60-90% as presented in Table 2.8. The anaerobic 

digestion of leachate in this type of reactor obtains 20-420 LCH4 kgCOD-1. The 

leachate age significantly affects the methane yield (Wan, 2009). Using three 14 L 

bench-scale reactors with a continuous mixer operating in the mesophilic range, 

Cameron and Koch (1980) reported that heavy metals and other toxicants in the 

leachate did not affect the suspended growth process and the removal efficiency of 

heavy metal was relatively good even though lower than that of aerobic treatment. 

 

In the fixed film type of reactor, the variation in removal efficiency is 45-95%. The fixed 

film bacterial growth reactor is categorised into; UASBs, anaerobic filter reactors, 

hybrid bed filter reactors and fluidised bed reactors. The removal efficiency of the fixed 

film type is generally similar to that of the suspended growth model, and also has a 

similar methane yield of 270-430 L kgCOD-1. It is noted that the hydraulic retention time 

of the fixed film type is short – below three days – whereas that of the suspended type 

is up to 91 days. The suspended growth reactors are larger than the fixed film growth 

type with the same removal efficiency since the SRT of the fixed film type is higher than 

HRT (Switzenbaum, 1983). A UASB has over 70% COD removal. An anaerobic filter 

reactor is similar to a UASB, with media at the bottom of the reactor. Anaerobic filter 

reactors can remove 90% COD and generate 320-430 LCH4 kgCODremoved
-1. Henry et 

al. (1987) reported that the leachate from mature landfill had lower organic content than 

that from a young landfill, and the anaerobic filter reactor had different COD removal 

efficiencies in the mature (40%) and young (65%) leachates (Rodríguez Iglesias et al., 
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2000). A hybrid bed filter reactor is similar to an anaerobic filter with the media on top. A 

hybrid bed filter reactor can result in 81-97% COD removal. It was found that the 

fluidised bed reactor was much more suitable to treat mature landfill leachate than a 

conventional one (Abbas et al., 2009). However, the limitation of the fixed film type is 

the added cost of media in the reactor, such as filters for the anaerobic filter (Renou et 

al., 2008). 

Anaerobic digestion of biomass 

Biomasses that have the potential to produce a high methane yield are listed in Table 

2.9.  

 

Table 2.9 Biomasses with high methane yield. 

Biomass Methane yield (L kgVSadded
-1) 

Organic fraction of municipal solid waste  390-430 

Fruit and vegetable solid waste (FVSW)   

Banana (fruit and stem) 529 

FVSW mixture 510 

Ipomoea leaves 429 

Potato waste 426 

Cauliflower leaves 423 

Tomato processing waste 420 

Carrot waste 417 

Banana peeling 409 

Pineapple processing  335 

Grass   

Sorghum 420 

Millet straw 390 

Grass 

Wheat straw 383 

Paddy straw 367 

Corn Stover 360 

Napier grass 551 342 

Woody biomass   

Ipomoea stem   

  40 days pre-incubated in water 426 

  0.4 mm particle 361 

Poplar wood 330 

Vine shoot (pre-treated) 315 

Freshwater biomass   

Pistia 410 

Water hyacinth (NaOH treated) 362 
Source: Gunaseelan (1997) 
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All biomasses of land and water based species can be digested. The range of methane 

yield from municipal solid waste varies from 390 and 430 L kgVSadded
-1 due to different 

types of separation. Among fruit and vegetable solid waste (FVSW), banana is the best 

substrates for methane yield (over 500 L kgVSadded
-1). Meanwhile the methane yield of 

sorghum, Ipomoea stem and Pistia are quite similar –approximately 420 L kgVSadded
-1. 

2.2 Leachate as a substrate 

Landfill leachate is defined as a liquid that has percolated through emplaced waste and 

in so doing has extracted suspended solids, soluble constituents of waste and soluble 

products of the waste degradation process (Renou et al., 2008). The composition of 

leachate results from the stage of degradation of the organic wastes and the type of 

waste within the landfill (Cameron and Koch, 1980). The discharge of leachate is one 

of the significant problems arising from landfills (Ehrig, 1983). It is contaminated with 

several heavy metals, dissolved organic matter, xenobiotic organic compounds and 

inorganic macro-components as pollutants (Kjeldsen et al., 2002). Consequently, the 

surrounding soil, groundwater or surface water can receive considerable pollution 

problems (Pohland and Harper, 1985).  

2.2.1 Leachate formation mechanism  

The leachate formation mechanism is based on anaerobic biological conditions 

(Keenan et al., 1993). The first phase of anaerobic degradation is acid-fermentation by 

hydrolysis, acidogenesis and acetogenesis. The activity in this phase leads the 

leachate having a low pH value, high volatile acid concentrations, and contamination by 

inorganic ions such as Cl-, SO4
2-, Ca2+, Mg2+, Na+

 (Andreottola and Cannas, 1992). The 

drop in pH results from the high generation of volatile fatty acids and the high partial 

pressure of carbon dioxide (Chen, 1996). Sulphide formation occurs when SO4
2- is 

available (Gerardi, 2003). The production of sulphides then precipitates iron, 

manganese and heavy metals that were dissolved by the acid-fermentation (Londry 

and Suflita, 1999). A concentration of cations and anions in the leachate occurs as the 

easily soluble material of the waste is broken down (Crawford and Smith, 1985). The 

leachate in this phase is classified as being of a young age and contains a high 

concentration of BOD and COD, low pH value, organic acids, alcohols and ammonia 

(Calli et al., 2005). The presence of ammonia is caused by hydrolysis and fermentation 

of protein in the waste (Lü et al., 2008). There is a high heavy metal concentration at 

this stage (Mohan and Gandhimathi, 2009). 
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The second phase of leachate formation mechanism is called methane fermentation, 

produced by methanogens. The leachate at this stage has neutral pH levels and low 

concentrations of volatile solids (Christensen et al., 1994, Tatsi et al., 2003, Lopez et 

al., 2004). This shows that biodegradability of the majority of organic compounds has 

gone down (Xu et al., 2006). The leachate at this stage is characterised as mature age 

by relatively low BOD and COD, neutral pH and low VFA (Kulikowska and Klimiuk, 

2008). Generally, there is a very low level of heavy metal concentration present at this 

stage (Kjeldsen et al., 2002). 

2.2.2 Composition of leachate 

Typical data on the characteristics of leachate are illustrated in Table 2.10. After water 

percolates through solid wastes, biological materials and chemical constituents are 

leached into solution as leachate (Bolton, 1995). The composition of leachate varies 

depending on the season, specific site, age of the site, waste composition, waste 

moisture content, waste particle size and bulk density, temperature, and the site 

environment (Christensen et al., 2001).  

 

As shown in Table 2.10, the leachate characteristics of the young stage are different 

from those of the mature stage (Tchobanoglous et al., 1993, Westlake, 1995, Mcbean 

et al., 1995, Ehrig, 1989). The young leachate contains a low level of pH, ranging from 

4.5 to 7.5; while that of the mature leachate ranges from 6.6 to 9. The alkalinity value is 

normally higher in the young leachate. The alkalinity of the young leachate is between 

1,000 and 10,000 mg L-1 while that of the old leachate is 200-1,000 mg L-1. The organic 

nitrogen is derived from protein and decreases over the duration of the time for the 

anaerobic processes (Salminen and Rintala, 2002). The young leachate contains 

organic nitrogen of 10-1,000 mg L-1 while the mature one has only 80-120 mg L-1. In 

the acid-fermentation phase of the landfill activity, the biodegradation of protein creates 

a significant quantity of ammonia nitrogen that inhibits the anaerobic digestion process 

(Tock et al., 2010). The total organic carbon (TOC), chemical oxygen demand (COD) 

and biochemical oxygen demand (BOD) in the leachate indicate the amount of carbon 

the leachate contains (Amon et al., 2007). The carbon is converted to methane and 

carbon dioxide through various bacteria in the anaerobic digestion process (Gujer and 

Zehnder, 1983). The amount of the carbon at the young age can be 100 times as high 

as that at the mature age. 

 

In the early stage of landfill, leachate is quite acidic, owing to high level of volatile fatty 

acids (Qasim and Chiang, 1994). The young leachate comprises both the complex 

biodegradation of organics such as cellulose, and simple dissolved organics like amino 
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acids, and volatile fatty acids (Harmsen, 1983, Connolly et al., 2004). After 4-5 years, 

the pH rises to the range of 7 to 8, due to the reduction in readily biodegradable 

organics and the landfill gas generation (Mcbean et al., 1995). Consequently, the 

strength of leachate measured by BOD and COD decrease in mature landfill. 

 

Table 2.10 Composition of leachate. 

Constituent 

Value (mg L
-1

) 

New landfill (less than 2 years) Mature landfill (more than 10 years) 

Source 

(Tchoba- (West- (Mcbean  (Ehrig, (Tchoba- (West- (Mcbean  (Ehrig, 

noglous  lake, et al., 1989) noglous  lake, et al., 1989) 

et al., 1993) 1995) 1995)   et al., 1993) 1995) 1995)   

BOD5 2,000-3,000 11,900 10,000-20,000 4,000-40,000 100-200 260 50-100 20-550 

TOC 1,500-20,000 8,000 9,000-15,000   80-160 465 100-1,000   

COD 3,000-60,000 23,800 20,000-40,000 6,000-60,000 100-500 1,160 500-3,000 500-4,500 

TKN     2,000       400   

TDS     20,000   5,000       

Total suspended solids 200-2,000       100-400       

Volatile acids as C   5,688       5     

Volatile fatty acids as 
acetic     9,000-25,000       50-100   

Organic nitrogen 10-800   500-1,000   80-120       

Nitrate 10-800 790 1,000-2,000   20-40 370 350   

Total phosphorus 5.0-40.0 3 0   5.0-10.0 1     

Ortho phosphorus 4.0-80.0 0.73     4.0-8.0 1.4     

Alkalinity as CaCO3 1,000-10,000       200-1,000       

pH 4.5-7.5 6.2   4.5-7.5 6.6-7.5 7.5   7.5-9 

Total hardness as CaCO3 300-10,000       200-500       

Total iron 50-1,200       20-200       

Anions                 

Chloride 200-3,000 1,315 1,000-3,000   100-400 2,080 500-2,000   

Sulfate 50-1,000   500-1,000 70-1,750 20-50   50-500 10-420 

Bicarbonate     1,000-3,000       1,000-2,000   

Phosphate     50-150        10-150   

Alkaline earth                 

Manganese   27   0.3-65   2.1   0.03-45 

Calcium     1,000-3,000 70-1,750     100-1,000 20-600 

Sodium 200-2,500 9,601 1,000-3,000 20-2,100 100-200 300 100-1,000   

Magnesium   252 500-1,000 50-1,150   185 100-1,000 40-350 

Potassium   780 500-1,000     590 100-1,000   

Heavy metal                 

Iron   540 500-1,000     23 100-300 3-280 

Aluminium     100-200        10-50   

Zinc   21.5 100-200 0.1-120   0.4  10-50 0.03-4 

Copper   0.12 <10     0.03     

Lead   0.4 <10     0.14     

Cadmium   1,820 <1     250     

Mercury     <1           

Note:  *Except pH which has no units.            

Source: Tchobanoglous et al. (1993), Westlake (1995), Mcbean et al. (1995) and Ehrig (1989).  

2.2.3 Factors affecting leachate quantity and composition 

There are several influences on leachate generation. First of all, waste characteristics 

such as the permeability of waste and the waste composition affect the amount and 

composition of landfill leachate (Reinhart and Townsend, 1998). For example, if the 

major portion of waste in a landfill is domestic waste, the concentration of BOD in 
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leachate is consequently high (Westlake, 1995). This is because the domestic waste 

contains food fractions as a source of high organic content. 

 

Moisture content of the landfill is another factor affecting leachate quantity and 

composition (Mcbean et al., 1995). Microorganisms in waste demand moisture for their 

growth (Raghab et al., 2013). The moisture content of the landfill accelerates the young 

leachate in its transformation into a mature leachate which has low concentration of 

pollutants (Tchobanoglous, 2003).  

 

In addition, the particle size of waste contributes to leachate strength (Westlake, 1995). 

Minimisation of the leachate strength requires optimisation of waste particle size and 

bulk density (Reinhart and Townsend, 1998). Particles that are recognised as too fine, 

or have too high a bulk density of waste result in a low pH and high COD leachate as 

they increase liquid flow paths through waste (Qasim and Chiang, 1994).  

 

Temperature affects both the quality and quantity of the leachate because temperature 

has an influence on microbial activity of anaerobic digestion (Bagchi, 1994). Several 

types of microorganisms in the landfill survive within a specific range of temperatures 

(Westlake, 1995).  The composition of the leachate can be different with different types 

of microorganisms (Tchobanoglous, 2003). The temperature also affects the amount of 

leachate, as assisted by the evaporation, which increases at a high temperature. Thus, 

there will be a decrease in the quantity of leachate (Bagchi, 2004). 

 

Leachate concentration is a function of the age of landfill as the rate of decomposition 

processes reduces with time (Qasim and Chiang, 1994). Normally, the young leachate 

in the first few years contains higher concentration such as BOD, COD and total solids, 

compared to that of the following years as shown in Figure 2.9. 

 

 

Figure 2.9 The concentration of leachate versus operation time (Bagchi, 2004). 

Concentration 

of leachate  

   Time 
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The presence of oxygen plays a significant role on leachate quality (Rowe et al., 2004). 

The chemical composition of waste from an aerobic condition is noticeably different 

from that of the anaerobic one (Bagchi, 2004). The anaerobic process occurs because 

soil that is used as a layer of soil cover in normal landfill operations prevents air from 

entering into the waste mass (Tchobanoglous et al., 1993). Therefore, the greatest 

development of anaerobic conditions exists in deeper waste beds (Williams, 2005b). 

 

Lastly, depth of the landfill cell also influences the leachate quality. When water from 

the surface percolates through a deeper layer of waste, the concentration of leachate is 

more dilute because anaerobic digestion occurs with percolation, and consequently the 

leachate is digested and becomes less concentrated (Jang and Townsend, 2003).  

2.2.4 Selection of leachate treatment 

For leachate management in sanitary landfill, several leachate treatment systems can 

be used. In general leachate that can be discharged from landfill boundary needs to be 

treated to meet national standards.  In order to achieve a good quality discharge, it is a 

good option to combine biological, physical and chemical treatment. The biological 

process is one of the most promising options for removing the organic-degradable 

components to a low level, and for possible absorption of heavy metals by suitable 

microorganisms (Ehrig and Stegman, 1992). The biological process is normally 

cheaper than chemical and physical processes, but requires a longer treatment period 

(Wiszniowski et al., 2006).  

 

Biological processes can be divided into aerobic and anaerobic processes as shown in 

Table 2.11. The aerobic process is the treatment wherein microorganisms require 

oxygen to breakdown organic biodegradable matter (Wiesmann et al., 2007). Examples 

of the aerobic process are activated sludge systems, aerobic lagoons, trickling filters 

and rotating biological contractors (Britz, 1995). Anaerobic digestion uses 

microorganisms that grow in the absence of dissolved oxygen, and convert organic 

material to carbon dioxide, methane and other metabolic products (Tchobanoglous et 

al., 1993). Examples of anaerobic processes are anaerobic CSTR, anaerobic filters, 

fixed film reactors and UASB (Britz, 1995). 

 

Table 2.11 Examples of aerobic and anaerobic processes 

Aerobic process Anaerobic process 

Activated sludge system Anaerobic CSTR  

Aerobic lagoon Anaerobic filters 

Trickling filter Fixed film reactors 

Rotating biological contractor UASB 
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There are various attractions to anaerobic digestion over the aerobic process 

(Chernicharo, 2007, Gerardi, 2003, Gray, 2004). Firstly, sludge production is lower, 

thereby decreasing problems associated with its disposal (Thirumurthi, 1991). The 

requirement of energy consumption is lower, associated with aeration in the aerobic 

process (Coombs, 1991). The methane production can be utilised as a heat or power 

source (Qasim and Chiang, 1994). In addition, anaerobic digestion requires lower 

nutrients, i.e. N and P (Britz, 1995). The sludge can be utilised as a soil improver if the 

heavy metal content is below a concentration specified by regulation (Ward et al., 

2008). With a high COD value in the leachate, it is appropriate to operate the anaerobic 

treatment process, especially from young leachates (Renou et al., 2008). 

2.3 Co-digestion 

Co-digestion is one of the anaerobic treatments that processes multiple substrates 

which results in an improvement of system efficiency (Álvarez et al., 2010). Ordinarily, 

other substrates are added to an existing anaerobic digestion plant which has excess 

capacity (Kangle et al., 2012). As a result, co-digestion could economically benefit from 

sharing excess capacity of a mono-digestion reactor (Astals et al., 2011). Co-digestion 

consequently leads to greater energy production and better system stability, as 

compared to a single substrate digestion (Astals et al., 2011). It is important to have the 

appropriate mixture of substrates so that methane production is maximised, as the 

proper co-substrate minimises inhibition of the process (Xie et al., 2011).  

 

Use of co-digestion normally increases biogas yield from good synergisms in the 

digestion medium due to the provision of nutrients that are lacking in the original 

substrate (Mata-Alvarez et al., 2000). An additional reason for co-digestion is the 

adjustment of the C/N ratio. Microorganisms prefer C/N in the ratio of 25/1. Co-

digestion of a low C/N ratio substrate with a high C/N ratio substrate is a basic concept 

of co-digestion (Ward et al., 2008). Co-digestion is an attractive solution since it 

optimises energy production and benefits the operational environment (Xie et al., 

2011). 

 

There are two common applications to which the co-digestion is applied; 1) wastewater 

treatment, and 2) animal manure treatment (Alvarez and Lidén, 2008). The first is co-

digestion in the wastewater treatment plants. As this type of digester is normally 

oversized, co-digestion with other substrates results in higher biogas production and 

consequently extra electricity generation (Braun and Wellinger, 2003b). Another 

application is animal manure treatment at farm scale. Additional co-substrates can 
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increase the biogas yield as well as provide income from a tipping fee (Braun and 

Wellinger, 2003a). As animal manure contains high levels of nitrogen, high carbon 

sources such as agricultural waste can be used as a co-substrate. Therefore, many 

recent studies have reported co-digestion of sewage sludge and animal manure with 

other substrates. These are reviewed here as they are recognised as relevant to the 

aims of this thesis. 

 

The co-substrates for sewage sludge digestion that have been studied are agricultural 

wastes (Romano and Zhang, 2008); municipal solid waste (MSW) (Bolzonella et al., 

2006, Gomez et al., 2006); fat, oil and grease (FOG) (Long et al., 2012); grease trap 

sludge (Davidsson et al., 2008, Luostarinen et al., 2009); organic fraction of MSW 

(OFMSW) (Sosnowski et al., 2003); food processing waste (FPW) (Murto et al., 2004, 

Kim et al., 2004); and algae (Cecchi et al., 1996). The co-substrates for animal manure 

digestion that have been reported are MSW (Angelidaki and Ellegaard, 2003, 

Callaghan et al., 1999, Hartmann and Ahring, 2005); FPW (Yamashiro et al., 2013, El-

Mashad and Zhang, 2010); fruit and vegetable waste (FVW) (Callaghan et al., 2002); 

industrial waste (Kaparaju and Rintala, 2005); cow dung; FVW, sheep and goat 

manures; molasses (Misi and Forster, 2001); solid slaughterhouse waste (SSW); and 

FVW (Alvarez and Lidén, 2008). 

 

Other applications of co-digestion are wastewater and FOG (Long et al., 2012); various 

industrial organic wastes (Murto et al., 2004); energy crops and industrial confectionery 

by-products (Kaparaju et al., 2002); algal sludge with waste paper (Yen and Brune, 

2007); OFMSW with FOG (Fernández et al., 2005); OFMSW with FOG (Fernández et 

al., 2005); FVW with fish waste (FW); abattoir wastewater and waste activated sludge 

(Bouallagui et al., 2009); pig manure; FVW and biodiesel waste (Álvarez et al., 2010); 

and SSW with OFMSW (Cuetos et al., 2008). 

2.3.1 Advantages and limitations of co-digestion 

The benefits and disadvantages of anaerobic co-digestion are described in Table 2.12. 

The advantages of co-digestion are nutrient improvement, fluid dynamics suitability, 

more efficient use of reactor capacity, and higher gas production. The main limitation of 

co-digestion is an increased total solids and COD concentration of effluent - co-

digestion increases the strength of the input substrates. 
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Table 2.12 Advantages and limitations of co-digestion technology 

Advantages Limitations 

Higher nutrient suitability Worse quality of effluent compared to a single 

substrate 

Balance of particulate, floating, settling, 

acidifying through mixing appropriate 

substrate 

Pre-treatment required in case the biomass 

proves difficult to be digested  

A greater gas production More power requirement on mixing 

More soil conditioner production Further wastewater treatment required 

An alternative of energy crops as substrate Reliability on an additional substrate cost  

Source: Wu (2007) 

 

Nutrient improvement 

Co-digestion leads to nutrient improvement in the system, creating greater system 

stability and an increase in methane yield due to different substrates having their own 

carbon and nitrogen characteristics (Mata-Alvarez et al., 2000). Appropriate 

combinations can maintain the overall C/N ratio in the system (Yen and Brune, 2007). 

 

Suitability of fluid dynamics 

Some biomasses have a high solids content. The anaerobic digestion of a high solids 

content biomass requires additional liquid to maintain the process because the addition 

of wastewater, such as leachate as a co-substrate for anaerobic digestion, increases 

the suitability of fluid dynamics in the reactor (Braun and Wellinger, 2003a). 

 

Additional benefit of the reactor tank 

Addition of co-substrate in the existing reactor can maximise the use of the system 

capacity (Björnsson et al., 2000). As the quantity and quality of a single substrate might 

vary, co-digestion of another substrate can significantly develop the overall economics 

of the plant since there is benefit from equipment sharing (Astals et al., 2011). 

 

Biomass as a co-substrate 

The addition of biomass results in an increase in the gas generation of a wastewater 

treatment plant (Macias-Corral et al., 2008). Wastewater such as leachate normally 

comprises a high amount of ammonia, which is one of the inhibitors in the process 

(Chen et al., 2008b). The co-digestion of leachate and biomass can balance the carbon 

to nitrogen ratio of the substrate offering a greater buffering capacity due to the high 

carbon content of biomass (Lehtomäki et al., 2007). 
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2.3.2 Co-digestion of leachate and other substrates 

Lin et al. (1999) assessed the operational parameters and treatment capability of the 

co-digestion of septage with leachate. Four laboratory scale mesophilic CSTR 

digesters with different ratios of septage and leachate were operated. Solid retention 

times, organic loading rate and volatile solids loading rate were controlled. It was found 

that at the same SRT, a higher ratio of septage enhanced the treatment efficiency and 

biogas yield, since higher leachate concentration in the co-digestion raised the level of 

ammonia nitrogen that is the inhibitor of the system. 

 

Co-digestion of leachate with septage was repeatedly investigated, but with a UASB 

reactor (Lin et al., 2000). It was concluded that a UASB was suitable for the co-

digestion of septage and leachate. At steady state, the removal efficiency of COD, 

phosphorous, carbohydrate, and protein in CSTR was better than that in a UASB, 

whereas a UASB could remove higher amounts of total solids, volatile solids and total 

volatile fatty acid. 

 

The feasibility of co-digestion of leachate and sewage sludge at the North End Water 

Pollution Control Centre of the City of Winnipeg was studied (Hombach, 2002). Three 

semi-continuous reactors were operated under steady-state conditions. No increase in 

methane production was noticed between 13.3 and 12.8-day retention time because of 

a decrease in volatile solids removal efficiency during an increasing addition of 

leachate. In addition, the results showed that there was no reduction in methane 

production at a retention time of 14.3 days with addition of seven percent of the 

leachate volume. 

 

Hombach (2003), confirmed that mesophilic anaerobic digestion of sewage sludge and 

landfill leachate was feasible. Landfill leachate and sewage sludge were investigated 

through a bench scale experiment by a CSTR in a semi-continuous mode. It was found 

that the leachate to sewage ratio of 0.12 increased methane production, yield, and 

volatile solids reduction. However, an addition of leachate to a ratio of 0.2 in the 

laboratory resulted in lower biogas generation and lower ability in volatile solids 

removal. 

 

Sewage, the effluent of sewage treatment plants (STPs), sewage sludge, and landfill 

leachate were analysed to determine the pollutants in the leachate that might affect the 

co-digestion process (Marttinen et al., 2003). Bis (2-ethylhexyl) phthalate (DEHP) was 

the pollutant found at maximum concentrations (up to 122 μg L-1) and it was found in all 

sewage and leachates. Concentrations of other phthalates were below 17 μg L-1. Some 
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polycyclic aromatic hydrocarbons (PAH) (-1 μg L-1) and 2,6-dinitrotoluene (5.9 μg L-1) 

were also present in the sewage and many of the leachates.  

 

Co-digestion of intermediate landfill leachate and sewage sludge from a municipal 

wastewater treatment plant was investigated by Montusiewicz and Lebiocka (2011). 

The addition of leachate increased the total organic carbon, ammonium nitrogen and 

alkalinity in the influent. The biogas yields were 1,300 L kgVSremoved
-1

 from the 20/1 ratio 

of sewage sludge and intermediate leachate mixture and 1,240 L kgVSremoved
-1

 from the 

10/1 ratio of sewage sludge and intermediate leachate mixture. The biogas yield in co-

digestion was 13% and 8% greater than the digestion of only sludge. 

 

Pastor et al. (2013) studied the co-digestion of used oils and landfill leachates with the 

sludge produced in a wastewater treatment plant (WWTP). Biomethane potential 

(BMP) tests were conducted. The biogas productions were 6.1 L kg-1 of fresh sludge, 

12.4 L kg-1 of fresh leachate, and 970.6 L kg-1 of fresh-used oil. Used oil was selected 

as a co-substrate for co-digestion with the sludge based on these results. The study 

was implemented in a pilot plant fed in semi-continuous mode under the mesophilic 

range to obtain an adequate mixture.  

 

So far, only septic and sewage sludge have been reported as co-substrates of landfill 

leachate in anaerobic digestion studies. The ratio of co-substrates is important for 

operation. The ratio should be considered from the composition and nutrients in the 

substrate. For example, addition of leachate to sewage and septage digestion 

increases the biogas yield, but overloading of leachate can increase the level of 

ammonia nitrogen and consequently inhibit the process (Lin et al., 1999, Hombach et 

al., 2003). In addition, the type of the reactor affects the performance of the process. A 

UASB has been reported to remove volatile solids and volatile fatty acids at a higher 

rate than CSTR (Lin et al., 2000). However, CSTR is known to treat higher pollutant 

substrates such as VS and toxicity. Also the reduction of HRT with the addition of 

leachate needs to be taken into account.  The biogas production might not increase 

even though there is the addition of leachate in the system due to a reduction of HRT 

from the addition. A decrease in HRT results in poorer performance of the reactor 

(Hombach, 2002). 

2.4 Biomass as a substrate 

Biomass can be used as a co-substrate in the digestion of leachate. Biomass in the 

context of renewable energy is defined as the organic materials of plants and animals, 
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as well as their wastes and residues (Lehtomäki et al., 2007). It includes woods, animal 

manures, agricultural crops and residues, wastewater from agro-industries, municipal 

solid wastes and wastewater. Biomass has been an important source of energy 

(Gunaseelan, 1997). In 2013, it accounted for roughly 10% of the world’s energy of 

which two-thirds is used in developing countries for cooking and heating (Schill, 2013).  

 

According to the Thailand agricultural commodity report (Office of Agricultural 

Economics Thailand, 2008), roughly one third of the total land in Thailand is occupied 

for agricultural purposes.  Biomass is one of the essential alternative fuels in Thailand 

(Srisovanna, 2004). Currently, people in the rural area use biomass as an important 

source of energy and many processes in the industrial sector such as brick production, 

tobacco, lime production and smoking of rubber sheet production generally use direct 

combustion with biomass for the production process (Prasertsan and Sajjakulnukit, 

2006, Lebbing, 1999, DEDE., 2007). Around 50% of the primary energy supply in 

Thailand was imported during 1987-2011 (EPPO, 2012). The report of Thailand Energy 

Policy and Planning Office in 2012 showed that the imported energy contributed to 

11.6% of GDP in 2011. The Thailand Government aims to increase renewable energy 

to 20% of the total energy production in 2020. The same report revealed that the price 

of crude oil – majority of which is imported - has fluctuated from time to time. For 

example, the growth rate in the average price of the crude oil import was -39% in 2009, 

28.4% in 2010 and 38.7% in 2011. Therefore, Thailand promoted utilisation of biomass 

as alternative energy and provided incentives by means of a feed-in tariff for electricity 

from biomass energy (EPPO, 2012). 

 

Biomass is considered to be an environmentally friendly fuel and Thailand has a lot of 

energy potential from biomass surplus (Utistham et al., 2007). According to PDTI (Pilot 

Plant Development and Training Institute, 2007), approximately 60-90 million tonnes of 

agricultural residues each year are produced while only 25-35% is utilised. Therefore, 

in this study biomass is used as a co-substrate to leachate in anaerobic digestion. 

2.4.1 Type of biomass for biogas production  

Several biomass types for biogas production include the organic fraction of municipal 

solid waste, sewage sludge and industrial effluent, fruit and vegetable solid waste, 

grasses, woods, terrestrial weeds and aquatic biomass (Gunaseelan, 1997). 

 

The organic fraction is the key component of municipal solid waste for biogas 

production potential (Martín-González et al., 2010). Municipal solid waste is 

heterogeneous and its composition depends on climate, recycling practice, collection 
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system, culture, and waste management technology (Singh et al., 2011). The amount 

of organic fraction in municipal solid waste is highly affected by the extent of separation 

used in the waste management system (Mata-Alvarez et al., 2000). Anaerobic 

digestion of solid waste is beneficial for both energy generation, and waste disposal 

(Rao and Singh, 2004a). In the developed countries that have shortage of landfills, 

anaerobic digestion can be used for solid waste disposal to reduce the volume of 

material sent to the landfill (Trzcinski and Stuckey, 2009). 

 

Primary or secondary sludge and effluent from breweries, distilleries, palm oil and the 

coffee industry are suitable for biogas production (Gunaseelan, 1997). It is common for 

the wastewater industry to treat sewage sludge and high concentrations of industrial 

effluent with anaerobic digestion (Metcalf & Eddy, 1991).  The purposes of treatment 

are sludge reduction and biogas production. Excessive sludge generation of aeration 

treatment is a significant problem of wastewater treatment plants (Liu and Tay, 2001).  

 

The third biomass type is the fruit and vegetable solid waste (Qiao et al., 2011). It 

contains high levels of moisture and volatile solids, resulting in high biodegradable 

matter (Gunaseelan, 1997). The fruit and vegetable solid waste reported as biomass 

for biogas production study include apple cake, alfalfa, apple pulp, apple slurry, apple 

waste, apricot fibre, asparagus peels, asparagus waste, banana, barley, cabbage 

leaves, cauliflower leaves, carrot-waste, cassava, clover, cocksfoot, comfrey tops, corn 

cobs, elephant grass, flax, fodder beet, giant knotweed, French bean waste, green pea 

slurry, hemp, horse bean, Jerusalem artichoke, kale, lucerne, lupine, maize, meadow 

foxtail, miscanthus, nettle, mustard tops, oats, papaya fruit processing waste, pea, 

pineapple pressings, potato waste, rape tops, reed canary grass, rhubarb tops, rice, 

rye, ryegrass, sorghum, sudangrass, sunflower, spinach-waste, strawberry-slurry, 

sugarbeet pulp, sugarbeets tops, tomato pressing waste, triticale, turnip, vetch (Kalra 

and Panwar, 1986, Buranov and Mazza, 2008, Amon et al., 2007, Jerger et al., 1987, 

Rani and Nand, 2004, Viturtia et al., 1989, Knol et al., 1978, Lane, 1984, Yang et al., 

1984, Stewart et al., 1984, Sharma et al., 1988, Viswanath et al., 1992, Sarada and 

Joseph, 1994, Gunnarson et al., 1985, Zubr, 1986, Gunaseelan, 1988, Mahamat et al., 

1989, Traore, 1992, Lehtomäki et al., 2007).  

 

Tong et al. (1990), Chynoweth et al. (1993), Hashimoto (1986), Gunaseelan, (1995) 

and Jerger et al., (1987) presented studies confirming that various grasses such as 

napier grass, energy cane, Alemangrass-6A, turf grass, wheat straw, paddy straw, 

millet straw, oat crop and maize crop have potential for biogas production. However, 

their biogas yields are relatively low compared to those from the organic fraction of 
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municipal solid waste, sewage sludge, and fruit and vegetable from solid waste due to 

high content of lignin and cellulose in the components (Shiralipour and Smith, 1984). 

Therefore, pre-treatment of grass such as size reduction, nutrient addition and alkali 

treatment is necessary (Kashyap et al., 2003, Sharma et al., 1988, Wilkie et al., 1986, 

Ghosh et al., 1985, Pavlostathis and Gosset, 1985, Hashimoto, 1986, Dar and Tandon, 

1987, Robbins et al., 1979). Furthermore, plant part, collecting frequency and plant age 

can affect biogas production (Gunaseelan, 1995). 

 

Wood is not a suitable source for biogas production without pre-treatment as its 

composition has low moisture content, significant content of lignin, cellulose and 

hemicellulose, improper ratio of structural and non-structural carbohydrates, high 

cellulose crystallinity, improper proportion of lignin and carbohydrates, and high toxicity 

(Cowling, 1980, Chynoweth et al., 1985). 

 

Terrestrial weeds are reported to be a good source of biomass for biogas due to their 

ability to trap solar energy and to grow in any kind of soil (Singh and Gu, 2010). They 

also have no serious pest disturbance, no irrigation requirements, and they grow in 

sufficient and reliable quantities to feed a large scale anaerobic digestion plant 

(Gunaseelan, 1997). Some of the weeds that have been studied are Parthenium 

hysterophorus, Lantana camera, Cannabis sativa, Eupatorium odoratum, Ageratum 

(Shyam and Sharma, 1994, Gunaseelan, 1987, Gunaseelan, 1994, Malik et al., 1990, 

Jagadeesh et al., 1990, Kalia and Kanwar, 1990). 

 

Aquatic biomass has the greatest biogas production potential in terms of vast 

productivity because of availability of growing area and water (Gunaseelan, 1997). 

Aquatic biomass is divided into marine biomass and freshwater biomass (Vassilev et 

al., 2010). The examples of marine biomass are brown algae Macrocystis pyrifera, 

Sargassum, Laminaria and Ascophyllum, green algae Ulva, Cladophora and 

Chaetomorpha and red algae Gracilaria; while those of freshwater biomass are water 

hyacinth and Pistia (Strom, 2010). 

2.4.2 Biomass for biogas application in Thailand 

According to the Thailand Alternative Energy Report 2012 (DEDE, 2012), the country 

had utilised the following amounts of biomass with energy potential as shown in Table 

2.13.  
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Table 2.13 Thailand renewable energy potential of biomass and wastewater in 2012. 

Biomass Biomass part Energy potential (ktoe)* 

Sugarcane 
Top trash 7,670 

Bagasse 5,310 

Rice 
Paddy husk 3,020 

Straw 15,200 

Maize 
Stalk top leaves 1,670 

Cob maize 371 

Cassava 
Stalk 1,190 

Root 923 

Oil palm 

Frond 926 

Fiber 994 

Shell 1,060 

Empty bunches 940 

Coconuts 

Shell 113 

Husk 232 

Frond and empty bunches 218 

Groundnuts Shell 4.6 

Cotton Stalk 2.28 

Soybeans Stalk, leaves and shell 35.7 

Sorghum Leaves and stem 29.8 

Para rubber 

Charcoal 735 

Fuel wood 340 

Frond and leaves 110 

Saw dust 32.7 

Pineapple Stalk 537 

Animal waste   345 

Industrial wastewater 553 

Total   42,562.08 

Note: ktoe* is kilo tonnes oil equivalent 

Source: DEDE (2012) . 

 

The total renewable energy potential from biomass and wastewater utilisation 

contributed to 42,560 ktoe. The highest renewable energy production potential came 

from rice straw utilisation (36% of the total renewable energy production). Next was 

sugarcane top trash as an energy source, which accounted for 18%. Meanwhile, the 

renewable energy from biogas production of anaerobic digestion was equivalent to 345 

ktoe (0.8%) from animal waste and 553 ktoe (1.3%) from industrial wastewater. 

 

Table 2.14 shows the biogas potential from different sources in Thailand. The study 

was carried out in 2007. Focusing on biomass that is suitable for the anaerobic 

digestion process, the significant sources in Thailand were from pig and cow manure 

and cassava pulp. Another important source of biogas production was obtained from 

industrial wastewater, especially from the agro processing industry. This wastewater 
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contains high organic content from such sources as cassava, ethanol, palm oil, 

seafood, pineapple, sugarcane and slaughterhouse. In 2007, Thailand had a potential 

total biogas production of 2,100 million m3 annually or 1,040 ktoe. The pig and cow 

manure and cassava pulp could be utilised with an energy potential 117, 410 and 192 

ktoe, respectively. 

 

Table 2.14 Biogas potential from different sources in Thailand. 

Source 

 

Biogas production Energy potential 

(million m3) (ktoe)* 

Wastewater from     

   - Sugarcane factory 4.2 2 

   - Seafood factory 13 6 

   - Pineapple factory 21 10 

   - Palm oil factory 84 42 

   - Ethanol factory 150 74 

   - Slaughter house 0.6 0.3 

   - Tapioca factory 344 170 

Pig Manure 237 117 

Cow Manure 822 410 

Cassava pulp 388 192 

Note: ktoe* is kilo tonnes oil equivalent. 

Source: Kullavanijaya et al. (2007). 

 

Paepatung et al. (2009a) advised that the potential biomass could be rice straw, 

cassava pulp, pineapple peel, decanter cake, empty fruit bunches, cattail grass and 

water hyacinth. Thailand is one of the main producers of rice, cassava and pineapple. 

Cattail grass and water hyacinth are common weeds found in Thailand. Another study, 

as shown in Table 2.15, reported that the top ten potential biomass sources for biogas 

production in Thailand included rice, napier grass, water hyacinth, banana leaves and 

stems, banana, sugar cane, pumpkin sorghum, bean and maize (Asia Pro Eco project 

TH/Asia Pro Eco/05, 2006). The reasons for the selection of biomass were availability, 

financial feasibility, high methane yield, benefit to environment, previous study, 

overproduction, and reliability.  

 

From the above review, it can be concluded that there is a large and readily available 

biomass resource in Thailand. Pig manure, cattle manure and cassava pulp have great 

potential for biogas generation, according to statistical data in the literature. However, 

the selection of biomass depends not only on the production potential, but also on the 
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transportation cost, technology, government policy and potential returns to private 

investors. 

 

Table 2.15 Biomass suitable for biogas production in Thailand. 

Items Biomass Description 

1 Rice A main crop in Thailand 

2 Napier grass The common variety of grass in Thailand (harvest time is 

every 6 weeks) 

3 Water hyacinth weeds in the rivers resulting in a financially feasible way 

due to low costs 

4 Banana-leaves 

and stems 

Bananas are a common fruit in Thailand and a lot of study 

has been done on the anaerobic digestion of bananas 

5 Papaya Always overproduced in Thailand 

6 Sugar cane High methane yield per area in an earlier growing state 

7 Pumpkin High methane yield and growing in the rainy season 

8 Sorghum Growing in any season, including dry seasons 

9. Bean Fast growing and improves the soil 

10. Maize A lot of research has been done on maize 

Source:  Asia Pro Eco project TH/Asia PRO Eco/05 (2006). 

2.4.3 Composition of biomass  

The primary factor for selection of the substrate for anaerobic digestion processes is 

the composition. Normally, an anaerobic digestion reactor can accept any 

biodegradable material. However if a biogas application is under consideration, the 

putrefaction of the substrate is the main issue to think about for greatest biogas yield. 

The substrate that contains high levels of putrescible material will contribute high 

biogas generation. Each biomass has its own specific composition. It is necessary to 

determine its composition prior to selecting a particular biomass as a substrate.  

 

The compositions of biomasses that have potential in Thailand are provided in Table 

2.16. The biomass that contains the highest content of organic matter is cassava pulp 

(98.07 gVS kgdry
 -1 or 1,251 gCOD kgdry

 -1). The pineapple peel and palm oil empty fruit 

bunch are the second and third highest that accounted for 93.6 gVS kgdry
-1 or 1,194 

gCOD kgdry
-1 and 92.5 gVS kgdry

-1 or 1,107 gCOD kgdry
-1 respectively. The carbon to 

nitrogen ratio (C/N) in the potential biomass ranged between 13 and 108. 

 

Normally, the organic loading rate and C/N ratio are the common parameters for 

anaerobic digestion operation. The moisture content, volatile solids (VS) and chemical 
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oxygen demand (COD) define what kind of anaerobic digestion system should be 

applied and how much biomass is required to feed into a reactor (Mu et al., 2008). The 

indicators of the organic matter are VS and COD. A high level of VS and COD leads to 

high biogas production. The proper C/N ratio of the substrate is necessary for the 

operation of anaerobic digestion. The optimal C/N ratio of 25-30/1 results in good 

growth of microorganisms (Polprasert, 1989, Ward et al., 2008). A high C/N ratio 

biomass can be adjusted by adding another substrate with a low C/N ratio into the 

reactor (co-digestion). 

 

Table 2.16 Composition of potential biomass in Thailand. 

Biomass 

Moisture 
content 

VS COD 
Total 

carbon 
Total 

nitrogen 
C/N 

(%dry basis) (g kgdry
-1

) (g kgdry
-1

) (%dry basis) (%dry basis) ratio 

Rice straw 8.7 86.53 1011 40.4 0.6 67 

Cassava pulp 81.6 98.07 1251 44.68 1.85 24 

Palm oil empty  
65.7 92.5 1107 46.4 0.43 108 

fruit bunch  

Decanter cake 76.7 83.4 880 43.6 2.21 20 

Pineapple peel 91 93.6 1194 40.8 0.99 41 

Water hyacinth 91.27 84.33 1011 39.8 3 13 

Source: Paepatung et al. (2009a) 

 

Competition of methanogens with sulphate-reducing bacteria is also an important factor 

for anaerobic digestion stability (Bitton, 2005b). Therefore, it is important to select a 

substrate that contains an appropriate sulphur content. Sulphur is considered a 

chemical element in the anaerobic digestion process as sulphide has been reported as 

a toxicant. In addition, sulphate also has the potential to cause competition between 

methanogens and sulphate reducing bacteria (Chernicharo, 2007). Many studies show 

that pineapple peel has potential for biogas production even though there is no report 

on the level of sulphide, sulphate and sulphur composition (ZHA et al., 2007, Rani and 

Nand, 2004, Bardiya et al., 1996, Paepatung et al., 2009b, Namsree et al., 2012),  

2.5 Kinetics models for anaerobic digestion 

2.5.1 Kinetics of microorganism growth in batch and steady state 

operation 

The anaerobic digesters are categorised into ‘batch’ and ‘steady state’ operations. In 

batch operations, the reactor is fed with substrate and nutrients only at the beginning of 

operation. There is no mass interchange with the environment and consequently no 

input or output flow during the process (Donoso-Bravo et al., 2011). Microorganism 
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growth, substrate degradation and formation of products vary throughout the operation. 

In a steady state operation, the substrate is continuously fed into the reactor and the 

products removed, and therefore inoculum is also discharged continuously. All 

microorganism growth, substrate degradation and formation of products are constant 

over the period of steady state operation. 

 

In order to understand the kinetics model of microorganism growth for anaerobic 

digestion, the growth of microorganisms must be addressed. The growth rate of 

microorganisms is categorised into six phases, based on discontinuous batch 

processes as shown in Figure 2.10 below. 

 

 

 

 

 

 

 

               

 

 

Figure 2.10 Growth phase of microorganisms in the anaerobic digester (Metcalf & 

Eddy, 1991). 

 

The first phase is the lag phase (1) when the microorganisms adjust to the new 

environment during which time the growth rate is zero. If the new substrate is similar to 

the used one, the lag phase is neglected. The second phase (2) is the acceleration 

phase when the microorganisms increase as they are adjust to the environment. Then 

the growth rate becomes constant in the exponential phase (3). Later, the rate 

decreases in the retardation phase (4).  Finally, the increase rate of microorganisms 

becomes zero and negative in the stationary (5) and decline phases (6).  

 

The microorganism growth rate in the steady-state process is different from that in the 

batch process. In the steady-state process, the microorganism cultures remain only in 

the exponential phase. This results in some differences in the kinetics parameters of 

the batch and the steady state modes. The kinetics parameters of microorganisms in 

the batch process are not transferable to the steady state processes without control 

(Gerber and Span, 2008). The kinetics constant of the batch process is not equivalent 

 

Microorganism 

population 
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to that of the steady state process even though the control environments such as 

temperature, the reactor size, and other parameters, are similar.  

 

Mass balances are commonly applied for all mathematical models. The principle of the 

mass balances explains accumulation and the reaction of the process. Most anaerobic 

digestion has a dilute system. As a result, the variation of substrate concentration does 

not affect the reactor volume. And if the reactor is well mixed, the output concentration 

is equivalent to that of the substrate in the reactor. The mass balance equation is 

expressed below. 

 

 

 

where V is the volume of the reactor, S is the concentration of output substrate, t is the 

operating time, Q is the flow rate, S0 is the concentration of the input substrate and rs is 

the substrate decomposition rate. 

 

At steady state the accumulation term dVS/dt is zero so that the equation reduces to. 

 

 

 

An important part of the mass balance is the rate of decomposition (rs) as the other 

parameters are known (Batstone, 2006). There are several kinetics equations used to 

describe the behaviours of the reactors that are discussed in the following section. First 

order kinetics is widely applied for the batch, and the steady state processes (Biswas et 

al., 2006, Bryers, 1985, Converti et al., 1999, Rao and Singh, 2004a, Shin and Song, 

1995, Vavilin et al., 1994, Eskicioglu and Ghorbani, 2011, Abdullahi et al., 2011); while 

first order kinetics, the kinetics of Andrew, Monod and Chen & Hashimoto are reported 

to be used in the steady state process (Bryers, 1985, Knobel and Lewis, 2002, Mosey, 

1983, Lin et al., 2011b, Linke, 2006, Chen and Hashimoto, 1978). 

2.5.2 Kinetics based on rate-limiting step 

The anaerobic digestion pathway consists of four steps: hydrolysis, acidogenesis, 

acetogenesis and methanogenesis. The slowest step that limits the rate of the overall 

process is called the rate-limiting step (Lyberatos and Skiadas, 1999). The kinetics 

model initially is based on the rate-limiting step. Hydrolysis and methanogenesis are 

reported as the limiting steps in most studies (Batstone, 2006). In hydrolysis, complex 



 47 

substrates are hydrolysed to soluble matter so that the microorganisms can break 

down into smaller particles. Anaerobic digestion of high solid substrates, such as 

activated sludge digesters, is commonly limited by the hydrolysis process (Yu et al., 

2013). Methanogenesis is the last reaction in the pathways where acetate is converted 

to methane. Methanogens naturally slowly grow, and consequently the kinetics of this 

process might become the overall rate of reaction (McCarthy and Mosey, 1991). 

 

If the model is considered wherein hydrolysis is the rate-limiting reaction, the kinetics 

that is used to describe the reactor is a first order equation in general. But if the model 

is considered in which methanogenesis is the rate-limiting reaction, the most commonly 

used model is Monod kinetics. The evidence for the Monod kinetics model for 

methanogenesis is presented in Section 2.5.2.1, and the evidence for the application of 

the first order equation for hydrolysis as the rate-limiting step is presented in Section 

2.5.2.2. 

2.5.2.1 Model based on Monod kinetics  

The majority of methane production is derived from the reaction: 

 

 

 

It is the last reaction in the anaerobic digestion process, called methanogenesis. The 

microorganisms called methanogens that digest acetate to form biogas grow slowly. In 

these circumstances, the growth kinetics of methanogens normally limits the overall 

anaerobic digestion reaction. According to this concept, the kinetics equations that 

explain the methanogens growth rate were developed. In Monod kinetics, the growth 

rate of a microorganism depends on two mass balance equations - one for the 

substrate and the other for the bacteria feeding into the system. The mass balance for 

the biodegradable substrate S and microorganism X are presented as follows (Fogler, 

2006).  

 

 

 

 

where y is a yield coefficient (g microorganisms/g substrate), μ is the microorganism 

growth rate (L day-1). 

 

CH3COOH®CH4
+CO

2
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Lawrence and McCarty (1969) applied the Monod kinetics model to explain the growth 

rate kinetics in anaerobic digestion of sewage sludge. The Monod model describes the 

effect of substrate limited as the following equation. 

 

where μ is specific growth rate (1/time), μmax is maximum specific growth rate (1/time), 

S is concentration of growth-limiting substrate in solution (mass/unit volume), Ks is half-

velocity constant (substrate concentration at half maximum growth rate) (mass/unit 

volume). 

 

Models based on the growth of methanogens were developed by Monod (1949), Moser 

(1958), Contois (1959), Powell (Powell, 1967)  and Chen and Hashimoto (1978). 

Contois (1959) included not only the substrate dependency, but also the cell 

concentration to calculate the specific growth rate. Thus, effects of inhibition and of 

inoculum are directly included even though the lag phase is neglected. Andrews (1968) 

adapted the Monod model for the kinetics of the fermentation process but was not 

successful. His study found that volatile acids from the substrates inhibited 

methanogenesis. The inhibition parameter was included in the Monod equation. Then 

Chen and Hashimoto (1978) applied the Contois model to describe the kinetics of the 

anaerobic fermentation of a complex substrate. The model presents the volumetric 

methane production instead of the maximum specific growth rate as shown in the 

Monod model.  

 

A frequently used bacterial growth model for biogas production is the model of Monod, 

which was used, e.g., by Biswas et al. (2006) for batch processes, by Bryers (1985) for 

batch and steady-state processes, by Mosey (1983) for the steady-state. The bacterial 

growth model of Contois is applied for example by Yilmaz and Atalay (2003) for batch 

processes and by Chen and Hashimoto (1980a) and Lo et al. (1981) for steady-state 

processes. Chen and Hashimoto (1978) and Chen (1983) used their own model for 

steady-state processes. Hashimoto (1982) used the Monod model for batch processes.   

Over a few decades, the Monod kinetics equation, based on the growth of 

methanogens, has been modified and included with parameters related to the effect of 

inhibitors, effect of pH, effect of gas-liquid equilibrium, and temperature. As substrate 

and product can inhibit the microorganism growth, some models include the inhibition 

effects into their calculation. These models are presented by Han and Levenspiel 

(1988), Dagley and Hinshelwood (1983), Ghose and Tyagi (1979) and Bazua and 

Wilke (1977). The pH value evidently influences the degradation process. Birjukow and 

Kantere (1985) developed the model with an integration of the pH value. Also Andrews 



 49 

(1969), concluded that the rate limiting substrate was the non-ionised form of VS. As a 

result, when pH values were greater than 6.0, the concentration of the non-ionised acid 

would be calculated. In the case of pH lower than 6, the un-ionised substrate would 

enhance the inhibition effect. Angelidaki et al. (1993), Batstone et al. (2002) and 

Siegrist et al. (2002) included the gas-liquid equilibrium in their model. The gas-liquid 

equilibrium affects the composition of biogas and the ionic equilibrium and 

consequently the nutrient and inhibitor. Temperature is one of the important 

environmental factors for bacterial growth. The reaction rate is normally proportional to 

the temperature. The influence of the temperature on anaerobic digestion is mostly 

considered by the Arrhenius equation. A common formulation adapting the Arrhenius 

law to the anaerobic digestion model was provided by Bergter, Sinclair and Kristiansen 

(Gerber and Span, 2008). 

2.5.2.2 First order kinetics 

The rate-limiting reaction is not always the methanogenesis process with complex 

substrates such as municipal solid wastes (McCarthy and Mosey, 1991). The 

microorganisms cannot ferment the complex substrates if they are not transformed to 

soluble compounds such as fatty acids, alcohols, monosaccharides and aminos. 

Therefore, the hydrolysis process could be a rate-limiting reaction.  First-order kinetics 

is the most popular when considering hydrolysis as rate-limiting (Biswas et al., 2006, 

Bryers, 1985, Converti et al., 1999, Rao and Singh, 2004a, Shin and Song, 1995, 

Vavilin et al., 1994, Eskicioglu and Ghorbani, 2011, Abdullahi et al., 2011). 

 

The first order kinetics proposes that the removal rate of the substrate directly 

increases with its concentration. The substrate mass balance can be expressed as 

below (Fogler, 2006): 

 

 

where S is the volatile solids of the output concentration (mg L-1), S0 is the volatile 

solids of the input concentration (mg L-1), SRT is the solid retention time (day), t is the 

operating time (day), k is the first order rate constant (day-1). 

       

For a steady state, dS/dt = 0, therefore the mass balance equation is as follows 

(Levenspiel, 1999). 

 

 

where Q is flow rate (L day-1) and V is reactor volume (L).  

Q ×(S0 -S)-k ×S ×V = 0
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The first-order kinetics model is applied, as in the model of Rao and Singh (2004a), 

when the rate of degradation (k) of the substrate depends solely on the quantity of 

substrate present. The equation below expresses the first-order kinetics model. 

 

 

 

First-order kinetics were used in models of Bryers (1985), Angelidaki et al. (1999), 

Batstone et al. (2002), Knobel and Lewis (2002) and Siegrist et al. (2002) for the 

hydrolysis step. Shin and Song (1995) used first-order kinetics for every step of the 

process. Converti et al. (1999) developed a model to describe batch processes. The 

methane production is directly proportional to the initial substrate concentration 

according to a first-order kinetics model as a summary of the model by Converti et al. 

(1999). The microorganism population was assumed to be constant due to their very 

slow growth. If the substrate concentration and the methane yield on substrate are 

known, a kinetics constant k can be calculated by fitting to experimental data. This 

model is not complex, is very simple to handle, and is appropriate to get results in a 

short time.  The most important advantage is that first order kinetics was very well fitted 

in the anaerobic digestion behaviour in various studies (Biswas et al., 2006, Bryers, 

1985, Converti et al., 1999, Rao and Singh, 2004a, Shin and Song, 1995, Vavilin et al., 

1994, Eskicioglu and Ghorbani, 2011, Abdullahi et al., 2011). The evidence is 

presented as follows. 

 

Jimenez et al. (2006) reported on anaerobic digestion of untreated molasses, alcoholic 

fermentation, wastewater and beet molasses fermented with Penicilium decumbens 

using three units of 1 L volume batch reactors (one with freely suspended biomass as a 

control reactor and the other two with biomass with magnesium silicate and aluminium 

silicate) at mesophilic temperature with COD loadings of 12-140 mL of non-fermented 

molasses (80 gCOD L
-1) and of 43-304 mL of fermented molasses (23 gCOD L

-1). The 

processes of all reactors conformed to a first-order kinetics and the experimental 

accumulated methane volume (G)–time (t) data followed an equation of the form: G = 

Gm(1−exp(−kt)). In the case of the non-fermented molasses, the k values decreased 

from 2.87 to 0.10 (magnesium silicate), from 2.78 to 0.10 (aluminium silicate) and from 

2.16 to 0.07 day-1 (control) with molasses loading from 12-140 mL and initial COD 

added from 1-10 g L-1; this indicated an inhibition in the anaerobic digestion processes. 

On the other hand, the kinetics constants of anaerobic digestion of fermented molasses 

were virtually stable (0.40-0.69 day-1 for the reactor with magnesium silicate, 0.34-0.37 

dS

dt

æ

è
ç

ö

ø
÷ = -k ×S
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day-1 for the reactor with aluminium silicate and 0.3-0.45 day-1 for the control reactor) 

with COD loading of 1-7 g L-1 in all reactors. The methane yield for fermented molasses 

was 305 L kgCODremoved
-1, which was 35% higher than that of non-fermented molasses. 

 

An anaerobic batch reactor was studied by Shin and Song (1995) using kinetics to 

determine the effect of substrate characteristics on the process degradation of organic 

waste through Determinant of Rate limiting step (DR) . It was found that a first order 

series reaction was able to describe the behaviour of the degradation. DR is the 

logarithmic difference between maximum acidification rate and maximum methanation 

rate. 

 

It has been reported that the cumulative biogas production of batch anaerobic digestion 

of MSW was fitted well with the first-order kinetics model as evidenced by the standard 

error of 0.97-3.04 and a correlation coefficient of 0.97-0.99 (Rao and Singh, 2004b). 

The k values were 0.0273 to 0.0087 day-1 under the ambient temperature operation 

with increases of TS from 35 to 112.5 g L-1. At room temperature the k values ranged 

between 0.0158 to 0.0244 day-1 with the same TS loading. 

 

Anaerobic digestion of sugar-mill mud waste (SMMW) was evaluated by kinetics 

analysis of data obtained using a 1 L volume, completely mixed digester at SMMW 

loadings from 40 to 160 mL with a substrate concentration of 48.3 kgCOD m-3 

(Sanchez et al., 1996). The processes followed first-order kinetics. The k values 

obtained dropped from 1.76 to 0.05 day-1 when the loading was increased from 40 to 

140 mL; this showed an inhibition phenomenon. The value of the methane yield was 

250 L kgCODremoved
-1.  

 

Anaerobic digestion of whole stillage from a dry-grind corn ethanol plant was studied to 

determine whether ethanol residues as digester feedstock could replace fossil fuel 

input of large ethanol plants by using mesophilic batch digesters (Eskicioglu and 

Ghorbani, 2011). A first order kinetics model was applied for evaluating the effect of 

inoculum to substrate ratio (ISR) on biogas production rates and yields. The results 

showed that in an ISR range of 3.67–0.46 g/g on VS basis, kinetics constants (k) for 

both VS and TCOD removals went down significantly, indicating an initial reactor 

overloading or substrate inhibition. The methane yield was 401–458 L kgVSadded
-1 with 

organic removals between 76% and 94%.  

 

Hashimoto (1989) evaluated the effect of ISR on methane yield and production rate in 

small-batch fermenters. Four trials were conducted with substrate concentrations of 10, 
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20, 30 or 40 g ball-milled straw diluted with tap water to a total weight of 1 kg. Inoculum 

concentrations were 100 (control), 90, 70, 50, 30 and 20 or 10% by volume. The study 

confirmed that first order kinetics was able to describe the behaviour of the anaerobic 

digestion. The k values ranged from 0.07 to 0.24 day-1. The constants decreased with a 

decrease of ISR. 

 

Anaerobic digestion of the solid waste generated in the extraction process of sunflower 

oil was studied by Raposo et al. (2009b) A batch laboratory scale reactor at mesophilic 

temperature was used in the experiment for comparing methane production. The 

results showed that the first order kinetics could be used to very accurately predict the 

behaviour of the reactor and represent the activity of the microorganisms affecting the 

anaerobic digestion of this substrate. There was only 10% deviation from the 

comparison of the experimental data of methane production to the theoretical values 

obtained by the first order kinetics equation. The kinetics constants (k) fell from 0.36 to 

0.16 day-1, when the ISR decreased from 3.0 to 0.5, showing the occurrence of an 

inhibition phenomenon by substrate concentration. 

 

Borja et al. (1993) reported that anaerobic digestion processing of olive mill wastewater 

previously fermented with Aspergillus terreus followed first-order kinetics and an 

equation of the form G = Gm(1-exp(-kt)). The anaerobic process was carried out in a 

digester containing Sepiolite as support for the mediating bacteria. The kinetics 

constant (the average value of 1.45 day-1) was hardly influenced by the substrate 

concentration over the studied COD range (3.9-8.8 g L-1). The k value was significantly 

higher than that of the anaerobic digestion of untreated olive mill wastewater. The 

results showed there is no inhibition phenomenon in the process. The average COD 

removal efficiency was around 70% and the methane yield was 349 L kgCOD-1, which 

was 30% higher than that of untreated wastewater. 

 

The kinetics behaviour of the anaerobic digestion of wheat straw-pig manure mixtures 

was studied in batch laboratory fermenters with 90 days operation time by Llabres 

Luengo and Mata-Alvarez (1987). Monod and first order kinetics models adequately 

represented the biodegradation processes in the reactor. The results showed that the 

effect of the mixture composition on the two kinetics parameters was not relevant. The 

process gave k values of 0.0174-0.0198 day-1. 

 

Lin et al. (2011b) investigated anaerobic digestion of pulp and paper sludge and 

monosodium glutamate waste liquor using a CSTR at 37oC. The reaction rate, constant 

k and solid retention time (SRT) were explained, based on a mass balance in a CSTR 

following a first order kinetics equation. The results fitted well with the mass balance 
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and equations with the coefficient of determination (R2) of 0.94. The values for methane 

yield and the k values were achieved as 733 L kgVSconsumed
-1 and 0.07 day-1 

respectively. The simple model could be applicable when designing the dimensions of 

the reactor. 

 

Anaerobic treatment of solid wastes from potato processing was studied by Linke 

(2006) in completely stirred tank reactors (CSTR) at 55oC. The biogas yield decreased 

with the increase in OLR. For the OLR in the range of 0.8–3.4 kgVFA m-3 day-1, biogas 

yields were 850 – 650 L kgVFA-1. The results also conformed to the mass balance and 

first order kinetics equations. The values of ym and k were calculated to be 880 L 

kgVFA-1 and 0.089 day-1. 

 

As seen from several reports above, the first order kinetics equation is a good tool for 

describing the behaviour of the anaerobic digestion of various substrates with many 

operational conditions, i.e. different temperatures (room, ambient, mesophilic and 

thermophilic) and different modes of operation (batch and continuous processes). In 

addition, in the continuous mode of operation, the mass balance and first order 

equation kinetics can be applied for dimensioning the reactor based on process 

performance.   

2.5.3 Comparison of Monod kinetics and first order kinetics  

The advantages of the Monod-type model are that the kinetics parameters (the 

microorganism maximum specific growth rate and half-velocity constant) can describe 

the microbial processes and the model is able to predict the conditions for maximum 

biological activity, and when activity will cease (i.e. washout). The disadvantages of the 

Monod model are that one set of kinetics parameters cannot describe the biological 

process at short and long retention times, and that the kinetics parameters vary with 

the influent concentration (Morris, 1976). 

 

To overcome the disadvantages of the Monod model, various forms of the first-order 

kinetics model have been used. The advantages of these first-order models are that 

they are simple to use and give a good fit to experimental data (Karivelil, 1992). Their 

disadvantages are that they do not predict the conditions for maximum biological 

activity and system failure (Chen and Hashimoto, 1980b).  
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2.6 Artificial neural networks 

The anaerobic digestion process of digesters is complicated. The process is 

sometimes considered as a black-box since many studies have attempted to 

comprehend the behaviour of the process, but their solutions are still not applicable to 

all cases (Yu et al., 2013). The black-box model has been developed to overcome the 

problem of comprehending the process behaviour. Artificial neural networks are used in 

this black-box model. 

 

An artificial neural network (ANN) is a computational simulation of the functionalities of 

the biological neural system that can be configured for particular applications. The key 

basics of artificial neural networks are based on an information processing paradigm 

and the learning process of a biological neural system. Artificial neural networks offer 

different methods of analysing data and  recognising patterns within the data, in 

comparison with traditional computational approaches. Learning method applications of 

artificial neural networks are carried out by samples, while those of traditional 

computing approaches, including Expert Systems, are achieved by rules (Kriesel, 

2007, Priddy and Keller, 2005, Rabunal and Dorado, 2006, Yegnanarayana, 2009, 

Rajasekaran and Pai, 2003). 

2.6.1 Biological neural networks 

The biological neural system is made of a massive number of interconnected biological 

neurons or nerve cells, which are the fundamental processing elements of the system. 

Basically, a biological neuron is composed of soma or a cell body, dendrites, axon and 

synapses (Hanrahan, 2011, Jain et al., 1996, Priddy and Keller, 2005, Rajasekaran 

and Pai, 2003). The soma has a nucleus that holds information relating to hereditary 

traits, and a plasma cell that contains the molecular device for producing material 

required by the neuron. The dendrites (as receivers) and the axon (as a transmitter) 

are considered as two types of out-reaching branches. A neuron fundamentally 

receives signals (or impulses) through its dendrites and transmits signals generated by 

its soma along the axon, which branches into strands and sub-strands. Synapses, 

which serve as an elementary interface unit between two neurons, are at the terminals 

of the strands. When a signal reaches the terminal of the synapse, neurotransmitters, 

which are recgonised as chemicals, are released. The neurotransmitters disperse 

throughout the synaptic gap to increase or decrease the electrical impulses of the 

receptor neuron, which is influenced by the type of the synapse. The performance of 

the synapse can be adapted by the signals passing across it. In view of that, the 

synapse can learn from a range of activities where it participates. Learning in the 
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biological neural system accordingly involves alterations to the synaptic connections 

that occur between the neurons (Golda, 2005, Hanrahan, 2011, Jain et al., 1996, 

Rajasekaran and Pai, 2003, Rogers, 1991). 

 

Biological neurons typically communicate through a very short sequence of pulses, 

approximately in milliseconds. However, the combination of these signals has to be in 

excess of a certain activation level in order to activate a neuron to transmit the signals 

to other neurons connected to it through the axon. This is called the neuron firing 

(Hanrahan, 2011, Jain et al., 1996, Rajasekaran and Pai, 2003, Priddy and Keller, 

2005).  

 

It is also important to note that the biological neural system is formed from a very large 

number of neurons, in the range of one hundred billion neurons to trillions of neurons. 

The power of neurons originates from the collective behaviour of the network where 

neurons are interconnected. Each biological neuron may receive stimuli from as many 

as 10,000 neurons at a time. This indicates that the biological neural system, with the 

substantial number of neurons and the complexity of their interconnections, has the 

remarkable capabilities of deriving information from complex signals and of responding 

to changing external stimuli (Braspenning et al., 1995, Hanrahan, 2011, Jain et al., 

1996, Kriesel, 2007, Parks et al., 1998, Priddy and Keller, 2005, Rogers, 1991, 

Yegnanarayana, 2009). As a result, a simplified function of the biological neural system 

can be used to develop computer algorithms - called artificial neural networks - to solve 

a variety of complex problems in prediction, pattern recognition, categorisation, function 

approximation, optimisation and control (Hanrahan, 2011, Jain et al., 1996, 

MathWorks., 2013, Priddy and Keller, 2005). 

2.6.2 An overview of artificial neural networks 

Artificial neural networks are inspired by the basic elements of complicated and 

versatile biological neural structures in order to develop algorithms that can deal with 

poorly defined or complex problems. Artificial neural networks involve non-linear 

mapping structures with adaptable interconnections in response to changing external 

stimuli. Artificial neural networks can learn and identify correlated patterns between 

input data and target values since the networks mimic the learning process of the 

biological neural system.  

 

The approach of artificial neural networks is effective for modelling, particularly in the 

cases where the underlying relationships of the input data are unknown. Artificial neural 

networks can also process problems of complex and nonlinear data, even though those 
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data are noisy or imprecise. After training with known samples, artificial neural 

networks can be applied for predicting the outcome of a new set of independent input 

data, as the networks have the ability to generalise. Moreover, as being a robust and 

fault tolerant system, artificial neural networks are able to recall complete patterns from 

incomplete or noisy patterns (Priddy and Keller, 2005, Rabunal and Dorado, 2006, 

Yegnanarayana, 2009).  

 

However, artificial neural networks have certain limitations, like any modelling 

technique. There is always a small error related to all neural network outputs because 

the neural network finds an approximation of a solution. Errors of neural networks 

usually vary depending on the network's architecture. Neural networks may require 

extensive training times (Braspenning et al., 1995, Priddy and Keller, 2005, 

Sivanandam and Deepa, 2006, Yegnanarayana, 2009).  

 

The focus of artificial neural networks has gained much attention, mainly as a 

consequence of their extensive range of applicability, as well as the simplicity with 

which these networks can sort out complicated problems. Artificial neural networks are 

parallel computational models of nonlinear static or dynamic systems. A key robust 

feature of artificial neural networks is their adaptive trait, in which learning by sample is 

used in solving problems, instead of programming. For that reason, the approach of 

artificial neural networks is very attractive in application domains with incomplete 

understanding of the problems and readily available training data (Hanrahan, 2011, 

Priddy and Keller, 2005, Yegnanarayana, 2009).  

 

Artificial neural networks can be used for a broad range of applications, especially in 

the field of prediction and classification. There are several types of artificial neural 

networks available such as back propagation algorithm (BPA), radial basis function 

(RBF), multilayer perceptron (MLP), Kohonen self-organising feature map (SOFM) and 

many more (Braspenning et al., 1995, Hanrahan, 2011, Kriesel, 2007, Yegnanarayana, 

2009, Zeng and Wang, 2010). 

2.6.3 Basic components of artificial neural networks  

Artificial neural networks are defined as a data processing paradigm. As a 

computational structure based on the process in natural networks of the biological 

neural system, an artificial neural network is made up of a number of computational 

units, called artificial neurons. The artificial neurons are a simplification of biological 

neurons. Artificial neurons are adaptive and highly interconnected. However, it is very 

difficult to make a one-to-one relationship between biological neurons and artificial 
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neurons. Basic components of an artificial neuron include input channels, processing 

element, and output path, as drawn in Figure 2.11 (Beckenkamp, 2002, Priddy and 

Keller, 2005, Rabunal and Dorado, 2006, Yegnanarayana, 2009). 

 

 

Figure 2.11 Basic components of an artificial neuron. 

 

Several inputs are represented by the mathematical symbol, xi. Each of the inputs has 

an associated connection weight that controls its connection strength. These 

connection weights are symbolised by, W ij. It is important to note that these weights 

can be both inhibitory and excitatory values. The processing element is composed of a 

summation of inputs weighed by the connection strengths and a transfer function that 

operates on a result. The result of the transfer function is the neuron output, as 

schematically illustrated in Figure 2.11. Many mechanisms are available for input 

calculations such as linear combinations, min-max connections, and mean variance 

connections. The most common method of calculating the inputs is the linear 

combination in which the product of the input values with the connection weights is 

calculated. It is generally followed by a nonlinear operation, the transfer function which 

is also called an activation function (Beckenkamp, 2002, Hanrahan, 2011, Kriesel, 

2007, Priddy and Keller, 2005, Rabunal and Dorado, 2006, Yegnanarayana, 2009). 

2.6.4 Artificial neural network operations 

Fundamentally, all artificial neural networks have a similar topology or structure. The 

use of artificial neural networks also revolves around several ways that individual 

artificial neurons are clustered together. This takes place by clustering these neurons 

into layers and creating connected layers with summation and transfer functions. 

Although some artificial neural networks may contain only one layer, most applications 

require neural networks that have at least three layers. The three basic types of layers 

consist of input layer, hidden layer, and output layer. Each layer typically contains 

different numbers of neurons (Jain et al., 1996, Kriesel, 2007, Priddy and Keller, 2005). 

A diagram of a simple artificial neural network is illustrated in Figure 2.12.  
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Figure 2.12 Diagram of a simple artificial neural network. 

 

In structuring the neural networks, the number of layers and the number of neurons, as 

processing elements, in each layer are crucial decisions. The input layer is composed 

of neurons that contain input values. The output layer constitutes the neural network 

output. The number of neurons in the input layer and the output layer is defined by the 

size of the inputs and outputs of the neural network. Between the input layer and the 

output layer, there can be one or many hidden layers in which the actual processing is 

performed through weighted connections. One or more hidden layers usually 

encompass many of the neurons in a variety of interconnected structures. The 

determination of the number of hidden layers is based on design parameters. The 

general rule is to select design parameters with the fewest possible parameters. For a 

number of practical applications, one hidden layer is sufficient. However, some 

complex problems may require the use of two or more hidden layers. The 

recommendation is to obtain the number of hidden layers by experiments.  

 

If the architecture of a single hidden layer network cannot obtain the accuracy required, 

it is necessary to adopt two or more hidden layers. Also, the number of hidden neurons 

in each hidden layer has to be determined using trial and error experimentation. An 

increase in the number of hidden neurons can improve the performance of the neural 

network; however, too many hidden neurons can decrease its generalisation accuracy 

caused by overfitting the training data. Thus, it is very important to determine the 

optimal number of hidden neurons for a particular problem (Braspenning et al., 1995, 

Kumar, 2004, Kriesel, 2007, Priddy and Keller, 2005, Rajasekaran and Pai, 2003, 

Wunsch et al., 2003). 

 

It is important to note that the operations of an artificial neural network depend on its 

class. The class of artificial neural networks can be mainly categorised into two types, 

including non-recurrent (or feed forward) networks, and recurrent (or feedback) 

networks. In feed forward networks, which usually contain the three basic layers, 
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signals can only travel from input to output in a forward direction. Input data is 

transmitted onto a layer of processing elements to perform calculations. Each 

processing element computes using a weighted summation of its inputs. The calculated 

values consequently become input values to feed the next layer. This process carries 

on until it goes through all layers and quantifies the output in the output layer. The feed 

forward architecture is the most well-known and commonly used class of artificial 

neural networks, since it can be successfully applied to a broad variety of information 

processing tasks in such many fields, including anaerobic digestion applications (He 

and Xu, 2010, Priddy and Keller, 2005, Rajasekaran and Pai, 2003, Yegnanarayana, 

2009).  

 

The basic feature of a recurrent network is a network of neurons that contains one or 

more feedback connections, so that signals can travel in both directions via loops. In 

feedback networks, all connections between neurons are permitted. This type of 

network is considered as a non-linear dynamic system that changes continually until it 

attains a state of equilibrium. This enables feedback networks to carry out temporal 

processing as well as to learn sequences. As a result, feedback networks are 

commonly used in associative memories, sequence recognition, and optimisation 

problems where the networks seek the optimal arrangement of interconnected 

elements (He and Xu, 2010, Medsker and Jain, 1999, Yegnanarayana, 2009). 

2.6.5 Artificial neural network transfer functions 

The transfer functions, also called activation functions, transform the input signals to 

output signals. Basically, the transfer functions are mathematical formulae that 

determine the output of a processing neuron. Both linear and nonlinear functions can 

be used as transfer functions. There are many of these transfer functions such as 

sigmoid functions, linear transfer functions, unit step functions, piecewise linear 

functions, and Gaussian functions. Thus, a specific transfer function is selected to fulfil 

some particular requirement of the problem that the neuron attempts to solve. For 

example, sigmoid functions are widely used because these functions are nonlinear and 

continuously differentiable, which is advantageous for network learning (Hanrahan, 

2011, Kriesel, 2007, MathWorks., 2013, Priddy and Keller, 2005, Yegnanarayana, 

2009). The most commonly used transfer functions are discussed and illustrated below. 
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Figure 2.13 Common transfer functions (Czech Technical University, 2013). 

 

The log-sigmoid transfer function or logsig(n) is a non-linear and differentiable function. 

It is commonly used in multilayer neural networks that are trained through the back 

propagation algorithm. As a result of its differentiability, the log-sigmoid transfer 

function minimises the computation capacity for training considerably. This function 

takes the input, which can be any value between plus and minus infinity, and generates 

the output into the range of 0 to 1.  

 

Multilayer networks can alternatively use the tan-sigmoid (also called hyperbolic 

tangent sigmoid) transfer function. The tan-sigmoid transfer function or tansig(n) is the 

alteration to the sigmoid function which results in a symmetrical transfer function. The 

tan-sigmoid transfer function, which exhibits learning dynamics in the training process, 

produces output in the range of –1 to 1.  

 

Many neural network models hold non-linear input and output characteristics. However, 

some models operate within nominal parameters, which reflect behaviour that is close 

to linear. The linear transfer function or purelin(n) can therefore be a suitable 

representation of the input and output behaviour in linear or close to linear situations. 

The linear transfer function generates the output, which is equal to its input. The log-

sigmoid transfer function, the tan-sigmoid transfer function, and the linear transfer 

function can be expressed in an equation form as shown in Table 2.17 (Hanrahan, 

2011, MathWorks., 2013, Sivanandam and Deepa, 2006, Ukil, 2007). 
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Table 2.17 Mathematical expression of the three most commonly used transfer 

functions. 

Transfer function MATLAB Input and output relation 

Log-sigmoid transfer function logsig (n) 
 

Tan-sigmoid transfer function tansig (n) 
 

Linear transfer function purelin (n)  

a is output; n is matrix of net input vectors. 

2.6.6 Training artificial neural networks 

Artificial neural networks learn by samples. An artificial neural network, as a complex 

adaptive system, can adapt its internal structure according to the information fed 

through it. Once an artificial neural network is fully configured for a particular 

application, the neural network needs to be trained in order to generate the desired 

outputs when certain inputs are provided. Training or learning functions are the terms 

used to explain mathematical procedures of adjusting and determining values of the 

connection weights and biases. The training function commands a global algorithm that 

influences the weights and biases of a given network. Training methods in artificial 

neural networks can be generally classified into three major types: supervised learning, 

unsupervised learning, and reinforcement learning (Priddy and Keller, 2005, Rabunal 

and Dorado, 2006, Rajasekaran and Pai, 2003, Sivanandam and Deepa, 2006). 

 

Supervised learning is a mechanism of providing a neural network with the inputs, as 

well as the desired outputs. The neural network can subsequently process the inputs 

and compare the computing outputs with the desired outputs. Errors are propagated 

back through the network, which causes the network to adjust its weights and biases. 

This process takes place repeatedly as the connection weights are continually fine-

tuned. The supervised learning method therefore is concerned with the issue of error 

convergence, particularly the minimisation of error between the computing outputs and 

the desired outputs. The other type of training mechanism is called unsupervised 

learning. In unsupervised learning, a neural network is provided with the inputs without 

the desired outputs. As a result, the neural network has to discover or adapt the 

features to be used to group the input data. It basically searches for a hidden pattern in 

the data set. This is typically referred to as self-organisation or self-adaption. Also, 

there is reinforcement learning, which lies between supervised learning and 
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unsupervised learning. Reinforcement learning is a type of training mechanism that is 

built on observation. In reinforcement learning, some feedback from the environment, 

which is evaluative instead of instructive, is provided. The information given assists the 

neural network in its learning process. However, reinforcement learning is not the most 

popular form of training method (Priddy and Keller, 2005, Rajasekaran and Pai, 2003, 

Sivanandam and Deepa, 2006). 

 

Although many neural network learning algorithms are available, the most widely used 

artificial neural network algorithm in a broad range of applications is the feed forward 

back propagation algorithm. Back propagation neural networks are found to be very 

suitable and effective for pattern recognition and mapping applications. The back 

propagation algorithm is a form of supervised learning method that is often applied in 

complex multilayered networks. The key strength of the back propagation algorithm is 

its non-linear solutions to poorly defined problems. The back propagation neural 

network, which learns by example, generally contains an input layer, at least one 

hidden layer, and an output layer. Each layer is entirely connected to the following 

layer. The algorithm examples are given to the neural network to perform and change 

its weights so that the neural network can produce the required outputs for particular 

inputs. The back propagation algorithm seeks the minimum of the error function by the 

use of the method of gradient descent. The combination of weights to minimise the 

error function is regarded as a solution to the learning problem. Due to the method 

requirement to compute the gradient of the error function at all iteration steps, it is 

necessary to ensure the differentiability and continuity of the error function (Priddy and 

Keller, 2005, Rajasekaran and Pai, 2003, Sivanandam and Deepa, 2006). 

 

In an iterative learning process, the data set is fed to the neural network in a forward 

direction one at a time, and the connection weights are modified each time. The 

training process, based on supervised learning concepts, normally focuses on 

calculation of the difference between the actual outputs and the desired outputs. The 

errors from the initial classification are calculated at the output neurons and fed back 

into the neural network. These errors are then used to adjust the training algorithm for 

the next iteration. In other words, the connection weights are modified in accordance 

with the error calculation. The modifications to the connection weights are determined 

for all following layers and fed backward to the input layer. All the required weight 

modifications are established for the entire network. The whole process is repeated for 

the next iteration using this training pattern until the neural network is trained to a 

satisfactory level (Priddy and Keller, 2005, Rajasekaran and Pai, 2003, Rojas, 1996, 

Sivanandam and Deepa, 2006). 
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The Levenberg-Marquardt backpropagation algorithm (trainlm) is a type of supervised 

learning mechanism that is commonly used to train the neural networks (Priddy and 

Keller, 2005; Rajasekaran and Pai, 2003; Sivanandam and Deepa, 2006). Errors are 

basically propagated back through the network to adjust its weights and biases 

corresponding to Levenberg-Marquardt optimisation. This algorithm provides solutions  

to the problems based on the combination of two algorithms comprising gradient 

descent method and the Gauss-Newton algorithm. The Levenberg-Marquardt algorithm 

is suitable for solving non-linear least squares problems. It is regarded as the fastest 

backpropagation algorithm in the MATLAB Neural Network Toolbox and one of the 

most proficient training algorithms. Therefore, it is recommended as the first alternative 

for choosing a supervised learning algorithm (Mathworks., 2014, Priddy and Keller, 

2005, Wilamowski and Irwin, 2011). 

 

In training multilayer neural networks, the typical practice is to divide the data set into 

three subsets. These three subsets consist of the training set, the validation set and the 

testing set. The training set is used for computing the gradient and determining the 

connection weights and biases of the neural network in an attempt to generate the 

desired outputs. The validation data set is used to select the best number of iterations 

in which the neural network learns from the training set. Thus, any error in the 

validation set is examined during the training process. The errors in the training set and 

the validation set normally decrease as the number of iterations increases. However, 

once the neural network starts to overfit the data, the validation set error typically starts 

to rise. The weights and biases of the neural network are held at the minimum of the 

error in the validation set. The testing set is used for checking the overall performance 

of the neural network as a final point. Therefore, it is not applied during training. The 

testing set allows an independent measure of the accuracy of the neural network 

(MathWorks., 2013, Priddy and Keller, 2005, Rajasekaran and Pai, 2003, Sivanandam 

and Deepa, 2006). 

2.6.7 Evaluation of artificial neural networks 

Analysis of neural network performance after training is considered necessary to check 

its performance and determine whether any changes to the data sets, the network 

architecture, or the training process are needed. Once a neural network is trained, it 

has to be evaluated to consider its readiness for the actual use. The evaluation of an 

artificial neural network model is usually based on one selected error metric or more. 

There are several error estimation methods that can be used for evaluating neural 

network models. These methods include resubstitution, train-and-test which is also 

known as data splitting, cross validation or CV, bootstrap an,d many more. Details of 
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the resubstitution and the train-and-test method that are the two most common 

methods, are given.  

 

The resubstitution method estimates the error of a neural network by the use of the 

same data set that is used to construct the neural network model. The resubstitution 

error is termed as apparent error in statistical analysis. The bias is assumed to be 

equivalent to zero. The use of the resubstitution method in the validation of neural 

networks has a propensity to be over optimistic since the method applies the same 

data set for building and validating the models.   

 

In the train-and-test method, the data set is split so that different subsets of data are 

used to train the neural network model and to validate the models. The true error can 

be directly estimated as the testing set error, and the bias can be determined by 

subtracting the apparent error, which is training set error, from the testing set error. The 

train-and-test method is the most widely used method for validation of the neural 

networks (Kartam et al., 1997, MathWorks., 2013, Twomey and Smith, 1998). 

2.6.8 Artificial neural network models for anaerobic digestion 

applications 

Anaerobic digestion is a well-established technology to produce highly quality biogas to 

stabilise municipal sewage sludge, and to treat organic wastes and wastewaters. Since 

anaerobic digestion is an important technology, the development of computational 

models for anaerobic digestion applications can assist in operating and controlling the 

anaerobic digestion process as well as maximising methane production. Modelling of 

anaerobic digestion can be complex, while more complexity is not necessarily better. 

The level of complexity required is determined by the purpose of the model. Models for 

anaerobic digestion can be classified by using several different criteria such as those 

for a dynamic model and a static model, or a theoretical model and an experimental 

model. A static model does not consider time as a variable, while a dynamic model 

does. On the other hand, a theoretical model is based on the theoretical knowledge of 

the biogas production system. It is therefore expected to predict the behaviour of the 

same type of systems. An experimental model is developed according to the 

experimental investigation of the correlations between parameters. It is therefore valid 

only for the particular system for which the model was developed. Moreover, different 

approaches for modelling the anaerobic digestion process are available, such as the 

mass balance approach, the fuzzy approach and the artificial neural network (ANN) 

approach (Hanrahan, 2011, Pons and Van Impe, 2005, Yu et al., 2013). 
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The mass balance approach has some advantages, such as being highly informative 

and allowing the possible use of estimation and control techniques. However, it is a 

fastidious and long process with poor identifiability properties. Although it is a well-

organised process, the fuzzy approach is not suitable for understanding and/or 

explaining the complex phenomena of anaerobic digestion and tends to have poor 

accuracy for prediction. The ANN approach offers many benefits such as no 

requirement of prior knowledge and rapidity and efficiency of modelling to obtain 

satisfactory results. A key drawback is the requirement for a large amount of data to 

develop a neural network model (Yu et al., 2013, Harmand, 2012). Within all the 

models available, the ANN approach is considered to be the most appropriate and 

uncomplicated modelling approach for data processing and representation of nonlinear 

input and output relationships. Artificial neural networks are powerful data models that 

are capable of simulation and prediction of complex problems like the anaerobic 

digestion process. As a consequence, the ANN approach has been successfully 

adopted for the anaerobic digestion process for many applications (Abu Qdais et al., 

2010, Güçlü et al., 2011, Holubar et al., 2002, Parthiban and Parthiban, 2012, Ozkaya 

et al., 2007, Strik et al., 2005). 

 

According to Parthiban et al. (2012), the ANN approach was applied for modelling the 

sago wastewater treatment parameters by using an anaerobic tapered fluidised bed 

reactor. The six experimental parameters for the treatment of sago wastewater through 

the anaerobic digestion process were considered for modelling. The input parameters 

were composed of flow of influent, pH in, COD in, and hydraulic retention time while the 

output parameters included COD out, and CH4 gas yield. The simulations for neural 

network modelling were carried out with MATLAB 7.1 using the back propagation 

algorithm, which was proved to have a great adaptability to various configurations and 

operation conditions. After training, the prediction results from the neural network 

model developed were found to be quite close to the experimental results. The neural 

network model was also validated by replicative testing. The regression fitting of all test 

data (R2) with the neural network model was 0.9992, which appeared to be 

encouraging for further research and development in this area.  

  

Strik et al. (2005) developed artificial neural network models to predict trace 

compounds (hydrogen sulphide and ammonia) in biomass from anaerobic digestion by 

the use of the Neural Network Toolbox of MATLAB 6.5. The architecture of the neural 

network models was constructed by applying ten different amounts of hidden neurons 

(one to ten). The standard back propagation with a gradient descent was used for 

training the multilayered neural networks. The models developed could predict the 
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trace compounds under dynamic conditions with determination coefficients (R2) of 0.91 

for hydrogen sulphide and of 0.83 for ammonia. It was concluded that the neural 

network models were appropriate as predictive control tools for this application.   

 

A multilayered back propagation artificial neural network model with two hidden layers 

was constructed to simulate the anaerobic digestion operation as well as to predict the 

methane production (Holubar et al., 2002). The operational parameters used in the 

development of the model were collected and acquired from the Russaifah biogas plant 

which was fed with fresh organic waste from fruit and vegetable markets, restaurants, 

slaughterhouses, and the dairy industry. Four input parameters consisted of 

temperature, pH, total solids and total volatile solids, while the output parameter was 

CH4 content. The neural network model was able to recognise key patterns in methane 

production from the process since it fitted well with the measurement of CH4 content. 

The performance of the neural network model to predict the methane production was 

determined with a correlation coefficient of 0.87 (Abu Qdais et al., 2010).  

 

Feed forward back propagation neural networks were developed to model the methane 

production in anaerobic continuous stirred digesters using the Neural Network Toolbox 

of MATLAB 5.2 (Holubar et al., 2002). Experimental results, including pH, COD, volatile 

fatty acid concentration, volatile suspended solids, redox potential, gas composition, 

and methane production rate were used to train a hierarchical system of the neural 

networks. The models could simulate the anaerobic digestion of surplus sludge and 

effectively predict the gas production. Thus, the hierarchical system was introduced 

into a decision support system for advanced controlling of the anaerobic digestion 

process. A laboratory scale anaerobic continuously stirred digester controlled by the 

system was capable of maintaining an approximate methane concentration of 60% at a 

high gas production rate in the range of 5–5.6 m3 m-3 day-1 (Holubar et al., 2002). 

 

Ozkaya et al. (2007) presented artificial neural network models for predicting the 

methane fraction from anaerobic digestion in landfill gas derived from field-scale landfill 

bioreactors at the Odayeri Sanitary Landfill, Turkey. The anaerobic digestion process 

was conducted with and without leachate recirculation. Two back propagation neural 

networks were built for the operation with leachate recirculation and for the operation 

without leachate recirculation, using the tan-sigmoid transfer function for the hidden 

layer and the linear transfer function for the output layer. The input parameters for the 

neural network model were selected based on temperature of waste and leachate 

components. The eight input parameters included pH, COD, sulphate, chloride, waste 

temperature, alkalinity, conductivity and refuse age; while the CH4 fraction of landfill 
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gas was the only output parameter. The optimal neural network structures of the CH4 

fraction prediction models for the operation with leachate recirculation and for the 

operation without leachate recirculation contain 12 and 15 hidden neurons in the 

hidden layers, respectively. The evaluation of the performance of the neural network 

models found that the network output appeared to well track the corresponding target 

with R2 value of 0.951 and 0.957 as well as mean square errors of 0.00263 and 

0.00250 for the predicted CH4 fraction of the operation with leachate recirculation and 

the operation without leachate recirculation, respectively. In addition, the study 

established the optimal structure of the neural network and provided recommendations 

for further developments of the neural network for predicting the methane production 

from landfills on an hourly basis and optimising the leachate recirculation operation. 

 

The anaerobic sludge digester of the Ankara Central Wastewater Treatment Plant was 

modelled with the Levenberg–Marquardt algorithm and the gradient descent with 

adaptive learning rate back propagation algorithm using dynamic data. Different neural 

network models were developed to predict effluent volatile solids concentration and 

methane yield using the same input parameters including pH, temperature, volatile fatty 

acids, flow rate and alkalinity. The neural network models developed could 

satisfactorily predict both of the output parameters (effluent volatile solids concentration 

and methane yield) for real system behaviour based on the mean square error, the 

mean absolute error, the mean absolute percentage error, and the R value. It was also 

indicated that the gradient descent with adaptive learning rate algorithm was the most 

appropriate back propagation algorithm in both models (Güçlü et al., 2011). 
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CHAPTER 3 MATERIALS AND METHODS 

3.1 Introduction 

The biogas production from the co-digestion of the leachate and pineapple peel was 

studied. Plant biomass is an abundant resource in many developing countries. This 

research considered the situation in Thailand, a developing country that was in the 

process of expanding its energy resources. Pineapple peel – a crop that is extensively 

cultivated in Thailand and it is also readily available in Australia as a convenient 

material on which to conduct such studies - was selected as the plant biomass for this 

study. 

 

The research included laboratory and full-scale experiments that systematically 

evaluated the biogas production from the anaerobic digestion of landfill leachate, and 

pineapple peel.  The laboratory experiments were done using a 30 L reactor operated 

in batch mode. Various mixtures of leachate and pineapple peel were treated in the 

reactor to determine the optimum co-digestion ratio for biogas production. This result 

was then used in the full-scale tests. The benefits of co-digestion of plant biomass with 

the leachate could thus be assessed from these studies. 

 

Independent parameters, dependent parameters, and control parameters were 

established in order to investigate the biogas production, the optimum mixture ratio, 

and the relationship between these parameters in a systematic and controlled study. 

The results of the laboratory tests show what mixture option is the most suitable for co-

digestion in terms of stability, organic removal efficiency, biogas, or methane yield. The 

results of the full-scale tests present the effect of co-digestion within the continuous 

anaerobic digestion process. The reaction kinetics of anaerobic digestion can be 

derived from the data, with the artificial neural network model developed to predict the 

biogas production, biogas composition, and VS reduction in the full-scale experiments. 

3.2 Materials for batch experiments  

To run experiments, all inoculum and substrates were collected at the same time to 

make sure that the composition was constant throughout the study. Materials were 

stored at 4oC to minimise the biodegradation according to standard method APHA 

(2005). 
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3.2.1 Inoculums 

Inoculums were collected from the anaerobic digestion wastewater treatment plant of 

the Golden Circle factory, Brisbane, Queensland, Australia. The inoculum samples 

contained little sand or soil, and were composed mostly of biomass. The samples were 

collected through the discharge pipe at the bottom of the digester. The inoculums for 

this study were prepared by acclimatisation. The concentration of the inoculum is 

assumed to be constant throughout the experiment. 

3.2.2 Landfill leachate 

Leachate was collected from the Rochedale Landfill site, Brisbane, Queensland, 

Australia. The Rochedale Landfill site was installed with a leachate collection pipeline 

at the bottom of the dumping area. The bottom pipelines were connected to the vertical 

pipelines. The landfill operator extracted the leachate from the bottom of the landfill by 

pumping from those vertical pipelines. The vertical pipelines were connected to the 

transferring pipelines on the ground. The leachate was transferred through the 

pipelines on the ground to the enclosed collecting tank that contains a built-in aeration 

system. Finally, the operator transferred the leachate to the wastewater treatment plant 

outside.  

 

The leachate was sampled from the port connected to the transferring pipelines on 

ground. The sampling point that the dumping area was to be operated from was 

selected. The leachate was collected in 20 L plastic containers. After the samples were 

collected, they were immediately analysed for TS, VS, COD, pH, alkalinity, total 

carbon, and total nitrogen. The landfill operator provided the composition of toxicity. 

The toxicity results included aluminium, arsenic, barium, cadmium, chromium, copper, 

cobalt, nickel, and lead. Then the leachate samples were stored in a cool room at 4oC. 

3.2.3 Pineapple peel 

Pineapple peel was collected from the Golden Circle factory. The samples were 

collected in plastic bags. The pineapple peel was immediately analysed to examine the 

characteristics including density, TS, VS, total carbon, and total nitrogen. Then the 

samples were stored in a cool room at 4oC. 

3.2.4 Substrates ratios for batch experiments 

Five ratios of the substrates were selected to study, and are listed in Table 3.1. These 

included only 25 L leachate (S1); 25 L tap water plus three kgVSpineapple peel m
-3 (S5) and 
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the leachate of 25 L with the pineapple peel from one to three kgVS m-3 (S2 to S4). The 

ratio of the substrate was based on 25 L leachate and three kgVSpineapple peel m
-3. The 

volume of 25 L leachate was selected, as it was a maximum amount that could be fed 

with 5 L inoculums. The loading rate of three kgVSpineapple peel m
-3 was selected as it is 

the optimal organic loading of the anaerobic digestion recommended by Poliafico 

(2007).  

 

Table 3.1 Composition of the five substrates in batch experiments. 

Substrate Composition 

S1 25 L leachate 

S2 25 L leachate + 1 kgVSpineapple peel m
-3 

S3 25 L leachate + 2 kgVSpineapple peel m
-3 

S4 25 L leachate + 3 kgVSpineapple peel m
-3 

S5 25 L tap water +3 kgVSpineapple peel m
-3 

3.3 Batch anaerobic digester apparatus 

3.3.1 Reactor 

The batch experiment reactor is illustrated in Figure 3.1 and schematically shown in 

Figure 3.2. The reactor was a completely mixing vessel with a working volume of 30 L 

and was constructed from stainless steel. The connection between the lid and the tank 

was sealed with a gasket to prevent leakage of gas. On the lid, there were five 

connections: a pressure gauge, thermometer, feeding port, gas sampling port, and 

mechanical mixer.   

 

 

 

Figure 3.1 Reactor used in batch experiments. 

 



 71 

          

 

Figure 3.2 Schematic diagram of batch experiment reactor.  

 

The reactor had a cylindrical shape with 250 mm diameter, 700 mm height and 35 L 

volume. It was designed for 30 L working volume, and 50 mm freeboard to allow gas 

collection. The reactor's dimensions are provided in Table 3.2. 

 

Table 3.2 Dimension and volume of reactor. 

Details Size 

Diameter 250 mm 

Height 700 mm 

Freeboard 50 mm 

Total volume 35 L 

Working volume 30 L 

3.3.2 Gas volume counter 

A gas counter made from an acrylic sheet measured the biogas production. Figure 3.3 

shows the gas counter unit and Figure 3.4 presents its schematic diagram. The counter 

unit consisted of a container, a small box, a signal sender, a signal receiver and the 

counter. The small box was installed inside the container and connected to a small gas 

pipe. The container was drilled to allow a small gas pipe from the small box connected 

to the reactor. The dimensions of the container were 80x160x110 mm. The small box 

had the dimensions of 50x50x50 mm. The gas was transferred from the reactor by its 

pressure on a small box in the container. The container was filled with sodium 

hydroxide solution to block the biogas, but the biogas released when there was 
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sufficient pressure to overcome the pressure from the solution. The sodium hydroxide 

solution was filled in the gas counter container instead of normal water to prevent 

methane dissolving in water. The level of the solution was maintained throughout the 

experiment. The small box was equally divided into two sections. When one of the 

sections was filled up with a certain amount of the specific gas, the box was lifted and 

rotated. Meanwhile, the gas released to the small pipe situated at the top of the 

container. Upcoming gas would then make another rotation.  As the two sections had 

the same size and were installed at the centre of the counter unit, each rotation 

accounted for a constant volume of the gas. The signal sender, receiver, and counter 

were installed to record the numbers of the rotations. The counter recorded the 

frequency of the rotation when the small box rotated to where the receiver detected the 

signal from the sender. The small box was calibrated to examine the gas volume that 

the small box could hold before rotating. The biogas from a Tedlar bag was used to 

calibrate the gas counter with a needle syringe. The biogas was syringed from the 

Tedlar bag and injected into the gas counter. The gas counter held biogas of 0.37 mL 

prior to a rotation. The gas volume was consequently calculated with the numbers of 

the rotations and 0.37 mL.  

 

 

Figure 3.3 Gas counter connected to gas sampling port to measure biogas production. 

 

 

Figure 3.4 Schematic diagram of gas volume counter. 
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3.3.3 Tedlar bag 

The generated gas, after passing through the small pipe of the gas counter, was 

collected and stored in the 5 L Tedlar bags. The Tedlar bags used in the experiments 

are illustrated in Figure 3.5. The bags are made of 2 mm PVF film, an eyelet and 

single 2-in-1 fitting that combines the valve and septum into one.  

 

 

Figure 3.5 Tedlar bag for biogas collection.  

3.3.4 Pressure and temperature gauges 

A pressure gauge and thermometer were installed on the top of the reactor to record 

the gas conditions so that gas volumes could be converted to the gas volume at normal 

conditions - 0oC and 1 atmosphere pressure.  

3.3.5 Mixer 

The mixer in the reactor contained three elements, these being a timer, a motor and a 

paddle. The mixer could be operated manually and automatically by selection of the 

mode switch on the electrical control panel of the reactor. In manual mode, the mixer 

was run as long as the switch was on. In automatic mode, the timer was automatically 

set to control the motor. The paddle was connected to the car wiper motor that was 

installed on top of the reactor. The paddle shaft was 690 mm long and the end of the 

shaft was 70 mm in diameter.  

3.3.6 Temperature control  

An immersion heater and a thermocouple controlled the temperature in the reactor. 

The immersion heater was installed inside the reactor while the thermocouple was 

outside the reactor. The heater had a diameter of 190 mm and height of 600 mm, and 

was designed to keep the temperature of the reactor at 35oC. The operation of the 
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electricity heater was regulated by the thermocouple. The thermocouples were installed 

close to the heater element in order to control the temperature.  

3.4 Batch operational parameters 

The selected dependent, independent, and controlled parameters are illustrated in 

Table 3.3. The independent parameter was the ratio of the leachate to the pineapple 

peel that affected the biogas production, biogas composition, organic removal 

efficiency, pH, and alkalinity. Meanwhile, the rate of stirring of the mixer and the 

temperature were controlled throughout the experiments. Ultimately, the results of the 

experiments were interpreted into biogas yields and kinetics constant values that 

indicate what mixing ratio is optimal.  

 

Table 3.3 Experimental parameters.  

Parameter Description 

Independent parameter Ratio of the leachate and the pineapple peel 

Dependent parameter Biogas production, composition of biogas, 

  pH, Alkalinity, VFA, COD, TS, VS 

Controlled parameter Mixing rate and temperature 

 

The controlled parameters were constant throughout the experiments to make sure that 

the results of the test originated from the different mixtures of substrates The 

temperature was maintained in a mesophilic condition at 35oC by thermocouples, 

temperature controllers and heater elements. The mixing ensured the microorganisms 

worked throughout the reactors. The mixer was set to rotate every 10 minutes and stop 

for 50 minutes. The speed of the motor was 60 rpm.   

3.5 Batch experimental procedure  

3.5.1 Acclimatisation of inoculums 

Inoculums of 25 L were prepared by acclimatising to 4 L of leachate, and 100 g of 

prepared pineapple peel in the reactor. This was to allow the microbial populations 

suitable for the leachate and pineapple peel to be established. Then it was left in the 

reactor until the biogas production ceased. The prepared inoculums were kept at 35oC 

throughout the experiments. Inoculum concentration was assumed to be constant 

throughout the experiments. 
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3.5.2 Substrate preparation  

Firstly, the size of the pineapple peel was reduced by the use of a blender. The 

leachate (for S2, S3 and S4) or tap water (for S5) of 500 mL and the pineapple peel of 

100 g were processed for 5 minutes. The processing was repeated until the processed 

amount of pineapple peel was sufficient for the designed VS of the running 

experiments. Then the processed pineapple peel was added with the leachate or tap 

water. S1 was only 25 L leachate; S2, S3 and S4 were prepared by mixing 206.9, 

413.8 and 620.7 g of the processed pineapple peel with the addition of the leachate to 

the total volume of 25 L; S5 was prepared by mixing 620.7 g of the processed 

pineapple peel with the added tap water to the total volume of 25 L. The amounts of the 

pineapple peel were calculated based on the organic loading of one, two and three 

kgVS m-3. 

3.5.3 Reactor start up and experimental procedure 

The temperature and the mixer were set with regard to the mentioned parameters. Five 

batch experiments were studied with different substrate ratios. The prepared inoculums 

of 5 L with five prepared substrates were fed into the reactor through a port on top of 

the reactor. After the reactors were filled up to 30 L working volume, the headspace 

was flushed with nitrogen. No supplemental nutrients were added to the substrate. The 

duration of each batch procedure started from feeding the substrate to the reactor and 

concluded when the biogas production had ceased for three days. All experiments 

were carried out in duplicate, and the standard deviations between duplicate-loading 

patterns are presented with the results. The results are expressed as the means of two 

batches. After the biogas production ceased, the substrate was discharged through the 

drainage valve. The new batch experiments began with feeding the substrate through 

the port on top of the reactor. The substrate in the reactor was sampled through the 

sampling port. The substrate samples and the biogas in the Tedlar bag were analysed 

on a daily basis 

3.6 Full-scale anaerobic digester of landfill leachate 

3.6.1 Landfill site 

The study was carried out at the anaerobic digestion treatment plant of 

Panomsarakham Sanitary Landfill site operated by the Pairojsompongpanitch Co., Ltd. 

The landfill site receives approximately 1,800 tonnes of Bangkok city municipal solid 

waste (MSW) per day. It started operation in 2005 and the landfill operation is ongoing 

whereby the MSW is filled section by section. Landfill gas and biogas from the 
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wastewater treatment plant are captured and utilised to generate electricity to supply to 

the grid. The flare was installed to burn excess gas. However, the flare has never been 

operated. 

 

The landfill site is located approximately 90 km east of Bangkok. The project area 

occupies a total of 64.91 hectares, wherein 46.94 hectares is the dumping area; 6.15 

hectares is the area of the power plant; 6.2 hectares is the area of the wastewater 

treatment plant, and 1.62 hectares is the administrative area. The surrounding areas of 

the project are swine farms, and agricultural areas. The location of the landfill site is 

illustrated in Figure 3.6. Prior to the development into sanitary landfill, the site had been 

a laterite source for general construction. Thereafter around March 2005, 

Pairojsompongpanitch performed a survey and development of the pond. The landfill 

site was divided into four sections as shown in Figure 3.7. During the experiments for 

this study, the operation of the waste landfilling took place in Section 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Location of the Panomsarakham Sanitary Landfill site in Thailand. 
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Figure 3.7 Aerial view of Panomsarakam Sanitary Landfill site. 

 

Figure 3.8 shows the final stage of landfill construction prior to the dumping operation. 

The landfill site was sanitarily constructed according to the guidelines from the Thailand 

Pollution Control Department. The construction of the landfill site started from pumping 

out the retained water, then leveling and compressing the soil to have low water 

permeability. Secondly, the prepared land was lined with 1.5 mm HDPE sheet in order 

to prevent leachate to contaminate underground water. Then the HDPE sheet was 

covered with compacted sand. Finally the waste was then dumped onto the 

constructed land.   

 

 

Figure 3.8 Final preparation area prior to receiving the waste at Panomsarakham 

Landfill site. 

Section 1  

Section 2 

Section 3 

Section 4 
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The cross sectional view is shown in Figure 3.9. The landfill was 18 m deep and the 

waste was filled to 18 m high from ground level. There were six sub-layers during the 

operation. Each sub-layer was 6m high. A buffer zone and road were constructed along 

the working pit area. The buffer zone was designed to reduce odour nuisance. 

 

 

L 

 

 

 

 

 

 

 

 

 

Figure 3.9 Cross sectional view of the Panomsarakham Landfill site. 

3.6.2 Existing leachate treatment plant 

The leachate treatment plant at the Panomsarakham Landfill site has a capacity of 

150-m3 day-1. The leachate treatment plant diagram is shown in Figure 3.10. The 

system comprises an anaerobic digestion reactor, two primary settling ponds, two 

cover lagoons, two aeration ponds, three secondary settling ponds and wetland. 

 

 

 

Figure 3.10 Diagram of wastewater treatment plant at the Panomsarakham Landfill 

site. 
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Figure 3.10 Diagram of wastewater treatment plant at the Panomsarakham Landfill site 

(continued). 

 

The leachate treatment process of the Panomsarakham Landfill site includes anaerobic 

and aerobic processes. Because the leachate at the Panomsarakham Landfill site is 

highly concentrated with organic matter, the anaerobic digestion process is selected to 

treat the leachate at the first step.  The anaerobic process consists of an anaerobic 

digestion tank; two primary settling ponds and two cover lagoons. The primary settling 

ponds are designed to be sure that the inoculum from anaerobic digestion is 

illuminated from the wastewater. Then the leachate goes to the cover lagoons. An 

aerobic process then follows the anaerobic process because the anaerobic digestion 

cannot treat wastewater to reach discharge standard quality. The aerobic process 

includes two aeration ponds and three secondary settling ponds. Finally the 

wastewater is treated in the wetland area. 

 

The wastewater treatment plant receives approximately 54 m3 day-1 from the landfill site 

and it operates to have zero discharge. Zero discharge is practical as the landfill site 

occupies a massive area of land (65 hectares) so that the landfill operator can extend 

the wastewater treatment area to cope with the generation of wastewater in the future. 

The effluent of the wetlands is used on-site for irrigation purposes. 

3.6.3 Biogas power plant 

The company has recovered landfill gas and biogas in the energy project to mitigate an 

environmental problem. Without the gas to energy project, the landfill gas, including 

wastewater with high concentration, would create bad odours in the community nearby, 

damage the atmosphere as a greenhouse gas, pose potential fire and explosive risk, 

and release volatile organic compounds into the environment. The diagram of the 

biogas plant is detailed in Figure 3.11. The biogas plant comprises a gas extraction and 

treatment plant, gas generators, and a flare. The gas fuels a generator of 2 MWh 

electricity rating. The electricity is distributed to the grid for replacing the more carbon 

intensive grid power. The project contributes to the sustainable development of the 

landfill operation.   
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Figure 3.11 Diagram of biogas plant at the Panomsarakham Landfill site.  

 

The gas extraction and treatment plant consists of condensing tanks, filters, blowers 

and gas heat exchangers. The diagram of the plant and a picture of the plant are 

shown in Figure 3.12 and Figure 3.13. The blower extracts the gas from the landfill site 

and the wastewater anaerobic digestion treatment plant. Corrosive elements and 

contaminants are removed from the biogas using a gas treatment system consisting of 

condensing tanks and filters. The treatment is to prevent corrosion in the gas generator 

engine. The gas heat exchanger is installed to reduce the temperature of the landfill 

gas from the blower. The flaring system is installed to burn excess LFG that is not used 

in power generation. 

 

Figure 3.12 Diagram of gas extraction and treatment plant at the Panomsarakham site. 

 

 

Figure 3.13 Gas extraction and treatment plant at the Panomsarakham Landfill site. 

Source: Taken by the author. 
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The gas generator at the Panomsarakham Landfill site is shown in Figure 3.14. The 

gas generator is an internal gas combustion type, designed especially for biogas. 

There are two units each of which rate at 1 MW electricity generation capacity. During 

experiments for this study, electricity was distributed to the Provincial Electricity 

Authority in Thailand. 

 

 

Figure 3.14 Gas generator at the Panomsarakham Landfill site. 

Source: Taken by the author. 

3.7 Materials for full-scale plant experiments 

3.7.1 Substrate in the existing reactor 

As the landfill leachate treatment plant is under operation, the substrate in the reactor 

comprises inoculums and leachate. The inoculums were received from pig farms 

nearby. Mostly, pig farms in Thailand have anaerobic digestion ponds to treat their 

process wastewater, and its sludge is a good source of inoculums. To initialise the 

reactor set up, the landfill operator fed 130 m3 of inoculum into the tank (approximately 

20% of total volume). The leachate volume of 10 m3 was added to the reactor, and then 

each week the volume in the reactor was increased by 10% with the addition of more 

leachate. 

 

The composition of the substrate in the reactor prior to the experiments is shown in 

Table 3.4. Three samples of 500 mL were collected from the valve on the effluent 

pipeline. The average values of TS, VS and COD were approximately 20,800, 13,500 
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and 17,000 mg L-1 respectively. The pH value was 7.1. The value of VFA and alkalinity 

were 1,200 and 2,800 mg L-1. 

 

Table 3.4 Composition of substrate in the full-scale reactor prior to the experiments. 

Parameters Value 

TS (mg L-1) 20,800+3,100 

VS (mg L-1) 13,500+1,400 

COD (mg L-1) 17,000+2,600 

pH (mg L-1) 7.1+0.1 

VFA (mg L-1) 1,200+20 

Alkalinity (mg L-1) 2,800+80 

3.7.2 Landfill leachate 

The anaerobic digester received approximately 54 m3  day-1 of leachate. Three samples 

of 500 mL leachate were collected from the influent pipeline. The leachate was drawn 

from the landfill leachate sump, drainage of the garbage truck and wastewater ponds 

on the working area by a submersible pump. The samples were analysed in laboratory 

for TS, VS, COD, pH, VFA, total carbon and total nitrogen.  

3.7.3 Pineapple peel 

Pineapple peel in the full-scale experiment was received from the pineapple-processing 

factory, the Malee Factory. The Malee Factory is one of the biggest fruit-can and fruit 

juice processing manufacturers in Thailand, and is associated with more than 5,000 

families of fruit farmers. Normally, the factory distributes the processing waste such as 

pineapple peel to the farmer for feeding cattle. The pineapple peel was received daily 

at 7.30 am from the factory. Three samples of 0.5 kg of pineapple peel were analysed 

for TS, VS, total carbon, and total nitrogen.   

3.7.4 Input substrates for full-scale experiments 

Five steps of the pineapple peel addition were fed with 54 m3 day-1 of leachate (Sa) and 

are listed in Table 3.5. The landfill site generated around 54 m3 day-1 of leachate during 

the experiments. The additions were 3,600 kg day-1 (Sb), 5,100 kg day-1 (Sc), 6,600 kg 

day-1 (Sd), 8,100 kg day-1 (Se) and 9,000 kg day-1 (Sf). 
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Table 3.5 Input substrates for full-scale experiments 

Substrate Composition 

Sa 54 m3 Leachate  

Sb 54 m3 Leachate + 3,600 kg pineapple peel 

Sc 54 m3 Leachate + 5,100 kg pineapple peel 

Sd 54 m3 Leachate + 6,600 kg pineapple peel 

Se 54 m3 Leachate + 8,100 kg pineapple peel 

Sf 54 m3 Leachate + 9,000 kg pineapple peel 

 

The organic loading rate of the full-scale anaerobic digestion prior to the experiments 

was already high compared to the organic loading rate in the batch experiments that 

optimised the biogas yield. In the batch co-digestion experiments, the organic loading 

rate of S3 (3.87 kgVS m-3) resulted in the best biogas yield, and the biogas yield 

reduced with the loading rate of S4 (4.87 kgVS m-3). Therefore, it was not possible to 

feed the same ratio of the co-digestion in the batch experiments to the full-scale plant, 

in view of the fact that the operator had to treat the whole amount of the leachate 

during the study. In order to test the same ratios of co-digestion as the batch 

experiments, the amount of leachate required reduction. However, there was no 

storage tank to store the leachate. Ultimately, the experiments were designed to feed 

the pineapple peel into the reactor, and to stop loading when the reactor showed any 

sign of failure such as a dramatic decrease in pH and in methane concentration of the 

biogas. 

3.8 Full-scale anaerobic digestion reactor 

3.8.1 Reactor 

The study focused on the first anaerobic digestion tank of the wastewater treatment 

plant. Figure 3.15 and Figure 3.16 depict the anaerobic digester at the 

Panomsarakham landfill site. The tank is 12 m in diameter and 6 m in height, and of a 

cylindrical shape. It is made from concrete coated with epoxy inside to prevent 

corrosion. The tank has a working volume of 630 m3. It was designed as a continuous 

stirred tank reactor (CSTR). Inside the reactor, a mechanical mixer is installed. A flow 

meter and gas analyser are located on the pipeline to biogas extraction and treatment 

plant. The CSTR has been operated since the beginning of the landfill site operation. 

 

The 100 mm influent pipeline was installed on the top of the reactor and continued to a 

3 m depth, while the 100 mm effluent pipeline was located opposite to the influent one. 
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The effluent pipe was connected 0.5 m below the top of the reactor. The free space 

above the discharge pipeline functions as a gasholder of the biogas.  

 

 

Figure 3.15 Diagram of anaerobic digestion reactor at the Panomsarakham Landfill 

site. 

 

 

Figure 3.16 Anaerobic digestion reactor at the Panomsarakham Landfill site (taken by 

author). 

 

There is no sludge removal system. The reactor was emptied once in 2010 due to a 

failure of the anaerobic digestion system. During this cleaning operation, it was 

observed that there had been a significant accumulation of sludge, which had reduced 

the working volume of the reactor. On top of the reactor, two acrylic lids of 1x1 m2 and 

sealed with a rubber gasket were installed to allow the pump to be placed inside the 

reactor.  
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Prior to the experiments, the reactor generated biogas that could be utilised as fuel. 

Biogas was also connected to the gas extraction and treatment plant of the landfill site, 

and utilised for electricity generation. The wastewater treatment plant produced biogas 

between 2,000 and 2,500 m3 day-1. This amount of gas can generate 3.6 MWh of 

electricity per day 

3.8.2 Flow meter 

The ST51 Mass Flow Meter by FCI was installed to measure the biogas production 

from the gas pipeline. It was designed for the anaerobic digester process and applied 

thermal dispersion technology that provides direct mass flow measurement. There are 

RTD sensors as the main instrument as well as microprocessor electronics. As a result, 

the flow meter delivered good accuracy, fast response and a maintenance free 

operation. According to the specification, the accuracy of the flow meter is +2%. The 

flow meter automatically normalises the results of biogas production as well as 

recording the flow rate in the unit of m3 h-1. 

3.8.3 Mixer 

The mixing mechanism comprises three elements that are: a 25 kW motor, propeller 

and timer. The motor is connected to the propeller that is installed in the reactor. The 

propeller, made from stainless steel, has a diameter of 0.5 m, and its shaft is 3 m in 

diameter. The timer electrically controls the motor. It was set to operate 15 minutes in 

every three hours. The speed of the mixer was 100 rpm. It was not necessary to 

operate high-speed rotation, as the aim of the mixing is to suspend the microorganisms 

to digest the substrate. 

3.8.4 Temperature controller 

There was no temperature control system for the anaerobic digestion plant at the 

Panomsarakham Landfill site. As Thailand is a tropical country, the ambient 

temperature is between 25°C and 40°C. The wastewater treatment plant is then 

operated under mesophilic condition (30-35°C).   

3.9 Full-scale co-digestion plant experimental parameters 

The parameters of the full-scale plant were set based on the existing wastewater 

treatment operation. All parameters related to the full-scale experiments are described 

in Table 3.6. The independent parameter was OLR. The OLR affected the biogas 

production, biogas composition, removal efficiency of COD, TS and VS, pH, and 
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alkalinity. The mixing rate was controlled throughout the experiments. Finally, the 

results of the experiments were analysed as biogas yields and kinetics constant values. 

 

Table 3.6 Parameters used in the full-scale experiments. 

Parameter Description 

Independent parameter OLR 

Dependent parameter Biogas production, composition of biogas, 

  pH, Alkalinity, VFA, COD, TS, VS 

Controlled parameter Mixing rate 

3.10 Full-scale co-digestion plant experimental procedure 

3.10.1 Substrate preparation 

The pineapple was mixed with leachate in a 15 m3 cylindrical tank. In the cylinder, there 

was a mechanical mixer. Each time the leachate volume of 10 m3 was loaded into the 

cylindrical tank, pineapple peel of 2,000 kg followed. The mixing process was repeated 

until the amount of pineapple peel was sufficient for the designed VS of the running 

experiments. The mixer stirred the leachate and the pineapple peel for 15 minutes, and 

then the prepared substrates were pumped into the reactor.  

3.10.2 Experimental procedure of the reactor 

The mixer was set constantly throughout the experiment. The experiments proceeded 

as follows: firstly, the operator discharged the substrate in the reactor at 8.00 am 

through the effluent pipeline. The effluent then passed through the primary settling 

pond. Secondly, the prepared substrate was pumped into the reactor through the 

influent pipe. The influent sample was collected daily from the small valve installed on 

the influent pipeline. The effluent sample was collected daily from the valve on the 

effluent pipeline. The biogas was analysed daily through the sampling port of the 

biogas pipeline, located three meters away from the flow meter. The volume of the 

biogas was recorded daily from the flow meter. The influent and effluent samples were 

analysed immediately after collection. The experiment duration of each organic loading 

varied depending on the consistency of the dependent parameter results. The organics 

were changed when the experiments reached a steady state for at least two days. 

  

The loading rates of the pineapple peel increased until the values of the dependent 

parameters of the effluent indicated the system was not in the suitable operational 

range. Table 3.7 shows the operational parameter ranges. The value of pH was 
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between 6.6 and 7.6. Alkalinity ranged from 3,000 to 5,000 mg L-1. And volatile fatty 

acid was 500 to 2,000 mg L-1. When the maximum organic loading rate of pineapple 

peel was addressed, the experiments were replicated to confirm the accuracy of the 

data. 

 

Table 3.7 Range of operational parameters in the anaerobic digestion reactor. 

Parameter Range 

pH 6.6-7.6 

Alkalinity 3,000-5,000 mg L-1  

VFA 500-2,000 mg L-1  

3.11 Analytical methods 

All liquid and gas samples were analysed daily upon collection for batch experiments 

and full-scale plant experiments. Lists of analysis methods for all parameters are 

shown in Table 3.8. The parameters included biogas production, biogas composition, 

TS, VS, COD, pH, alkalinity, VFA, total carbon, and total nitrogen. The biogas in the 

Tedlar bag from the laboratory scale experiments and from the biogas pipeline was 

analysed for methane composition by the infrared gas analyser. Gas production was 

converted to 0oC and 1 atm (STP). 

 

Table 3.8 Lists of analysis methods for all parameters. 

Parameters Analytical methods 

Biogas production 
Gas counter unit for batch experiments  

Thermal mass flow meter for full-scale experiments 

Biogas composition Infrared gas analyser  

TS and VS Gravimetric method 

COD Closed Reflux, Colorimetric method 

pH Electrometric method 

Alkalinity Calorimetric method 

VFA Calorimetric method 

Total carbon 
Mass spectrophotometry 

Total nitrogen 

3.11.1 Biogas production  

For the laboratory scale experiments, the biogas production was analysed by the gas 

counter unit. The actual production in terms of volume was normalised with the 

temperature and pressure measured from the gauges on the top of the tank. For the 

full-scale plant experiments, the biogas production was analysed and normalised by 

the thermal mass flow meter. 
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3.11.2 Biogas composition 

The biogas composition was analysed daily as the percentage of methane by volume 

for both the laboratory scale and full-scale experiments, and as the percentage of 

carbon dioxide for the laboratory scale experiment. A gas analyser, GEM2000 as 

shown in Figure 3.17 designed by CES Landtec, was used in the laboratory scale 

experiments and the gas analyser IR600 as shown in Figure 3.18, designed by Hitech 

Instruments, was used in the full-scale experiments. They follow the same principle for 

analysing the biogas, but IR600 at the full-scale plant was able to analyse only the 

percentage of the methane. Both analysers use infrared sensors to detect the 

composition of the biogas. The infrared gas analyser measures trace gases by 

determining the absorption of an emitted infrared light source through a certain air 

sample. Trace gases found in the Earth's atmosphere get excited under specific 

wavelengths found in the infrared range.  

 

 

Figure 3.17 GEM2000 gas analyser.  

(Source: http://www.keison.co.uk/geotechnical_gem2000.shtml) 

 

 

Figure 3.18 IR600 gas analyser. 

(Source: http://www.mtl-inst.com/product/ir600_-_infrared_gas_analyser_wall_mount) 

 

http://en.wikipedia.org/wiki/Absorption_(electromagnetic_radiation)
http://en.wikipedia.org/wiki/Infrared
http://en.wikipedia.org/wiki/Air
http://en.wikipedia.org/wiki/Wavelengths
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Both gas analysers consist of an in-built pump, filter, gas sensor, temperature and 

pressure sensor. The in-built pump extracts the biogas to the gas sensor. The filter 

removes particulates that can damage the analyser. The temperature and pressure 

sensor correct the results over the ambient condition. The gas sensor analyses the 

biogas composition. According to the specification, the accuracy of the gas analyser 

was +2%. 

 

The procedure to measure the biogas for both analysers was as follows. 

 Switched on the gas analyser and waited until the display was ready. 

 Plugged sampling hose into the sampling valve on the gas pipeline. 

 Turned on the in-built pump to draw the gas into the analyser. 

 Waited until the result was stable, and recorded the results. 

3.11.3 Total solids (TS) and volatile solids (VS) 

Total solids (TS) and Volatile solids (VS) were analysed according to standard 

methods for the examination of water and wastewater (American Public Health 

Association, 2005). The TS and VS are defined for the solid residue remaining in the 

vessel. The procedure was based on APHA 2005. The procedure was as follows. 

 Dried the dish at 550°C for one hour. Stored and cooled the dish in a desiccator 

at least one hour. Weighed the dish (A). 

 Added 20 mL of sample to the dish; 

 Evaporated the sample at 85°C overnight. 

 Dried the sample in an oven at 103 to 105°C for at least one hour. Stored and 

cooled the dish in a desiccator for at least one hour. Weighed the sample and 

dish (B). 

 Ignited residue B in the muffle at over 550oC for at least 30 minutes. Stored and 

cooled the dish in the desiccator for at least one hour. Weighed the sample and 

dish (C). 

 Calculated TS and VS  
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3.11.4 Chemical oxygen demand (COD) 

The COD is a value of the oxygen consumed per litre of sample.  COD was analysed 

by using the colorimetric method according to the HACH DR 2000 spectrophotometer 

procedure manual. The analysis required the COD reactor, HACH DR 2000 

spectrophotometer, the COD vial, a pipet and a tube rack. The reaction of oxidisable 

organic compounds reduced the dichromate ion (Cr2O7
2-) to green chromic ion (Cr3+). 

The amount of Cr3+ was considered. The procedure of analysis was as follows. 

 Preheated the COD Reactor to 150°C. 

 Pipetted 0.2 mL sample into the COD vial, replaced the cap and inverted gently 

to mix the contents and inserted the vial into the COD Reactor. 

 Prepared a blank by substituting 0.2 mL demineralised water for the sample. 

 Heated the vials for two hours with a strong oxidising agent, potassium 

dichromate. 

 Turned the reactor off and waited until the vials cooled down to 120°C or less. 

 Inverted the vials and waited until the vial temperature reached ambient 

temperature. 

 Turned on the DR/2000 Spectrophotometer. Entered 435 as a program number, 

turned the wavelength dial to 620 nm and pressed READ/ENTER. 

 Inserted the blank COD vial into the cell holder and pressed ZERO. 

 Inserted the sample COD vial into the cell holder and pressed READ/ENTER 

3.11.5 pH  

The procedure was based on the electrometric method of APHA 2005 using a Thermo 

Scientific ORION model 720-A and Thermo Scientific ORION 9156DJWP probe for the 

laboratory scale experiments, while using a Fisher Accumet Model 610A pH meter for 

the full-scale experiments. The electrometric pH analysis determines the activity of the 

hydrogen ions by potentiometric measurement with a standard hydrogen electrode and 

a reference electrode. The apparatus was a pH meter consisting of a potentiometer, a 

glass electrode, a reference electrode, and a temperature-compensating device. The 

procedure was as follows. 

 Calibrated the pH meter with a buffer solution of pH 4.0 (Potassium hydrogen 

phthalate, fuchsin acid, mercuric chloride) and 7.0 (Mercuric chloride, sodium 

phosphate dibasic, sodium chloride, potassium dihydrogen orthophosphate). 

 Measured and placed 100 mL of samples into 500 mL beaker. Placed the 

sample with a stir bar on a magnetic stir plate. 

 Insert a calibrated pH meter into the sample. 
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3.11.6 Alkalinity  

Alkalinity determines the acid-neutralising capacity of water. The analysis using the 

titration method was based on APHA 2005. The principle is that hydroxyl ions in a 

sample react with the added standard acid. Therefore, alkalinity is based on the value 

of pH in the sample. The apparatus’ used were pH meter, beaker, magnetic stirrer, 

pipette, and burettes. The procedure was as follows: 

 Prepared 0.1 N standard sulphuric acid (H2SO4) reagent. 

 Continued to use a calibrated pH meter to titrate the sample from pH analysis 

with the sulphuric acid reagent to an end point of pH 4.5. 

 Recorded the amount of sulphuric acid and calculated the alkalinity. 

 

 

3.11.7 Volatile Fatty Acids (VFA) 

The VFA was analysed according to the HACH DR 2000 spectrophotometer procedure 

manual. It applied esterification of the carboxylic acids present and determination of the 

esters by the ferric hydroxamate reaction. The results were shown as their equivalent 

mgCH3COOH L-1. The analysis required a HACH DR 2000 spectrophotometer, a pipet, 

water bath, a tube rack, and a volatile acids reagent set from HACH Company. The 

procedure of analysis was as follows: 

 Prepared a blank sample by pipetting 0.5 mL of demineralised water into a 25 

mL sample cell. 

 Centrifuged 25 mL of sample. 

 Pipetted 0.5 mL of the supernatant into the dry 25 mL sample. 

 Pipetted 1.5 mL of ethylene glycol into each sample cell and swirled. 

 Pipetted 0.2 mL of 19.2 N Sulphuric Acid Standard Solution into each sample 

cell and swirled. 

 Boiled all cells in a water bath for three minutes. 

 Cooled down the cells with tap water. 

 Pipetted 0.5 mL of Hydroxylamine Hydrochloride Solution into each cell and 

swirled. 

 Pipetted 2.0 mL of 4.5 N Sodium Hydroxide Standard Solution into each cell 

and swirled. 

 Pipetted 10 mL of Ferric Chloride Sulphuric Acid and swirled.  

 Pipetted 10 mL of demineralised water and swirled.  
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 Waited for three minutes. 

 Turned on DR/2000 Spectrophotometer. Entered 770 as a program number for 

VFA analysis, turned the wavelength dial to 495 nm and pressed 

READ/ENTER. 

 Inserted the blank sample into the cell holder, closed the light shield and 

pressed ZERO. 

 Inserted the sample into the cell holder, closed the light shield and pressed 

READ/ENTER 

3.11.8 Total carbon and total nitrogen 

Total carbon and total nitrogen are the main nutrients for anaerobic digestion. Mass 

spectrum analysis was applied to measure the total carbon and total nitrogen. The 

model was GV Isoprime from Manchester UK. Mass spectrum analysis is a part of 

Mass Spectrometry (MS). Mass Spectrometry is an analytical method that generates 

spectra of the atoms present in a sample of material. Mass Spectrometry analyses 

through ionising chemical compounds to produce molecule fragments and measure 

their mass-to-charge ratios. The samples from the laboratory scale experiments were 

analysed by the Griffith University Laboratory while the samples from the full-scale 

experiments were analysed by the Chulalongkorn University Laboratory in Thailand. 

3.12 Basic parameter calculation 

3.12.1 Organic loading rate 

The organic loading rate (OLR) was calculated from the following equation. 

 

  

 

Where OLR is organic loading rate (kg m-3), S0 is concentration of volatile solids fed 

into the reactor (kg L-1) and Q is reactor volume (m3). 

3.12.2 COD TS VS removal efficiency 

The removal efficiency was calculated from the following equations. 
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Where CODremoval is the removal percentage of COD (%), TSremoval is the removal 

percentage of TS (%), VS removal is the removal percentage of VS (%), COD0 is COD 

load charged into the reactor (g), TS0 is TS load charged into the reactor (g), VS0 is VS 

load charged into the reactor (g), COD is COD load discharged out of the reactor (g), 

TS is TS load discharged out of the reactor (g) and VS is VS load discharged out of the 

reactor (g). 

3.12.3 Biogas and methane yield 

The biogas yield (y) was calculated from the following equation. 

 

 

 

 

3.13 First order kinetics 

3.13.1 Kinetics analysis of batch reactor 

In order to evaluate the kinetics of the methane formation, the following kinetics 

reaction is proposed 

 

 

where S is the concentration of volatile solids of substrate (mg L-1), VFA is the volatile 

fatty acid of substrate in the reactor (mg L-1), B is the accumulative biogas production 

(L), k1 is the acid fermentation stage rate constant (day-1) and k2 is the methane 

fermentation stage rate constant (day-1). 

 

The model is based on the availability of substrate as the limiting factor. The lack of 

nutrients inhibits the microorganism growth. A first order kinetics law is applied to 

explain the degradation process. 
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                     eq.1 

                                                       eq.2   

Where t is the digestion time (day). 

 

To derive k1, the first order equation needs to be solved as follows.   

          eq.3 

or                      eq.4 

 

Where  S0 is the initial concentration of the volatile solids (mg L-1).  

 

The biogas yield is defined by: 

                       eq.5 

Integration of which when B = 0 for S = S0 yields: 

 

                      eq.6  

               eq.7 

Where Bm is the maximum biogas production. 

              eq.8  

Substituting eq.8 into eq.4:  

   

                      eq.9

                   eq.10 

   

Substituting eq.7 into eq.0: 

 

                            eq.11 
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The equation conforms to a first-order kinetics model. The k1 can also be determined 

from the following rearranged eq.11. 

 

                                                eq.12 

 

or 

       

 

Invert eq.13 as follow. 

 

                                   eq.13 

 

                           eq.14 

 
k1 is derived from the slope of plotting  ln (Bm/(Bm-B)) against t. 

3.13.2 Kinetics analysis of steady-state mixed flow reactor 

A kinetics model of VS reduction based on HRT was derived from a first order kinetics 

equation and the mass balance of the reactor.  

 

At steady state the accumulation is equivalent to 0. The equation was deduced as 

follows: 

 

                                     eq.15 

                                                        eq.16 

 

where r(S) is substrate removal rate of VS (mg L-1 day-1), Q is flow rate (m3 day-1), k is 

first order reaction rate constant (day-1), So is concentration of input (mgVS L-1), S is 

concentration of substrate in the reactor (mgVS L-1), and V is reactor volume (m3) 
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By substituting eq.15 into eq.16: 

                                eq.17 

                                eq.18 

Combining HRT = V/Q 

                             eq.19 

There is correlation between volatile solids content and biogas yield (Linke, 2006). 

 

                                   eq.20 

                              eq.21 

or 

                                             eq.22 

where y is biogas yield (L kgVS-1) and ymax is maximum biogas yield (L kgVS-1) 

 

Replacing S0/S in eq.19 with the solid retention time of a CSTR can 

be summarised as follows: 

                       eq.23 

and 

                                        eq.24 

To design the reactor dimension, OLR is required (Lin et al., 2011b). 

                                    eq.25 

Substituting eq.25 into eq.23: 
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                                eq.26 

                                                           eq.27 

                                                     eq.28 

    

ymax was derived from the intercept of plotting 1/y over OLR. The slope of the plot was 

1/kSoymax. Therefore, k can be calculated as So and ymax were known. 

3.14  Artificial neural network modelling method for the 

anaerobic co-digestion process 

The artificial neural network models were developed in a MATLAB environment using 

MATLAB 7.11.0 (R2010b) and Neural Network Toolbox 7.0. Several steps should be 

followed when an artificial neural network model of anaerobic digestion application is 

developed. The key steps generally consist of problem specification, data preparation, 

architectural design, network training, and model validation. A flow chart of the steps to 

develop the neural network models is illustrated in Figure 3.19. 

 

 

 

Figure 3.19 Key steps to develop a mathematical model.  

 

Problem specification  

Data preparation  

Architectural design  

Neural network training  

Model validation  
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• Problem specification  

It mainly focuses on identifying the problem to be solved by the model. Basically, it is to 

identify the aim of the model and to specify the problem to be solved by the model. It is 

also important to determine the degree of accuracy required. Developing a model 

intended for research or operation and control purposes usually requires different 

degrees of accuracy. In this study, the artificial neural network model aimed to predict 

the outcomes of the anaerobic co-digestion process with the least degree of the mean 

squared error (MSE). 

• Data preparation 

Data preparation is a very important step for gathering and choosing a proper set of 

data in order to ensure proper correlations. This is because the data used has an effect 

on performance of the neural network model developed in terms of its ability and 

reliability. In some cases, the data may have to be converted into a different form to be 

meaningful to the neural network model since the data needs to be able to represent 

and translate into the model to grasp the problem. It also requires a sufficient amount 

of data in order to find correlations and to make proper associations. Computational 

efficiency of the neural network model is highly dependent on choice of data. In the 

case of the available data being dimensional, choosing a subset of the data can 

decrease the number of free parameters in the neural network model, resulting in good 

generalisation within finite data. 

• Architectural design 

It involves constructing a neural network structure in terms of components of the neural 

network and its operations. It needs to identify the number of layers and the number of 

neurons in each layer. A trial and error method is commonly used for the determination. 

In this study, the multilayer feed forward architecture was applied for designing the 

artificial neural network models.  

• Neural network training  

This is a step to adjust values of the connection weights and biases in order to 

generate the outputs with the given inputs. Training is a very important step since it 

determines generalisation of the models. The Levenberg-Marquardt back propagation 

training algorithm (trainlm) was used to train the neural networks in this study.  
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• Model validation 

Performance and validation of the neural network must be achieved to evaluate its 

ability to solve the problem required. Mean squared error (MSE) and regression R 

value (R) were calculated to evaluate and validate performance of the neural network 

models. 
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CHAPTER 4 ANAEROBIC DIGESTION OF LEACHATE 

AND PINEAPPLE PEEL IN BATCH EXPERIMENTS...........                                                                                          

4.1 Characteristics of leachate and pineapple peel 

Leachate used in batch experiments was obtained from the Rochedale Landfill site, 

South of Brisbane, Queensland. The leachate composition as in the monitoring report 

of the landfill operator is shown in Table 4.1. Total solids (TS), Volatile solids (VS), 

BOD/COD ratio indicate the amount of digestible substances available in leachate. 

Maturity of leachate is generally characterised by the BOD/COD ratio. For mature 

leachate, a low BOD/COD ratio of less than 0.1 is reported (de Morais and Zamora, 

2005).  The leachate from the Rochedale Landfill had a BOD/COD ratio of 0.08. 

Therefore, it was considered to be a mature leachate. The landfill operator recirculates 

the leachate that resulted in more digestion of leachate. However, variation of the ratio 

at a different time could be expected depending on digestion conditions. In addition, the 

acidity of active landfill leachate should be below 7 (Calli et al., 2005). The leachate 

sample from the Rochedale Landfill site was neutral with a pH value of 7.04. This also 

indicated that the leachate was a mature leachate. 

 

Table 4.1 Composition of leachate collected from Rochedale Landfill site, Brisbane, 

Queensland, Australia. 

Parameter Value 

TS  8,500 mg L-1 

VS 2,250 mg L-1 

pH 7.04 

Alkalinity 2,730 mg L-1 

COD 2,500 mg L-1 

Total carbon 13.60% 

Total nitrogen 1.60% 

BOD* 200 mg L-1  

Aluminium* <0.01 mg L-1 

Arsenic* <0.001mg L-1 

Barium* <0.001 mg L-1 

Cadmium* <0.0001 mg L-1 

Chromium* <0.001 mg L-1 

Copper* <0.001 mg L-1 

Cobalt* <0.001 mg L-1 

Nickel* <0.001 mg L-1 

Lead* <0.001 mg L-1 

BOD/COD 0.08 

*Results obtained from the monitoring report of the landfill operator 
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The total solids and volatile solids were 8,500 and 2,250 mg L-1, respectively. The COD 

was 2,500 mg L-1 and the C/N ratio of the leachate was 8.5/1. The alkalinity value of 

the leachate collected was 2,730 mg L-1. The optimal carbon to nitrogen ratio for 

anaerobic digestion has been recommended at 25/1 - 30/1 (Mshandete et al., 2004). 

The C/N ratio of the collected leachate was only 8.5/1, which was considered low for 

the anaerobic digestion process. This indicated that anaerobic digestion of the leachate 

from Rochedale Landfill site would not yield sufficient biogas quantity for utilisation. To 

enhance the biogas production, it would require an additional carbon source or a co-

substrate. Toxicants such as aluminium, arsenic, barium, cadmium, chromium, copper, 

cobalt, nickel, and lead in the collected leachate were at low levels at which the 

digestion process would not be inhibited. 

 

Table 4.2 presents the composition of pineapple peel used in the experiments. The TS 

and VS were 58,000 mg L-1 and 54,100 mg L-1, respectively. The C/N ratio was 24/1. 

This ratio was appropriate for anaerobic digestion. The concentration of volatile solids 

in the pineapple peel was approximately 20 times that of the leachate.  Therefore, the 

pineapple peel could be a good co-substrate for the leachate in experiments. The 

carbon to nitrogen ratio of anaerobic digestion of leachate could be increased as its 

addition to the leachate could raise the C/N ratio to the recommended value. In 

addition, the addition of high solids content from the co-substrate could increase the 

biogas yield from the anaerobic digestion process, as the leachate from Rochedale 

Landfill site itself had a low solids content. 

 

Table 4.2 Composition of pineapple peel from Golden Circle factory, Queensland. 

Parameter Value 

Density 390 kg m-3 

TS 58,000 mg L-1 

  0.15 g/g fresh pineapple peel 

VS 54,000 mg L-1 

  0.145 g/g fresh pineapple peel 

Total carbon 45.2% 

Total nitrogen 1.9% 

4.2 Loadings  

Batch digestion experiments for leachate and pineapple peel were performed. The 

mono-digestion of leachate, and pineapple peel were named S1 and S5, respectively. 

For mono-digestion of leachate, 5 L of inoculum and 25 L of leachate were used. For 

mono-digestion of pineapple peel, 5 L of inoculum, and 25 L tap water plus three 

kgVSpinepple peel m
-3 were used. 
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Table 4.3 shows the reactor loadings in terms of TS, VS and COD for the S1 and S5 

mono-digestion experiments. The loading of S1 was equivalent to 212 gTS, 56 gVS or 

62 gCOD. S5 contained 93 gTS, 90 gVS or 95 gCOD. The values were calculated 

according to the characteristics of the leachate and the pineapple peel in Table 4.1 and 

4.2. The loadings specified by TS, VS and COD were used to determine removal 

efficiencies and the biogas yields in later sections. 

 

Table 4.3 Loadings in terms of TS, VS and COD for mono-digestion of S1 and S5. 

Parameter 

Loading 

S1 S5 

TS (g) 212 93 

VS (g) 56 90 

COD (g) 62 95 

 

4.3 Profiles of pH, VFA and alkalinity  

4.3.1 pH profiles 

Figure 4.1 shows the pH variation over the operating time in days for S1 and S5 

experiments. The error bars were one standard deviation. The total digestion period of 

the S1 reactor was 10 days when no biogas production was observed.  The pH of the 

S1 reactor ranged from 7.8 to 8.1. The trend of the pH was relatively stable throughout 

the experiment because the leachate was quite mature with low TS and VS contents.  

However, for the pineapple peel experiment (S5 reactor), the pH dropped from the 

initial value of 7.7 to 6.7 in day 2, which showed that it passed through an acidity stage.  

After day 3, the pH had recovered and was stable at the pH of 7.2 until the end of the 

experiment on day 15 (Figure 4.1). 

 

Figure 4.1 Variations of pH during operating time for S1 (☐) and S5 () where the error 

bars are one standard deviation. 
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The pH values observed during the digestion periods of S5 reactor were in the optimal 

operational range of 6.8-7.5 (Williams, 2005a). The pH in the S5 reactor was lower 

than that in the S1 reactor due to a higher organic matter loading of the VS and COD. 

There was relatively low activity in the S1 reactor as noticed from the short operating 

time. The high pH value in the S1 reactor produced a good buffering capacity that 

assured the stability of the system. The sharp reduction in the pH of the S5 reactor on 

day 2 was due to the high solids loading of the VS. High biodegradable matter caused 

acidification of the digester due to quick hydrolysis and acidogenesis that increased the 

amount of VFA. However, the S5 reactor could maintain a steady pH after three days 

of operation. 

4.3.2 Alkalinity profiles  

Figure 4.2 presents the variation of the alkalinity as a function of digestion time for S1 

and S5. The alkalinity in the S1 reactor was quite constant at 3,300 mg L-1 over a 10-

day operating time. The alkalinity in the S5 reactor reduced from 2,900 to 1,640 mg L-1 

on day 2 and went up to a constant level at 2,800 mg L-1 within three more days of 

operation as shown in Figure 4.2.  

 

Figure 4.2 Variation of alkalinity during operating time for S1 (☐) and S5 () where the 

error bars are one standard deviation. 

 

The overall values of alkalinity were in the acceptable operational range of 1,500-3,000 

mg L-1 (Gerardi, 2003). The constant trend of the alkalinity corresponded with the 

steady pH results in the S1 reactor. High alkalinity in the S1 reactor also indicated a 

high buffering capacity that could accept a more biodegradable substrate. The fall in 

the alkalinity of the S5 reactor between day 0 and day 5 was consistent with the drop in 

pH resulting from the substrate overloading. The alkalinity level in the S5 reactor was 

maintained at a constant value following the recovery from the initial drop in alkalinity. 
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4.3.3 VFA profiles 

Variation of the volatile fatty acid (VFA) over the digestion time for S1 and S2 reactors 

are shown in Figure 4.3. The VFA in the S1 reactor as shown in Figure 4.3, increased 

from an initial value of 60 mg L-1 on day 0 to 120 mg L-1 on day 1 and gradually 

decreased to 35 mg L-1 at the end of the experiment. The VFA in the S5 reactor 

doubled from 420 mg L-1 on zeroth day to 810 mg L-1 on day 2, and then rapidly 

dropped to 90 mg L-1 between day 2 and day 8. The decreasing rate of the VFA in the 

S5 reactor was slow after day 8, and the final VFA value was 35 mg L-1.  

 

Figure 4.3 Variation of VFA during operating time for S1 (☐) and S5 () where the 

error bars is one standard deviation.  

 

The extent of degradation of the VFA in the S1 reactor was 74% based on the 

maximum VFA of 121 mg L-1 while it was 95% in the S5 reactor with the maximum VFA 

of 820 mg L-1. This showed that the capacity for VFA conversion in reactor S5 was 

higher than reactor S1. Gerardi (2003) recommended that the reactors could run with a 

VFA level of 500-2000 mg L-1. All VFA levels were under the optimal range suggested 

by Gerardi (2003). The behaviour of VFA concentrations showed stable profiles, 

consistent with the pH and alkalinity results. 

4.3.4 VFA/alkalinity ratios 

Figure 4.4 displays the ratios of the VFA/Alkalinity for S1 and S5 throughout the 

digestion period. All ratios in the S1 reactor were constantly below 0.05 while the S5 

reactor had the highest ratio of 0.5 on day 2, corresponding to the peak of the VFA. 

The ratio was maintained without any adjustment of acidity level. The trend of the ratio 

was similar to those of the VFA trend in both the S1 and S5 reactors. The ratio of the 

VFA/alkalinity is preferred to be below 0.8 (Callaghan et al., 2002). The VFA/alkalinity 
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ratios of the S1 and S5 reactors were under the record, clearly meaning the stability of 

the reactor.  

 

Figure 4.4 Variation of VFA/alkalinity ratios during operating time for S1 (☐) and S5 

().  

 

The process stability can be measured by the VFA to alkalinity ratio. Methanogens 

digest VFA to biogas. As a result, the amount of the biogas production depends on the 

VFA level in the digester. The VFA levels are proportional to the added loading. 

However, too high a level of the VFA contributes to low pH in the process and 

consequently inhibits the activity of methanogens. Therefore, the digester operation 

requires having a certain alkalinity level to compensate the production of VFA. As 

shown in the results, the pH, alkalinity and VFA were correlated. The S1 reactor had a 

high buffering capacity and a low VFA removal efficiency. This indicated that the S1 

reactor could accept more biodegradable matter of substrate. On the other hand, the 

operation of the S5 reactor was stable. Therefore, the pineapple peel could be a source 

of co-substrate to S1 reactor.  

4.4 TS, VS and COD variations and removal efficiencies 

4.4.1 TS variation and removal efficiencies 

The variation of the total solids (TS) and the removal efficiency during the digestion 

period for S1 reactor (leachate as a substrate) with the standard deviation as the error 

bar, are displayed in Figure 4.5. During the 10-day digestion period the TS decreased 

from 212 to 97 g, which was equivalent to 54% removal efficiency in S1 reactor. The 

results showed that the removal efficiency was good considering that the leachate was 

already mature. The comparison of removal efficiency of leachate is further discussed 

in the COD results section. 
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Figure 4.5 Variation of TS () and removal efficiency (Δ) during digestion period for S1 

where the error bars are one standard deviation. 

 

The results of the digestion of pineapple peel in the S5 reactor are shown in Figure 4.6. 

During the 15 days of digestion period, TS decreased from 93 g to 9 g. This was 

equivalent to a 90% removal efficiency, which was relatively high. The total solids 

reduction of 90% indicated that the pineapple peel contained a highly biodegradable 

content with potential to be used as a substrate for anaerobic digestion. In comparison, 

Christopher et.al (1989) reported that in the digestion of municipal solid waste (MSW), 

67-81% digestion of the biodegradable cellulose was observed. However, the MSW 

used in their experiment was a mixed waste, after removal of plastics, which was 

considered to be highly heterogeneous in composition. Another study from Bardiya et 

al. (1996) presented that anaerobic digestion of pineapple waste had 58% TS removal 

efficiency at 10-day hydraulic retention time. S5 reactor achieved higher removal 

efficiency since the retention time was 1.5 times (15 days) the value that Bardiya et al. 

(1996) found. Longer retention times allow microorganisms to digest more 

biodegradable matter. Removal efficiency for the S5 reactor in this experiment gave a 

better performance than that in the reactor S1 at selected loading of three kgVS m
-3 and 

the suitable C/N ratio of the pineapple peel of 24/1.  
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Figure 4.6 Variation of TS () and removal efficiency (Δ) during digestion period for S5 

where the error bars are one standard deviation. 

 

The reduction of total solids (TS) during the digestion period is one of the indicators of 

removal efficiency that is similar to the reduction of volatile solids (VS). Callgahan et.al. 

(1998) indicated that the criteria for judging the success of an anaerobic digestion 

process are volatile solids (VS) reduction, total methane production and methane yield. 

The TS content of substrate affects anaerobic digestion activity such as biogas as well 

as methane production performance (Pavan et al., 2000). The TS content needs to be 

suitable to achieve optimal biogas production. The biogas production can either 

decrease or increase with a rise of the TS content (Forster-Carneiro et al., 2008, Duan 

et al., 2012, Abbassi-Guendouz et al., 2012). If the load is too low, even though there is 

low risk in inhibitory effects, the microorganisms will have a low metabolic activity and 

low biogas production. If the load is too high, the biogas production may be more 

reliable, but an overload situation in which intermediate volatile fatty acids may build up 

can result in biogas production inhibition (Raposo et al., 2011). 

4.4.2 VS variation and removal efficiencies  

The variation of volatile solids (VS) and the removal efficiency in relation to the 10-day 

digestion period for S1 reactor (leachate as a substrate) are illustrated in Figure 4.7. 

The VS in the S1 reactor decreased from 56 g to 36 g, resulting in a 37% removal 

efficiency, corresponding to the TS removal efficiency of 54%. The VS removal 

efficiency of the S1 reactor is good compared to the value reported by Gunaseelan 

(1997). The report showed six studies on anaerobic digestion with fruit, vegetable solid 

waste and leaf feeds, and reported that the VS removal efficiency under mesophilic 

conditions and batch mode operation was between 34% and 79%. The substrates 

included banana peels, cauliflower leaves, Mirabilis jalapa leaves, Ipomoea fistulosa 

leaves and Gliricidia maculate leaves and Calotropis procera leaves.  
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Figure 4.7 Variation of VS () and removal efficiency (Δ) during digestion period for S1 

where the error bars are one standard deviation. 

 

Figure 4.8 demonstrates the profile of VS and the removal efficiency for S5 as a 

function of a 15-day digestion period. The VS in the S5 reactor decreased from 90 g to 

18 g. The removal efficiency of the VS in S5 reactor was measured to be 80%, which 

was considered to be good compared to the experiment performed by Bardiya et al. 

(1996), who reported that the mono-digestion of the pineapple waste process obtained 

a 62% VS removal efficiency. In addition, the recent study performed by Ganesh et.al 

(2014), shows the VS removal efficiency of fruit and vegetable waste was 83% at 3.5 

kgVS m-3 day-1. The results showed that most of the substrate was digested as 

evidenced from the high removal efficiency and the loading and C/N ratio were 

suitable. The reason that the VS removal efficiency in this study is higher than that 

reported by Bardiya et al. (1996) is that the C/N ratio of the pineapple waste (55/1) in 

their study was much higher than the recommended ratio (25/1), while the C/N ratio of 

pineapple peels in this study was 24/1. 

 

From these results, it can be concluded that the VS profiles and removal effciencies of 

both reactors were similar to their TS because the bulk of the digestible composition 

was the VS. The S5 reactor using pineapple peel as substrate gave a high VS removal 

effciecy at 80%, compared to 37% using leachate as substrate. This shows that adding 

pineapple peel to anaerobic digestion of leachate would produce more biogas than 

using leachate in the mono-digestion system. Co-digestion of leachate with pineapple 

peel could be an example to achieve greater performance of the reactor.  
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Figure 4.8 Variation of VS () and removal efficiency (Δ) during digestion period for S5 

where the error bars are one standard deviation. 

4.4.3 COD variation and removal efficiencies  

Figure 4.9 shows the variation of COD and the COD removal efficiency for S1 reactor, 

with the standard deviation as the error bar. The concentrations of COD of the S1 

reactor decreased from 62 g to 29 g over the 10-day digestion period.  This was 

equivalent to a COD removal efficiency of 47% which is relatively low. The low 

efficiency was due to the maturity of the leachate used in the experiment.  This result 

was similar to experiments performed by Mendez et al. (1989), who investigated four 

anaerobic digesters of mature leachate and found that the COD removal efficiencies 

was below 30%, even though the organic loading was lower than 0.1 kgCOD m-3.  

 

Figure 4.9 Variation of COD () and removal efficiency (Δ) during digestion period for 

S1 where the error bars are one standard deviation. 
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The COD reduction and removal efficiency of S5 over 15 days of digestion period are 

demonstrated in Figure 4.10. The concentrations of COD fell from 95 to 13 g, 

corresponding to 86% COD removal. This result was considered to be good when 

compared to the value reported by Pimjai (2012). It was reported that the anaerobic 

digestion of the pineapple pulp and peel at 0.11-0.65 kgCOD m-3 day-1 orgnic loading 

achieved 65-93% of COD removal efficiency. The COD profiles agreed with TS and VS 

profiles in both S1 and S5 reactors. 

 

Figure 4.10 Variation of COD () and removal efficiency (Δ) during digestion period for 

S5, where the error bars are one standard deviation. 

 

In general, conventional anaerobic digestion typically has 80-90% of COD removal 

efficiencies. The S5 reactor achieved a higher COD removal efficiency compared to the 

S1 reactor. This was due to the fact that pineapple peel had a higher fraction of 

biodegradable matter and the leachate was partly digested in the landfill already. It is 

known that the sanitary landfill is a bioreactor, and the anaerobic digestion process 

inside is similar. Therefore, microorganisms had already digested much of the biomass 

in the leachate as it percolated through the layers of waste. In addition, the C/N ratio of 

leachate used in this experiment was quite low, and another reason that the removal 

efficiency of the S1 reactor was relatively low.  

 

4.5 Biogas production and methane yields 

4.5.1 Biogas production  
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error bars are one standard deviation. The biogas production of the S1 reactor slowly 

went up to 0.79 L until the end of the operation. The S5 generated a total of 37 L of 

biogas. To confirm that there was no further biogas production, all experiments were 

observed for another three days after the biogas production had ceased.  

 

Figure 4.11 Accumulated biogas production during digestion period for S1 (☐) and S5 

() where the error bars are one standard deviation. 

 

The trend of biogas production of the S1 and S5 reactors was consistent with the 

removal of the TS, VS and COD. Microorganisms converted the substrate to biogas 

resulting in reduction of the TS, VS and COD. There was an increase in the biogas 

production while the concentration of the TS, VS and COD decreased. The activity of 

the process was rapid during the initial stage of the operation. A ratio of over 1/2 was 

found to exist between the total TS, VS and COD removal efficiency at day 5, 

compared to the last digestion period of both reactors (days 10 and 15 for reactors S1 

and S5, respectively). As a result, the rate of biogas production was just over 50% in 

the first five days. The rapid increase of the accumulated biogas production in the early 

periods was due to the fact that the easily degradable substrate was promptly digested, 

and the biogas generated. Then the rate of accumulated biogas production curve 

slowed down after the easily digested compounds were mostly consumed. Also, it was 

found that there was no lag phase in any runs, which indicated a fast adaptation of the 

inoculum to the new conditions in the reactor.  

4.5.2 Biogas composition  
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and S5 over the digestion period. There was no measurement on biogas on day 0 due 

to no biogas production. The methane content in the S1 reactor using leachate as 
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62% on day 15. The trend patterns of the methane composition for both reactors were 

almost identical, with 5 days longer digestion period in S5 reactor.  

 

Figure 4.12 Variation of methane content over digestion period for S1 (☐) and S5 () 

where the error bars are one standard deviation. 

 

At the beginning of the experiments, the methane content was relatively low compared 

to the report of Jensen (2010), who presented 60-65% and of (Asia Pro Eco project 

TH/Asia Pro Eco/05, 2006) as shown in Table 4.4 (50-80%). The main compositions of 

biogas are methane and carbon dioxide. When methane percentage is high, carbon 

dioxide percentage will be low.  

 

Table 4.4 Composition of biogas from anaerobic digestion process (Asia Pro Eco 

project TH/Asia Pro Eco/05, 2006). 

Component Volume percentage 

Methane  50-80 % 

Carbon dioxide 50-20 % 

Nitrogen < 1% 

Hydrogen < 1% 

Ammonia < 1% 

Hydrogen sulphide < 1% 

 

The results also demonstrated that the methane content increased towards the end of 

the experiments. Consequently the biogas consisted of 62% methane. This was 

because the acid fermentation stage finished in the first three days, corresponding to 

the reduction of VFA in the same period. There is more methanogenesis activity at the 

end of the experiment resulting in higher methane content in the biogas (Converti et al., 

2009). 
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The variation of the carbon dioxide (CO2) content over the operating time for S1 and S5 

reactors, where the error bars are one standard deviation, is presented in Figure 4.13 

The S1 reactor produced 40% carbon dioxide in the biogas on day 1, and 30% on day 

10, while carbon dioxide in the S5 reactor dropped from 39% to 31% within 15 days of 

operation. It can be seen from Table 4.4 that when methane content in the biogas is 

high, carbon dioxide content will be low. The percentage of the methane increased 

along with the operating time, whereas the percentage of the carbon dioxide decreased 

at a similar rate. This is because that gas production is related to the percentage of 

volatile solids reduction (George and Franklin, 1991). In addition, the two principal 

pathways of methane formation in anaerobic digestion are the conversion of hydrogen 

and carbon dioxide to methane and water, and the conversion of acetate to methane 

and carbon dioxide (George and Franklin, 1991). In an early stage of the digestion 

process, more carbon dioxide content are formed and, in last stage the methanogens 

use carbon dioxide and hydrogen substrate, formate, acetate, methanol, methylamines 

and carbon monoxide to generate methane. Therefore, it is expected that in the early 

digestion period, higher carbon dioxide content will be observed, and in the later 

digestion period, higher methane content will be obtained with the corresponding 

decrease in carbon dioxide content.  

 

Figure 4.13 Variation of carbon dioxide content during operating time for S1 (☐) and 

S5 () where the error bars are one standard deviation. 

4.5.3 Biogas yields and methane yields 

Table 4.5 shows the biogas yield with the standard deviation in S1 and S5 reactors and 

Table 4.6 shows the methane yields with the standard deviation for S1 and S5. The 

biogas yields of S1 and S5 reactors were 14 and 410 L kgVSadded
-1 or 38 and 513 L 

kgVSconsumed
-1 or 13 and 387 L kgCODadded

-1 or 27 and 451 L kgCODconsumed
-1. The 

methane yields were calculated from the biogas yields multiplied by the methane 
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content and expressed as the amounts of methane generated per unit of COD or VS.  

The methane yields of S1 and S5 were 8.7 and 253 L kgVS added
-1 or 24 and 317 L 

kgVSconsumed
-1 or 7.8 and 239 L kgCODadded

-1 or 17 and 278 L kgCODconsumed
-1. The gas 

yield of the pineapple peel was much higher than that of the leachate due to low 

biodegradability of leachate. 

 

Table 4.5 Biogas yields with standard deviation for S1 and S5. 

Reactor 

Biogas yield 

 (L kgVSadded
-1

)  (L kgVSconsumed
-1

)  (L kgCODadded
-1

) (L kgCODconsumed
-1

) 

S1 14+0.7 38+3 13+0.6 27+3 

S5 410+15 513+17 387+14 451+39 

 

Table 4.6 Methane yields with standard deviation for S1 and S5 

Reactor 

Methane yield 

 (L kgVSadded
-1

)  (L kgVSconsumed
-1

)  (L kgCODadded
-1

) (L kgCODconsumed
-1

) 

S1 8.7+0.8 24+3 7.8+0.7 17+3 

S5 253+18 317+22 239+17 278+12 

 

The low biodegradability of the leachate was due to the fact that the leachate sample 

was already mature. Lema et al (1988) concluded that anaerobic digestion is not 

suitable for the mature leachate due to the fact that it has high levels of refractory 

organics. The refractory organics contain high molecular weight materials including 

hydroxyaromatic complexion agents such as tannic acid, gallic acid and pyrogallol 

(Stanford et al., 1979, Chain, 1977, Harmsen, 1983). This results in low efficiency of 

the anaerobic digestion system for mature leachate. Young leachate is preferable for 

the anaerobic digestion as the advantage of the process is the ability to reduce the high 

organic or solid concentration in substrates (Renou et al., 2008). 

 

Matured leachate generated by an old landfill also contains high humic and fulvic 

fractions that are refractory (Huo et al., 2008, Kulikowska and Klimiuk, 2008). This 

results in non-biodegradable content within organic matter. Kawai et al. (2012) 

recommended that, due to the difficulty of anaerobic treatment of leachate, leachate 

should be co-digested with other substrates such as sewage, septage and domestic 

wastewater. Based on their results, the anaerobic digestion using a UASB reactor of 

100% mature leachate generated 24 LCH4 kgCODconsumed
-1 while the co-digestion of 

leachate with synthetic wastewater produced much higher methane yields. The 

methane yield increased when more synthetic wastewater was introduced to the co-

digestion. Therefore, to achieve high methane yield, it is important to receive leachate 

from young, active landfill.  

 



 115 

The methane yield of the pineapple peel in Table 4.6 is comparable to the literature 

results. Rani and Nand (2004), concluded that the methane yield of fresh pineapple 

peel was 280 L kgVSadded
-1. Their experiment took place in a 6.5 L reactor with 4 L 

working volume as fed-batch mode with daily feeding. The operating temperature was 

controlled at 30°C. Bardiya et al. (1996) studied biogas production from pineapple 

waste in a 2 L reactor under 37°C and semi-continuous mode. The experiments were 

done with various hydraulic retention times (HRT) and the methane yields were 120 L 

kgVSadded
-1 at 10 day HRT, 205 L kgVSadded

-1 at 20 day HRT, 290 L kgVSadded
-1 at 30 day 

HRT and 369.2 L kgVSadded
-1 at 40 day HRT.  

4.6 Possibility of co-digestion of leachate with pineapple peel 

According to the results presented in this chapter, it can be concluded that the 

pineapple peel can be used as a co-substrate of the anaerobic digestion of the landfill 

leachate. The leachate from the Rochedale Landfill was at the mature stage as it 

contained low levels of TS, VS, COD, and carbon content. The mature landfill leachate 

is not recommended for an anaerobic digestion process because of the high level of 

non-biodegradable content within the organic matter in the mature leachate. The 

characteristics of the pineapple peel were appropriate for the anaerobic digestion due 

to the suitable ratio of C/N and high VS content. Co-digestion of the leachate with the 

pineapple peel will result in better performance of the removal efficiency and biogas 

yield. For the removal efficiencies, the anaerobic digestion of the pineapple peel 

achieved greater performance than that of the leachate. That led to a higher biogas 

yield as well as a methane yield. The anaerobic digestion of the pineapple peel could 

convert more biodegradable matter into biogas. The pH, VFA and alkalinity levels 

indicated that 25 L leachate anaerobic digesters could accept additional biodegradable 

matter due to a high buffering capacity. Three kgVSpineapple peel m
-3 loading is satisfactory 

for anaerobic digestion. A higher solid loading might upset the process since the pH, 

VFA, alkalinity in the S5 reactor almost exceeded the recommended values of 

anaerobic digestion operation. 
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CHAPTER 5 CO-DIGESTION OF LEACHATE AND 

PINEAPPLE PEEL IN BATCH EXPERIMENTS 

5.1 Introduction 

In this chapter, the results of the co-digestion of leachate and pineapple peel in batch 

experiments are presented and discussed. The ratios of co-substrates used in the 

experiments were 25 L of leachate with one kgVSpineapple peel m
-3, 25 L of leachate with 

two kgVSpineapple peel m
-3 and 25 L of leachate with three kgVSpineapple peel m

-3 and these 

mixtures were identified as S2, S3 and S4, respectively. The experiments of these 

reactors continued from mono-digestion of leachate (S1) and pineapple peel (S5) 

reported in Chapter 4. There are five sub-sections in this chapter. Firstly, the results of 

pH, alkalinity, VFA, and ratio of VFA to alkalinity are described in Section 5.2. 

Secondly, the organic loading of each reactor is detailed in Section 5.3. Thirdly, TS, VS 

and COD variation, and removal efficiency are explained in Section 5.4. Next, biogas 

production and methane yields are elaborated in Section 5.5. In Section 5.6, the 

optimal pineapple and leachate ratio is evaluated based on all parameters discussed in 

the previous sections. The results of all parameters are shown in individual figures for 

each co-substrate with standard deviations and comparison figures of each parameter 

included at the end. The reason for separating the plots into individual figures is that 

the graphs would overlap if the standard deviations were illustrated in the combined 

profiles in one figure. 

5.2 Profiles of pH, alkalinity and VFA 

5.2.1 Profiles of pH 

The stability of the co-digestion was examined by the profiles of the pH, VFA and 

alkalinity. The variation of the pH over operating time for S2 reactor where the error 

bars are one standard deviation is presented in Figure 5.1. The experiment was run for 

13 days. The initial pH was 7.9. Then it decreased to 7.5 during day 2 and increased 

within one more day to reach a stable level between 7.6 and 7.8 until the end of the 

experiment. The pH values for S2 were relatively constant. 
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Figure 5.1 Variation of pH for S2 during digestion period where the error bars are one 

standard deviation. 

 

Figure 5.2 demonstrates the profile of pH during the16-day digestion period. The error 

bars are one standard deviation. The loading of pineapple peel was increased to two 

kgVSpineapple peel m
-3 for this experiment. At day 0 the initial pH value was 7.8 and it went 

down to 7.2 within two days. After day 5, pH values were in the range from 7.5 to 7.7, 

which is within acceptable operating conditions. It was further observed that the pH 

values after day 5 had recovered to a steady value range.  

 

Figure 5.2 Variation of pH during digestion period for S3 where the error bars are one 

standard deviation. 

   

Experiments in S4 reactor with three kgVSpineapple peel m
-3 are shown in Figure 5.3. The 

results demonstrated obvious effects of increasing organic loading with pineapple peel. 

With this loading, the co-substrate in the reactor had a pH value of 7.6 on the first day. 
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The pH value of co-substrate reduced to the lowest point at 6.0 on day 2. After that, the 

reactor regained the level of the pH to a constant range from 7.2 to 7.3 for another four 

days. The obvious reduction of the pH in S4 reactor between day 0 and day 4 resulted 

from the higher loading.  

 

 

Figure 5.3 Variation of pH during digestion period for S4 where the error bars are one 

standard deviation. 

 

The pH profiles of S2, S3 and, S4 are compared over the operating time in Figure 5.4. 

The highest level of the pH was in S2 reactor followed by S3 reactor, and S4 reactor 

respectively corresponding to the levels of pineapple peel addition into the reactor. All 

profiles are reasonably similar. All profiles declined in the first two days but returned to 

a higher, stable pH level over the next one to four days. The S4 reactor took a longer 

time to recover to a stable pH level than did reactors S2 and S3. 

 

 

Figure 5.4 Comparison of pH profiles during digestion period for S2 (×), S3 (+) and S4 

(). 

6

6.5

7

7.5

8

8.5

9

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

p
H

 

Operating time (day) 

6

6.5

7

7.5

8

8.5

9

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

p
H

 

Operating time (day) 



 119 

5.2.2 Profiles of alkalinity 

Figure 5.5 shows the variation of the alkalinity over a 13-day digestion period for S2 

where the error bars are one standard deviation. The initial value was 2,950 mg L-1. 

This slightly decreased to the minimum alkalinity level during day 2 at 2,690 mg L-1 and 

increased from day 3 to reach steady conditions on day 5 at around 2,800 mg L-1. 

       

Figure 5.5 Variation of the alkalinity during digestion period for S2 where the error bars 

are one standard deviation. 

 

Figure 5.6 presents the variation of the alkalinity for S3 reactor over a 16-day operating 

time where the error bars are one standard deviation. It fell from 2,650 mg L-1 to the 

lowest level of 2,360 mg L-1 in day 2. The reactor took just two days to recover from the 

lowest level to maintain an alkalinity of around 2,750 mg L-1.  

 

Figure 5.6 Variation of alkalinity during digestion period for S3 where the error bars are 

one standard deviation. 
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The variation of the alkalinity over a 19-day digestion period for S4 reactor, where the 

error bars are one standard deviation is shown in Figure 5.7. The alkalinity values in 

the reactor commenced at 2,360 mg L-1 and significantly decreased to the lowest point 

at 1,280 mg L-1 in day 2. Then the alkalinity values increased within four days and 

reached a constant range of 2,100-2,200 mg L-1. The significant fall in the alkalinity of 

S4 reactor between day 0 and day 5 was consistent with the drop in pH resulting from 

substrate overloading.  

 

Figure 5.7 Variation of alkalinity during digestion period for S4 where the error bars are 

one standard deviation. 

 

Figure 5.8 illustrates the comparison of the alkalinity profiles over operating time for S2, 

S3, and S4 reactors. The highest initial value was for S2, whereas the lowest one came 

from S4. All trends are similar – that is, the alkalinity went down within the first two days 

and recovered, increased in the next few days, to then remain at the constant level until 

the end of the experiments.  

 

Figure 5.8 Comparison of alkalinity profiles during digestion period for S2 (×), S3 (+), 

and S4 (). 
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5.2.3 Profiles of VFA 

Volatile fatty acid (VFA) is an important parameter in the digestion system. Figure 5.9 

displays the variation of VFA over a 13-day operating period for S2, where the error 

bars are one standard deviation. The concentration of the VFA at day 0 was 239 mg L-1 

and increased to reach a peak value of 427 mg L-1 on day 2. After that, it was rapidly 

decreased to 76 mg L-1 by day 10, and then decreased at a slower rate to 35 mg L-1 by 

day 13. 

 

Figure 5.9 Variation of VFA during digestion period for S2 where the error bars are one 

standard deviation. 

 

The VFA level in the S3 reactor was observed as shown in Figure 5.10. The value of 

VFA began with 357 mg L-1 and rose to a maximum of 729 mg L-1 in day 2. Later, it 

significantly declined to 233 mg L-1 by day 8 and slowly declined to 35 mg L-1 by day 

16. The VFA concentrations in the S3 reactor showed steady operational range, 

corresponding to the steady operational ranges of the pH and alkalinity results.  

 

 

Figure 5.10 Variation of VFA over operating time for S3 where the error bars are one 

standard deviation. 
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The effect of higher loading at three kgVSpineapple peel m
-3 on VFA level is demonstrated in 

Figure 5.11 which shows the variation of the VFA for S4 reactor during a 19-day 

digestion period. From the results of S4 reactor, the initial VFA was 489 mg L-1. The 

VFA increased to reach a peak value of 999 mg L-1 in day 2, and substantially 

decreased during days 3 to 8 by 774 mg L-1. Between day 8 and day 19, the VFA level 

decreased at a slower rate, to a final value of 36 mg L-1.  

 

Figure 5.11 Variation of VFA during digestion period for S4 where the error bars are 

one standard deviation. 

 

A comparison of the VFA levels during the digestion period for the three reactors S2, 

S3, and S4 is presented in Figure 5.12. The VFA levels of all co-digestion processes 

increased and reached a peak within three days, decreased rapidly for six days, and 

then slowly until the end of the experiment. At the end of experiments, the VFA 

concentrations of all co-digestion were below 40 mg L-1. The VFA trends of all reactors 

were similar. The S4 reactor contained the highest VFA concentration compared to the 

S3 and S2 reactors.  

 

Figure 5.12 Comparison of VFA profiles during digestion period for S2 (×), S3 (+) and 

S4 (). 
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5.2.4 Ratios of VFA and alkalinity 

Figure 5.13 illustrates the VFA/alkalinity ratio profiles with time for S2, S3 and S4. The 

ratio increased from 0.08, 0.13, and 0.21 to peak values of 0.16, 0.31, and 0.78 in day 

two for S2, S3, and S4, respectively. Finally all decreased to approximately 0.01. The 

profile patterns of the ratios of the VFA/Alkalinity of S2, S3, and S4 were all similar to 

those of the VFA results. The minimum ratio was in the S2 reactor while the maximum 

ratio was in the S4 reactor. 

 

Figure 5.13 Comparison of VFA/alkalinity profiles during digestion period for S2 (×), S3 

(+) and S4 (). 

5.2.5 Discussion on pH, VFA and Alkalinity results 

The batch experiments confirmed that the laboratory results were consistent with 

existing literature. The results of pH, VFA, and alkalinities were related. In an anaerobic 

digestion process, when the substrate is introduced into the reactor, it undergoes 

various stages of processes and is eventually converted to methane. The complex 

organic matter is digested by fermentative bacteria into fatty acids, alcohols, 

monosaccharides, and amino acids in a hydrolysis process. These digested substrates 

are then broken down into VFAs in the acidogenesis process. Finally, the methanogens 

convert the VFAs into methane. A failure in any of the processes would result in low 

methane production and low substrate removal efficiency. In most cases, inhibition of 

methane production happens due to a rise in VFA, resulting in a decrease in alkalinity, 

and pH (Gerardi, 2003). Gerardi (2003) recommended that the VFA should be in the 

optimal range of 50-500 mg L-1 but some reactors could stably run with a level of 500-

2000 mg L-1. 

 

In the co-digestion batch experiments, the formation VFA caused the reduction in pH 
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values between day 0 and day 2. The introduction of the additional substrate formed 

the higher levels of VFA in the reactors, which reduced the levels of the pH values. The 

pH in the reactor is a significant parameter and a small variation could result in a 

decrease in biogas production. Different types of microorganisms prefer different 

specific ranges of pH. Methanogens have an optimal range of 6.8-7.5 (Williams, 

2005a). Bouallagui et.al. (2005) reported that a major limitation of anaerobic digestion 

of fruit and vegetable wastes is a rapid acidification of the wastes, decreasing the pH in 

the reactor. A larger amount of volatile fatty acid production stressed and inhibited the 

activity of methanogen.  

 

Alkalinity is the outcome of the existence of several substances such as bicarbonate, 

carbonate, and hydroxides (Appels et al., 2008). An increase in alkalinity usually occurs 

through the methanogen that generates alkalinity with carbon dioxide, ammonia, and 

bicarbonate formation (Turovskiy and Mathai, 2006). A greater level of alkalinity leads 

to a larger buffering capacity for acids, for which a much higher increase in the VFA 

can be accommodated with a slight decrease in the pH (Dold et al., 1980). An alkalinity 

value of 1,500-3,500 mg L-1 is considered to be the optimal condition for continuous 

processing in an anaerobic digestion operation (Gerardi, 2003). 

 

In all experiments, the reduction in the pH and alkalinity, and the increase in the VFA 

from day 0 to day 2 were due to the introduction of the co-substrate. In S2 reactor, the 

overall pH exceeded the optimal ratio, while alkalinity and VFA levels were within the 

optimal range. This showed that a higher loading could be used due to stability in the 

S2 reactor. The highest level of the VFA in the S3 reactor slightly exceeded the optimal 

range but the pH and alkalinity values were in the optimal range. In the S4 reactor, all 

pH, alkalinity and VFA were not in the optimal range by day 2. Since S4 contained the 

highest amount of pineapple peel among the three co-substrates, it had the highest 

VFA. Microorganisms spent more time digesting the VFA in S4, than S3 and S2. 

Therefore, the pH and alkalinity levels of S2 were higher, and those of S4 were lower 

and took more time to recover. The substrate overloading could have resulted in an 

acidification of the reactor that inhibited methanogen activity (Jiménez et al., 2006).  

 

The conversion efficiencies of VFA in the S2, S3, and S4 reactors were 92, 95, and 

96% respectively; implying that the S4 reactor would generate the highest biogas. 

However, if the a continuous reactor with S4 loading is run, the reactor might fail as 

evidenced from the results of low levels of the pH and alkalinity in day 2. The shape of 

the VFA profiles in all reactors corresponds to the anaerobic digestion pathway. The 

full development of the VFA formation takes some time. In all experiments, 
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microorganisms required two days to digest the substrate to reach the maximum 

production of the VFA. The level of the VFA in the S4 reactor was the highest due to 

the highest organic content. According to the relationship of pH, alkalinity, and VFA, the 

pH and alkalinity of S4 should be the lowest - this was observed in the experiments. 

 

The VFA/alkalinity ratio is an indicator of reactor stability. A high ratio leads to instability 

and inhibition of the methanogenesis process, as well as the limitation of the digestion 

activity. Results in all experiments showed that the VFA/alkalinity ratio fell within the 

range for stable operation.  Callaghan et al. (2002) and McCarty (1964) recommended 

that the VFA/alkalinity ratio for stable operation should be below 0.8. However, the 

peak ratio in the S4 reactor approached the upper limit of 0.8 to within 0.02. Although 

the conditions in the reactors, judged by the pH, alkalinity, and VFA parameters, 

approached the upper range recommended for stable operation during the initial period 

of operation, the reactor could maintain itself to be in the appropriate condition without 

any adjustment. Using higher organic loading than S4 could result in enhancing the 

biogas production. However, too high a loading might cause a reactor failure.  

5.3 Organic loading  

The loading based on TS, VS, and COD for the co-digestion reactors S2, S3 and S4 

reactor are presented in Table 5.1. The loading rose in accordance with increases in 

the amount of pineapple peel added. The TS values were 224 g in S2, 275 g in S3 and 

305 g in S4. The VS values were 86 g in S2, 116 g in S3, and 146 g in S4 while the 

COD values were 92 g in S2, 112 g in S3, and 151 g in S4. These values were 

calculated according to the characteristics of leachate, and pineapple peel. The TS, 

VS, and COD of leachate were 8,500 mg L-1, 2,250 mg L-1 and 2,500 mg L-1 

respectively, while pineapple peel contained 0.15 gTS g-1 and 0.145 gVS g-1. The 

organic loading is used to determine the removal efficiencies and the biogas yields in 

the following sections. 

 

Table 5.1 Organic loading in terms of TS, VS and COD for co-digestion of S2, S3 and 

S4. 

Parameters 

Organic loading 

S2 S3 S4 

TS (g) 244 275 305 

VS (g) 86 116 146 

COD (g) 92 122 151 
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5.4 TS, VS and COD variations and removal efficiencies 

One of the advantages of an anaerobic digestion process is the ability to reduce 

significant amounts of organic matter in the substrates, as measured by TS, VS, and 

COD. A reduction in the organic matter concentrations occurred in all the digestion 

experiments. The performance of the reactor was also assessed by TS, VS, and COD 

removal efficiencies. 

5.4.1 TS variations and removal efficiencies 

Total solids reduction for co-digestion of leachate and one kgVSpineapple peel m-3 was 

observed in the S2 reactor. Figure 5.14 depicts the variation of the TS and removal 

efficiencies over 13 days of digestion period for S2, where the error bars are one 

standard deviation. The S2 reactor had an initial TS at 244 g. The decreasing rate of 

TS reduction was slower in day 11. The TS reduction ceased at day 13, with a TS 

value of 21 g. The removal efficiencies for TS increased, corresponding to the 

decreases in TS. Based on the reduction of TS within 13 days, the removal efficiency 

reached 91% for the S2 reactor, which can be recognised as high. This was due to the 

addition of pineapple peel, which improved the C/N ratio of the co-substrate. In the 

mono-digestion of leachate and pineapple peel, the removal efficiencies were 54% TS, 

and 90% TS, respectively. This implies that the co-substrate could enhance the 

digestion process. This result agreed with the investigation by Montusiewicz and 

Lebiocka (2011) who concluded that the leachate addition increased the concentration 

of soluble organic compounds, and consequently increased biogas production. In 

addition, Hombach et.al. (2002) also reported that the digestion process was improved 

with the addition of leachate to sewage sludge. 

 

 

Figure 5.14 Variation of TS () and the removal efficiency (Δ) during digestion period 

for S2 where the error bars are one standard deviation. 

0

10

20

30

40

50

60

70

80

90

100

0

50

100

150

200

250

300

350

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

T
S

 r
e

m
o

v
a

l 
e

ff
ic

ie
n

c
y
 (

%
) 

T
S

 (
g

) 

Operating time (day) 



 127 

Further investigation found satisfactory results with two kgVSpineapple peel m-3 in S3 

reactor. Figure 5.15 shows the variation of TS, and the removal efficiency during 16 

days digestion period for S3 reactor where the error bars are one standard deviation. 

The initial TS of the reactor feed were 274 g and the TS were continuously depleted 

over the operating time to 33 g by day 16. In this co-digestion loading, the reactor had 

a TS removal efficiency of 88% when the biogas production ceased. The shapes of the 

TS profiles for reactors S2 and S3 were similar. A higher loading of pineapple peel to 

co-digestion improved TS removal efficiency in reactor S3, as compared to the mono-

digestion of leachate, but decreased in efficiency compared to reactor S2. The reactor 

performance of S3 was considered to be satisfactory due to the high removal efficiency 

and no evidence of inhibition from the pH, VFA, and alkalinity results. There were no 

limitation effects due to substrate or nutrients.  

 

 

Figure 5.15 Variation of TS () and removal efficiency (Δ) over operating time for S3, 

where the error bars are one standard deviation. 

 

With the addition of three kgVSpineapple peel m
-3 in S4 reactor, satisfactory results were 

also obtained.  Figure 5.16 displays the TS results and removal efficiencies during the 

19 days digestion period for S4. The TS was initially 304 g, and gradually decreased to 

43 g on day 19. The removal efficiency of the S4 reactor was 85% at the end of the 

experiment.  
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Figure 5.16 Variation of TS () and removal efficiency (Δ) during digestion period for S4 

where the error bars are one standard deviation. 

 

The comparison of the TS profiles and removal efficiencies for S2, S3, and S4 reactors 

as a function of digestion time are illustrated in Figure 5.17. The TS decreased with the 

operating time. The rate of TS reduction was similar in all reactors. All three co-

digestion experiments achieved good removal efficiencies of 85-91%. This is compared 

to the result reported by Bardiya et al. (1996) that the anaerobic digestion of pineapple 

waste achieved 58% TS removal efficiency at 10 day HRT. The removal efficiency in 

the S4 reactor was slightly lower than S2 and S3 reactors, corresponding to the values 

of lower pH, higher VFA and higher alkalinity in S4. This suggested that the TS removal 

efficiency decreased when there was a higher addition of pineapple peel.  

 

 

Figure 5.17 Comparison of TS profiles during digestion period for S2 (×), S3 (+) and S4 

() and comparison of removal efficiency for S2 (☐) S3 () and S4 (Δ). 
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digestion reactor were mostly reported based on VS, and COD. The study on biomass 

anaerobic digestion normally emphasizes VS removal efficiency, whereas the research 

on anaerobic digestion of wastewater, such as leachate, pays attention to COD 

removal efficiency. 

5.4.2 VS variations and removal efficiencies 

The VS reduction and removal efficiencies, where the error bars are one standard 

deviation for the S2 reactor, are depicted in Figure 5.18. The VS concentrations 

reduced from 86 g to 16 g within 13 days of operating time. This resut was similar to 

the TS reduction. The VS concentrations moderately decreased with a function of 

digestion period. The removal efficiencies of VS were similar with that of the TS, as the 

digested composition was the VS part in the total solids. The biogas production of 

different substrates would vary depending on the percentage of VS available in the TS. 

The VS compositions were 26.38%, 35.33% and 42.18% for S2, S3, and S4 reactors, 

respectively. VS removal efficiency in the S2 reactor with one kgVSpineapple peel m-3 

achieved 80%, which can be considered a good reduction. This VS reduction can be 

compared to 80% VS degradation reported by Scherer et al.  (1999). However, their 

experiment used mixed organic fraction of municipal solid waste in a mono-digestion 

system. Another study by Lin et al. (2011a) achieved 74.9% VS removal efficiency for 

the co-digestion of fruit and vegetable waste. Therefore, the VS reduction of 80% was 

good, considering that the S2 co-digestion consisted of mature leachate with a low 

volatile solids fraction. The VS removal efficiency in S2 was lower than the TS removal 

efficiency due to lower percentage of VS at 26.38%. The results of VS reduction and 

removal efficiencies indicated that the S2 reactor had a good and stable performance 

for batch experiments. It corresponded to the steady values of the pH, VFA and 

alkalinity profiles. 

 

Figure 5.18 Variation of VS () and removal efficiency (Δ) during digestion period for S2 

where the error bars are one standard deviation. 

0

10

20

30

40

50

60

70

80

90

100

0

30

60

90

120

150

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

V
S

 r
e

m
o

v
a

l 
e

ff
ic

ie
n

c
y
 (

%
) 

V
S

 (
g

) 

Operating time (day) 



 130 

The VS reduction and removal efficiency for S3 reactor with two kgVSpineapple peel m
-3 

also demonstrated good results, as shown in Figure 5.19. The microorganisms reduced 

the VS content from 116 g to 23 g over the 16 days digestion period. At the end of 

digestion period, a removal efficiency of 80% was observed. The profiles were similar 

to the TS reduction and removal efficiencies. The VS decreased with digestion time, 

whereas the removal efficiencies increased. The performance obtained in this level of 

loading confirmed a good stability of the digestion process in the S3 reactor. The pH, 

VFA and alkalinity results of S3 reactor correlated with the VS reduction and removal 

efficiencies.  

 

Figure 5.19 Variation of VS () and removal efficiency (Δ) during digestion period for S3 

where the error bars are one standard deviation. 

 

The variations of the VS and removal efficiencies during digestion period for S4 are 

plotted in Figure 5.20. The VS content continually decreased from 146 g at the 

beginning to 33 g on day 19, corresponding to 76% removal efficiency. This 

performance was still considered to be good compared to results reported by Hombach 

et al. (2003) that the VS reduction at 46-48% were achieved. However, the different co-

digestion conditions must be noted. In their experiment, new leachate was mixed with 

sewage slugde at 12% volume. The VS removal efficiency obtained in this experiment 

was also higher than the co-digestion of municipal biomass waste, and waste activated 

slugded performed by Liu et al. (2012b). They reported the VS removal of 62-70%, and 

concluded that maximum methane production was achieved at an organic loading of 8 

kgVS m-3. This indicated that higher organic loading could be possible provided that no 

acidificaition problems happened. 

 

The experiment with three kgVSpineapple peel m
-3 in S4 reactor showed the lowest VS 

reduction among batch co-digestion experiments. This lower performance compared to 

S2 and S3 reactor was due to the higher substrate loading. The profiles of VS and 
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removal efficiency were also similar to those for the TS and varied with the digestion 

period.  

 

 

Figure 5.20 Variation of VS () and removal efficiency (Δ) during digestion period for S4 

where the error bars are one standard deviation. 

 

Figure 5.21 shows a comparison of the VS profiles and removal efficiencies during the 

digestion period for S2, S3, and S4 reactors. They were similar to the TS profiles and 

removal efficiencies. The VS was continuously digested by microorganisms over the 

operating time. The rate of the decrease in the VS concentrations was roughly the 

same in the three reactors. The S2 reactor achieved the highest removal efficiency, 

whereas the S4 reactor obtained the lowest. The S3 reactor had a slightly lower 

efficiency than the S2 reactor (only 0.5% difference). Therefore, from the TS and VS 

reductions, it is concluded that the higher loading up to three kgVSpineapple peel m
-3 in the 

leachate improved the performance of the digestion system.  

 

The VS removal efficiencies of all co-digestion experiments were greater than those 

results found in the literature. Bardiya et al. (1996) showed that the mono-digestion of 

the pineapple waste process obtained 62% VS removal efficiency. Gunaseelan (1997) 

did six studies on anaerobic digestion with fruit, vegetable solid waste and leaf feeds, 

and reported that the VS removal efficiency under mesophilic conditions and batch 

mode operation was between 34% and 79%. The substrates included banana peeling, 

cauliflower leaves, Mirabilis jalapa leaves, Ipomoea fistulosa leaves, Gliricidia maculate 

leaves, and Calotropis procera leaves. The reason for the higher efficiency is that co-

digestion of substrate results in the better performance and stability. 
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Figure 5.21 Comparison of VS profiles during digestion period for S2 (×), S3 (+) and S4 

() and comparison of removal efficiency for S2 (☐) S3 () and S4 (Δ). 

 

5.4.3 COD variations and removal efficiencies 

Figure 5.22 depicts the variation of the COD and removal efficiencies for the S2 reactor 

with the standard deviation as the error bar. The COD dropped from 92 g to 81 g over 

the 13 days of digestion. The COD profile and removal efficiency trends were similar to 

those in the TS and VS. As expected from the results of the pH, VFA, alkalinity, TS and 

VS, the reactor performance on the COD removal was good, as it achieved relatively 

high efficiencies.  

 

The results of co-digestion of leachate and pineapple peel for one kgVSpineapple peel m
-3 

loading showed a high performance with a removal efficiency of 90%. This result was 

in the same range as in conventional anaerobic digestion, which typically attains 80-

90% of COD removal efficiency. A study on conventional anaerobic digestion of landfill 

leachate showed that the reactor removed 92-95% COD concentration under 

mesophilic conditions (Lin, 1991). Cameron and Koch (1980) concluded that anaerobic 

digestion of medium strength leachate could remove over 80% of COD. Pimjai (2012) 

reported that anaerobic digestion of pineapple pulp and peel at 0.11- 0.65 kgCOD m-3 

day-1 loading achieved 65-93% of COD removal efficiencies. However, the result was 

much higher than that from co-digestion of leachate and sewage sludge performed by 

Lin et al. (1999), who reported 71% COD removal efficiency. This is becuase pineapple 

peel in this experiment had a suitable C/N ratio, as compared to sewage sludge. 
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Figure 5.22 Variation of COD () and removal efficiency (Δ) during digestion period for 

S2 where the error bars are one standard deviation. 

 

The COD reduction and removal efficiencies of co-digestion at two kgVSpineapple peelm
-3 

loading in the S3 reactor are shown in Figure 5.23. The COD fell moderately from 123 

g to 13 g during a 16-day digestion period. This was equivalent to 89% removal 

efficiency which was considered to be a good performance. The COD reduction profile 

and removal efficiency trends were also similar to those in the TS and VS. The result 

also indicated that co-digesting with additional amount of pineapple peel as the co-

substrate could be performed in a practical continuous digesters. Thus, leachate 

treatment for the purpose of COD reduction and enery production could be achieved at 

the same time.    

  

 

Figure 5.23 Variation of COD () and removal efficiency (Δ) during digestion period for 

S3 where the error bars are one standard deviation. 

 

An increase of loading to three kgVSpineapple peel m
-3 in the S4 reactor found a satisfactory 

reactor performance as shown in Figure 5.24. An initial COD of 151 g reduced to 22 g 
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within 19 days of digestion period. The COD removal efficiency reached 85% at the 

end of the experiment. The S4 reactor had the lowest COD removal efficiency, as 

compared to the other two co-digestion reactors. Furthermore, the performance of the 

S4 reactor showed that the higher level of pineapple peel in the co-substrate might 

have lead to the lower removal efficiency.  

 

 

Figure 5.24 Variation of COD ( during digestion 

period for S4 where the error bars are one standard deviation. 

 

A comparison of the COD profiles and removal efficiencies during the digestion period 

for S2, S3 and S4 is given in Figure 5.25. All COD removal decreased with digestion 

time, whereas the removal efficiencies increased. All COD reduction curves in the S2, 

S3, and S4 reactors were similar. The trends of the TS and VS were also similar. The 

S2 reactor achieved the highest removal performance in terms of the TS, VS and COD. 

 

 

Figure 5.25 Comparison of COD profiles during digestion period for S2 (×), S3 (+) and 

S4 () and comparison of removal efficiency for S2 (☐) S3 () and S4 (Δ). 
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5.5 Biogas production and methane yields 

For comparative reasons, the accumulated biogas production was calculated as a 

function of digestion time, as the daily biogas production in the experiments fluctuated. 

In addition, the accumulated biogas production was used further for kinetics evaluation 

in Chapter 8. 

5.5.1 Biogas production 

The accumulated biogas production of the S2 reactor was 21 L, as shown in Figure 

5.26. The biogas production in the S2 reactor ceased after day 13. To confirm that 

there was no further biogas production, experiments were observed for another three 

days after the biogas production ceased. The biogas production of the S2 reactor 

corresponded with the removal of the TS, VS, and COD. The biogas production 

increased while the microorganisms digested substrates that resulted in the reduction 

in the TS, VS, and COD. The portion of biogas production was just over 50% in the first 

four days, in agreement with a ratio of over 1/2 occurring between the total TS, VS, and 

COD removal efficiency of day 4 compared to the last operating day. 

 

Figure 5.26 Accumulated biogas production during digestion period for S2 where the 

error bars are one standard deviation. 

 

The profile of accumulated biogas production as a function of operating time for S3, 

where the error bars are one standard deviation, is plotted in Figure 5.27. The activity 

in the reactor carried on 16 days before the biogas production ceased. The gas 

accumulated to 40 L by day 16. The total biogas production of the S3 reactor was twice 

as much as that of the S2 reactor. The biogas production of the S2 reactor correlated 

with the removal of the TS, VS, and COD. The reactor produced around 50% of total 

biogas by day 4. Similarly, a ratio of over 1/2 was found to exist between the total TS, 
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VS, and COD removal efficiency of days 4, 5, and 6, as compared to the last operating 

day. 

 

Figure 5.27 Accumulated biogas production during digestion period for S3 where the 

error bars are one standard deviation. 

 

Biogas production with three kgVSpineapple peel m
-3 in the S4 reactor shown in Figure 5.28. 

The biogas production stopped on day 19 with the total amount of 47 L. The results 

showed a better performance than the mono-digestion of leachate and pineapple peel. 

The biogas produced was 37 L in the digestion of three kgVSpineapple peel m
-3 and 0.79 L 

in the mono digestion of leachate. In the S4 co-digestion system total accumulated 

biogas was 47 L. The accumulated biogas production of the S4 reactor was 7 L higher 

than that of the S3. Similarly, 50% of the final amount of biogas was generated by day 

4, while a ratio of over 1/2 was found to exist between the total TS, VS and COD 

removal efficiency of days 4 and 6, as compared to the last operating day. 

 

Figure 5.28 Accumulated biogas production during digestion period for S4 where the 

error bars are one standard deviation. 
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A comparison of accumulated biogas production profiles over the operating time for S2, 

S3, and S4 reactors is illustrated in Figure 5.29. All curves have similar patterns. The 

rates of biogas production in three reactors were in agreement with the removal rates 

of TS, VS, and COD as previously described. The highest biogas production was 

achieved in the reactor S4, while the reactor S2 produced the lowest amount of biogas. 

The biogas production rate decreased with time in all the experiments. 

 

 

 

Figure 5.29 Comparison of accumulated biogas production profiles during digestion 

period for S2 (×), S3 (+) and S4 (). 

 

The curves indicated a logarithmic growth rate of accumulated biogas production. The 

biogas production rates as well as the TS, VS, and COD removal rates were high at the 

beginning of the anaerobic digestion process because microorganisms initially digested 

were considered as easily biodegradable content in the substrate, with rates slowing 

down later on as microorganisms began to digest the complex biodegradable content 

(Parawira et al., 2004). There was no lag phase in all reactors. The microorganisms 

started to digest the substrates without any evidence of an acclimatisation period. This 

suggested that the microorganisms were already very active. The good quality of 

inoculums might be another good reason for rapid initial biogas production. The highest 

biogas production of the S4 reactor was due to the highest loading. The increase of the 

loading could stimulate the growth of acidogenic bacteria, followed by an increase in 

the biogas production rate. All VFA concentration, accumulative biogas production, and 

substrate concentration curves were in agreement with kinetics behaviours of the 

anaerobic degradation in a batch reactor proposed by Shin and Song (1995). 
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5.5.2 Biogas composition 

Biogas from anaerobic digestion usually contains 65–70% methane, 30–35% carbon 

dioxide and trace amounts of nitrogen, hydrogen, hydrogen sulphide, and water vapour 

(Appels et al., 2008). The profiles of the biogas composition results are not presented 

in separate figures, as the values of the biogas composition in all reactors are almost 

the same. The maximum standard deviation of methane was only 4% while that of 

carbon dioxide was around 2%. Each data point is the average result of the duplicate 

experiments.  

 

The measured values of the methane in reactors S2, S3, and S4 are shown in Figure 

5.30. There was no measurement on day 0, due to no biogas production. The methane 

in the co-digestion rose moderately in the first seven days, and reached a stable level 

until the end of the operating time. There was no significant variation in any reactors. 

The biogas in the S2 reactor contained 53+3% methane on day 0, and gradually 

increased to 63.7% at steady condition. The methane in the S3 reactor was 53 +0.3%, 

and slowly went up to remain stable at 62%. The S4 reactor initially generated 53+3% 

methane, and this gradually rose to 62+0.2% methane. Three co-digestion experiments 

generated similar levels of methane during the entire experiments. At the beginning of 

the experiments, the range of methane was relatively low, as compared to the literature 

range (60-65%). However, the methane composition rose at the end of the experiments 

so that the biogas consisted of 62-64% methane.  

 

 

Figure 5.30 Comparison of methane composition profiles over operating time for S2 

(×), S3 (+) and S4 (). 
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Figure 5.31 displays the comparison of carbon dioxide in reactors S2, S3, and S4 with 

respect to the operating time. The biogas in the S2 reactor consisted of 38+0.2% 

carbon dioxide on day 0, and gradually went down to 31% at steady conditions. The 

carbon dioxide in the S3 reactor was 39+1%, and decreased to remain stable at 28%. 

The S4 reactor initially generated 40+1% carbon dioxide, and this gradually went down 

to 30+1% carbon dioxide. The carbon dioxide of the three reactors slowly descended in 

the first seven days and remained stable until the end of the operating time coinciding 

with the increases in methane content. There was no significant fluctuation in any 

reactors.  

 

 

Figure 5.31 Comparison of carbon dioxide profiles over operating time for S2 (×), S3 

(+) and S4 (). 

 

The carbon dioxide composition generated from all co-digestion tests was virtually the 

same across all reactors. Initially, the ranges of carbon dioxide slightly exceeded the 

lower limit reported in the literature, which was 20-30% (coombs, 1991 and DGS 2005). 

Similar to the methane trends, the carbon dioxide level decreased to the recommended 

range - close to 30%. The methane in the biogas was always greater than that of 

carbon dioxide. The methane rose gradually, whereas the carbon dioxide dropped at 

almost similar rates. The biogas content trends of co-digestion were similar to those of 

mono-digestion experiments.  

5.5.3 Biogas yields and methane yields 

5.5.3.1  Biogas yields 

Figure 5.32 presents the biogas yields of the mono-digestion S1 and S5, and co-

digestion S2, S3, and S4. The biogas yield of leachate in the S1 reactor was equal to 
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14 L kgVSadded
-1, 38 L kgVSconsumed

-1, 13 L kgCODadded
-1 or 27 L kgCODconsumed

-1 while the 

anaerobic digestion of only pineapple peel in the reactor S5 generated biogas yield of 

410 L kgVSadded
-1, 513 L kgVSconsumed

-1, 387 L kgCODadded
-1 or 451 L kgCODconsumed

-1. 

Discussion of the biogas yields of the S1 and S5 mono-digestion has already been 

provided in Chapter 4. With an addition of pineapple peel to the leachate in the S2 

reactor, the biogas yield substantially rose to 244 L kgVSadded
-1, 302 L kgVSconsumed

-1, 

229 L kgCODadded
-1 or 254 L kgCODconsumed

-1. Further increase of pineapple peel into the 

S3 reactor resulted in higher biogas yield that was 346 L kgVSadded
-1, 431 L 

kgVSconsumed
-1, 330 L kgCODadded

-1 or 371 L kgCODconsumed
-1. However, the biogas yield 

in the S4 reactor dropped compared to that of the S3 reactor. The biogas yield 

reduction in the S4 from S3 reactors accounted for 6%, 2%, 5% and 1% drops based 

on VSadded, VSconsumed, CODadded
 and CODconsumed respectively. 

 

 

Figure 5.32 Biogas yield based on VSadded (☐), VSconsumed (), CODadded (=), CODconsumed 

() for mono-digestion of S1 and S5 and co-digestion of S2, S3 and S4. 

 

The biogas yields of the reactors S2, S3, and S4 were higher than those of the reactor 

S1. It was expected that there would be an increase of biogas yield due to the higher 

organic content of the pineapple peel in S2, S3, and S4. The results were comparable 

to the conclusion of Bouallagui et al. (2009) who reported that the biogas yield 

increased by 51% from addition of activated sludge to anaerobic digestion of fruit and 

vegetable waste. However the experimental biogas yields were much higher than those 

of the estimated values based on the single leachate and pineapple peel biogas yields. 

This result indicates synergism from co-digestion. If there is no synergism, the 

experimental biogas yield should be close to the estimated values. The estimated 

biogas yield can be calculated from the following equation. 
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where YreactorS1 is the biogas yield of the reactor S1 (L kgVSadded
-1), VSl is the VSl of the 

leachate in the reactor (gVS), YreactorS5 is the biogas yield of the S5 (L kgVSadded
-1) and 

VSpp is the VS of pineapple peel in the reactor (gVS). 

 

Table 5.2 shows the estimated biogas yields compared to the experimental biogas 

yields. The experimental biogas yields of the reactors S2, S3 and S4 were 61, 58 and 

26% higher than the estimated values. 

 

Table 5.2 Estimated biogas yield of S2, S3 and S4 based on the biogas yield from S1 

and S2. 

Description S1 S2 S3 S4 S5 

VSpineapple peel (g) 0 30 60 90 90 

VSleachate (g) 56 56 56 56 0 

Experimental biogas yield (L kgVSadded
-1) 14 244 346 324 410 

Estimated biogas yield (L kgVSadded
-1) - 152 219 258 - 

 

The large increase of the biogas yield from the addition of the pineapple peel in the S2 

reactor could be due to synergism occurring in the co-digestion and the appropriate 

nutrients by the co-substrates (Mata-Alvarez et al., 2000). Either synergism or 

antagonism may take place in the co-digestion (Nges, 2012). Synergism establishes 

when co-substrate supplies significant nutrients required by the growth of bacteria or 

reduces toxicity of the existing substrate in the anaerobic digestion process (Zhong et 

al., 2012). On the other hand, antagonism occurs when co-substrate inhibits the 

anaerobic digestion of the existing substrate, due to a toxic effect (Rao and Baral, 

2011). Synergism was confirmed by a study that reported that an improvement of about 

60% in biogas yield was achieved from co-digestion of industrial confectionery waste 

with cow manure in a farm-scale biogas plant (Kaparaju et al., 2002). The greater 

biogas yield was also because of an improvement of the C/N ratio in the co-digestion of 

the leachate with the pineapple peel. The highly stable process in the co-digestion was 

in agreement with the good range of the pH VFA, alkalinity, and organic removal 

efficiencies.  

 

The increase in the biogas yield still continued in the S3 reactor over that from the S2 

reactor, since further addition of pineapple peel as solid concentration enhanced the 

growth of acidogenic bacteria, followed by an increase in the biogas production rate. 

However, the biogas yield of the S4 reactor went down, as compared to that of the S3 
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reactor, when more pineapple peel was added. Organic concentrations began to limit 

anaerobic digestion activity, as evidenced from the low pH levels, high VFA/alkalinity 

ratio and high depletion of removal efficiency compared to the S3 reactor.  

 

The biogas yield values from the experiments are in agreement with other results 

reported in the literature. The literature regarding anaerobic digestion of mono-leachate 

and mono-pineapple peel was discussed in Section 4.6. There is no literature on co-

digestion of leachate and pineapple peel. In general, the biogas yield for anaerobic 

digestion normally varies from 350 to 1,120 L kgVSconsumed
-1

 (Metcalf & Eddy, 1991). The 

yield fluctuates over a wide range, depending on the VS concentrations and biological 

activity. 

5.5.3.2  Methane yields 

Figure 5.33 gives the methane yields of the mono-digestion S1 and S5, and the co-

digestion S2, S3 and S4. The methane yield was calculated from the accumulated 

biogas volume, methane, and VSadded, VSconsumed, CODadded and CODconsumed. The 

methane yield of the mono-leachate digestion in the S1 reactor was equal to 8.7 L 

kgVSadded
-1, 24 L kgVSconsumed

-1, 7.8 L kgCODadded
-1 or 17 L kgCODconsumed

-1 while the 

anaerobic digestion of the mono-pineapple peel in the reactor S5 produced the 

methane yield of 253 L kgVSadded
-1, 317 L kgVSconsumed

-1, 239 L kgCODadded
-1 or 278 L 

kgCODconsumed
-1. The methane yield from addition of pineapple peel (S2 reactor) 

substantially rose to 156 L kgVSadded
-1, 193 L kgVSconsumed

-1, 146 L kgCODadded
-1 or 162 L 

kgCODconsumed
-1. Further increase of the pineapple peel into the S3 reactor resulted in 

higher methane yield than the S2 reactor that was 216 L kgVSadded
-1, 270 L 

kgVSconsumed
-1, 206 L kgCODadded

-1 or 231 L kgCODconsumed
-1. The methane yield in the 

S4 reactor decreased compared to that in S3 reactor. The methane yield reduction of 

S4 from S3 reactor accounted for 6.9%, 3.3%, 5.3% and 1.3% drops based on VSadded, 

VSconsumed, CODadded
 and CODconsumed. 

 

All methane yield values correlated with the biogas yields, as the methane composition 

was quite constant in all reactors. The methane yields were around 60% of the biogas 

yield, corresponding to the methane percentage. The highest accumulation of biogas 

and methane production was observed from S4. However, S3 produced the highest 

methane yield. The methane yields obtained from these experiments were lower than 

the results in other publications. This was because the mature leachate used as the 

main substrate. Other reported experiments were performed using fruit and vegetable 

waste, food waste, cow waste, kitchen waste, manure and slaughter house waste.  Lin 

et al. (2011a) reported methane yield of 490 L kgVS-1 for fruit and vegetable waste and 
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food waste co-digestion. Yong et al. (2015) obtained the methane yield of 392 L kgVS-1 

for the co-digestion of fruit waste and straw.  Wang et al. (2014) obtained a very high 

methane yield of 725 L kgVS-1 for co-digestion of kitchen waste and fruit and vegetable 

waste. Co-digestion of slaughterhouse waste, manure, various crops and MSW 

performed by Gomez et al. (2006) achieved 725 L kgVS-1. 

 

 

Figure 5.33 Methane yield based on VSadded (☐), VSconsumed (), CODadded (=), 

CODconsumed () for mono-digestion of S1 and S5 and co-digestion of S2, S3 and S4. 

5.6 Optimal co-substrate ratio of co-digestion batch 

experiments 

The results of all experiments are summarised in Table 5.3 in order to determine the 

optimal co-substrate ratio. The S2 and S3 reactors showed stable co-digestion that had 

a maximum pH of over 7.2, maximum VFA of below 730 mg L-1, maximum alkalinity of 

over 2,800 mg L-1 and a maximum VFA/alkalinity ratio of over 0.3. The highest methane 

yield was in the S3 reactor with a biogas yield of 431 L kgVSconsumed
-1 and methane 

yield of 269 L kgVSconsumed
-1. The highest removal efficiency was obtained from the S2 

reactor with a slight decrease in the S3 reactor. All reactors could maintain stability 

without any external corrective actions.  

 

S3 was the optimal co-substrate ratio due to the good stability in the reactor, high TS, 

VS and COD removal efficiency, and the highest methane yield. Co-digestion of S4 

might upset the continuous operation of an anaerobic reactor because the peak point 

values of the pH, VFA and alkalinity exceeded the recommended operational range. 

The removal efficiencies of the TS, VS, and COD of the S3 reactor were slightly lower 

than those of the S2 reactor, but were noticeably higher than those of the S4 reactor.  
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Table 5.3 Summary of experiment results on the minimum pH values, maximum VFA 

concentrations, maximum alkalinity values, maximum VFA/alkalinity ratios, organic 

matter removal efficiencies, biogas yields, and methane yields in the anaerobic 

digestion of S1, S2, S3, S4 and S5. 

Description S1 S2 S3 S4 S5 

Loading rate (kgVS m-3) 1.87 2.87 3.87 4.87 3.00 

Leachate and pineapple peel ratio  
(VS basis)  1:0 

 
1:0.53 

 
1:1.06  1:1.6  0:1.6 

Minimum pH  7.8 7.50 7.20 6.10 7.30  

Maximum VFA (mg L-1) 32 427 729 999 700 

Maximum alkalinity (mg L-1) 3280 2950 2830 2360 2450 

Maximum VFA/alkalinity ratio 0.01 0.20 0.30 0.80 0.40  

TS removal efficiency (%) 54.3 91.5 88.0 85.7 89.9 

VS removal efficiency (%) 36.8 80.8 80.3 76.1 80.0 

COD removal efficiency (%) 47.2 90.2 89.1 85.4 85.5 

Biogas yield (L kgVSconsumed
-1) 38.1 303 431 404 512 

Methane yield (L kgVSconsumed
-1) 23.7 193 269 251 317 
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CHAPTER 6 CO-DIGESTION OF LEACHATE WITH 

PINEAPPLE PEEL IN FULL-SCALE PLANT 

6.1 Pineapple peel as co-substrate for steady biogas 

production 

This Chapter presents results from co-digestion experiments performed in a full-scale 

plant at the Panomsarakham Landfill, Chacheonsao province, Thailand. In this plant, 

biogas is used for electricity generation. The biogas is extracted from the landfill area 

and the anaerobic digester for wastewater treatment. However, the generator is not run 

with 100% capacity all the time. This is because the capacity of the generator was 

designed for the maximum biogas production of the rainy season, and there is a 

seasonal variation of biogas production from both the landfill area and the anaerobic 

digester. Naturally, landfill gas and biogas from the leachate anaerobic treatment plant 

fluctuates mainly with the seasons and composition of organic content in the waste.  

 

Figure 6.1 displays the fluctuation of biogas production in leachate anaerobic digestion 

at the Panomsarakam Landfill site for the first six months in 2013. The average biogas 

production from the anaerobic digestion in the rainy season (April to June) was one 

and a half times as high as that of the dry season (January to April) due to increased 

leachate production during the rainy season.  

 

In order to sustain biogas production during the dry season, a mono leachate 

anaerobic digestion reactor might be fed with co-substrates. The landfill operator can 

utilise the extra gas to run the generator to produce more electricity. In batch 

experiments, the pineapple peel was studied and found to be a good source of co-

substrate as the co-digestion of leachate and pineapple peel resulted in better biogas 

yield than the digestion of the leachate. It is therefore expected that using pineapple 

peel as the co-substrate in a full-scale plant, will raise the biogas production to the 

same levels as those achieved in the batch experiments. 
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Figure 6.1 Biogas production in leachate anaerobic digestion plant at Panomsarakam 

Landfill site from Jan-Jun 2013 (182 days). (Reactor size: 630 m3).  

6.2 Characteristics of leachate and pineapple peel 

6.2.1 Landfill leachate 

Table 6.1 shows the composition of the landfill leachate and standard deviation in the 

full-scale plant reactor. The average TS, VS, and COD were 109,000, 83,700 and 

142,000 mg L-1 respectively. The average pH and VFA were 4.2 and 4,130 mg L-1. The 

average carbon to nitrogen ratio (C/N ratio) was 24/1. This C/N ratio was suitable for 

the operation. As stated by Mshandete et al. (2004), the optimal carbon to nitrogen 

ratio was recommended at 25/1 - 30/1. The leachate was in the younger stages and 

the organic content was relatively high. The compositions fluctuated substantially, as 

expected, due to the significant variation of the waste composition. The average TS, 

VS, and COD were 13, 37, and 57 times as high as those used in the batch 

experiments. The average pH, VFA, and alkalinity indicated notable acidity in the 

leachate that could be unfavorable to the anaerobic digestion system.  

 

Table 6.1 Composition of landfill leachate in the full-scale plant reactor at the 

Panomsarakham Landfill site. 

Parameters Values 

TS (mg L-1) 109,000+39,200 

VS (mg L-1) 83,700+29,300 

COD (mg L-1) 142,000+52,900 

pH  4.20+0.30 

VFA (mg L-1) 4,130+161 

Total carbon (%) 46.0+1.77 

Total nitrogen (%) 1.8+0.12 
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6.2.2 Pineapple peel 

Table 6.2 presents the composition of the pineapple peel used in the full-scale 

experiments. The parameters included the average TS, VS, total carbon, and total 

nitrogen. The average TS and VS were 85.6% and 11.8% by dry weight respectively. 

The average carbon to nitrogen ratio (C/N ratio) was 25.5/1. The C/N ratio was also 

appropriate for anaerobic digestion.  

 

Table 6.2 Composition of pineapple peel used in full-scale anaerobic digestion 

experiments. 

Parameters Values 

TS (% w/w) 85.6+1.15 

VS (% w/w) 11.8+0.46 

Total carbon (%) 47.7+3.07 

Total nitrogen (%) 1.8+0.11 

6.3 Leachate and pineapple peel loading rates 

Figure 6.2 shows the loading rate of the co-digestion in the full-scale experiments in 

terms of the weight of the fresh pineapple peel (kg day-1) and the volume of the 

leachate (m3 day-1). The loading rate of leachate was kept constant at 54 m3 day-1 

during the tested period. Loading rates of pineapple peel varied as shown in Figure 6.2. 

The reactor has a working capacity of 630 m3. There were five steps of pineapple peel 

addition to 54 m3 of leachate (Sa) that were Sb (3,600 kg), Sc (5,100 kg), Sd (6,600 

kg), Se (8,100 kg) and Sf (9,000 kg). 

 

 

Figure 6.2 Loading rates of leachate and pineapple peel during digestion period 

(constant leachate loading rate at 54 m3 day-1 and varied pinapple peel loading rate). 
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During day 0-9, digestion of mono-substrates using leachate was tested. Experiments 

with co-substrates were tested after day 10 and onwards. The loading rate of pineapple 

peel during day 10-21, day 22-34, day 35-48, day 49-64 were 3,600 kg day-1, 5,100 kg 

day-1, 6,600 kg day-1, and 8,100 kg day-1, respectively. The loading rate increased to 

9,000 kg day-1 on day 65. Gas production ceased on day 68, with the digestion process 

failing due to the excessive loading rate. The reason for failure will be discussed later in 

this chapter. At that point, pineapple peel feeding was stopped. During day 68-71, the 

process was allowed to recover. When gas yield was observed, the feeding of 

pineapple peel continued at 8,100 kg day-1 and then decreased in the same pattern as 

the increasing pattern. The total period of experimentation was 129 days. 

 

The loading rate was designed based on VS. Prior to the experiment study, the 

operator fed 54 m3 day-1 of leachate that was equivalent to a loading rate of 4.33 kgVS 

m-3 day-1. In the batch experiments, the maximum loading rate was 4.87 kgVS m-3 from 

the co-digestion of 25 L leachate with three kgVSpineapple peel m
-3. Table 6.3 shows the co-

digestion ratios of the leachate and the pineapple peel in the batch experiments. The 

ratios of the leachate and pineapple peel based on VS are 1:0 for S1, 1:0.53 for S2, 

1:1.06 for S3, 1:1.6 for S4 and 0:1.6 for S5. 

 

Table 6.3 Co-digestion ratios of leachate and pineapple peel in terms of VS in the 

batch experiments. 

Substrate Composition 
Leachate: pineapple peel 

(VS basis) 

S1 25 L leachate  1:0 

S2 25 L leachate + 1 kgVSpineapple peel m
-3   1:0.53 

S3 25 L leachate + 2 kgVSpineapple peel m
-3   1:1.06 

S4 25 L leachate + 3 kgVSpineapple peel m
-3   1:1.6 

S5 25 L tap water +3 kgVSpineapple peel m
-3   0:1.6 

 

The organic loading rate of the full-scale anaerobic digestion prior to the co-digestion 

experiments was already high, as compared to the organic loading rate in the batch 

experiments that optimised the biogas yield. In the batch co-digestion experiments, the 

organic loading rate of S3 (3.87 kgVS m-3) resulted in the best biogas yield and the 

biogas yield reduced with the loading rate of S4 (4.87 kgVS m-3). Therefore, it was not 

possible to feed the same ratio of the co-digestion in the batch experiments to the full-

scale plant. In order to test the same ratios of co-digestion as the batch experiments, 

the amount of leachate needed to be reduced. However, there was no storage tank to 

store the leachate. Ultimately, the experiments were designed to feed the pineapple 
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peel into the reactor and stopped loading when the reactor showed any sign of failure 

such as a dramatic decrease in pH and in methane concentration of the biogas.  

 

Table 6.4 presents the composition and the ratio of the leachate and pineapple peel. 

The ratios of the leachate and pineapple peel based on VS were 1:0, 131, 1:0.137, 

1:1.141 and 1:1.144 for Sa, Sb, Sc, Sd and Se. The data on Sf, were not included to 

calculate the co-digestion ratio since the process did not reach steady state and 

showed indications of failure.  

 

Table 6.4 Co-digestion ratios of leachate and pineapple peel in terms of VS in the full-

scale experiments. 

Substrate Composition 
Leachate: pineapple peel 

(VS) 

Sa 54 m3 Leachate   1:0 

Sb 54 m3 Leachate + 3,600 kg pineapple peel  1:0.127 

Sc 54 m3 Leachate + 5,100 kg pineapple peel  1:0.131 

Sd 54 m3 Leachate + 6,600 kg pineapple peel  1:0.141 

Se 54 m3 Leachate + 8,100 kg pineapple peel  1:0.144 

Sf 54 m3 Leachate + 9,000 kg pineapple peel  N/A* 

*Data were not included.                                                                                                                                                                                                                                                                                                                       

6.4 Profiles of pH, VFA and alkalinity 

6.4.1 Profiles of pH 

The pH of the substrate input and output were measured during 129 days of digestion 

period. Figure 6.3 illustrates the variations of the pH of the substrate input and output 

from the full-scale anaerobic digestion reactor with time. During days 0-9 and 120-129 

with Sa loading, the average pH values were 4.3+0.1 for the input and 7.1+0.1 for the 

output. During days 10-21 and days 108-119 with Sb loading, the average pH reduced 

to 4.2+0.1 for the input and 6.9+0.1 for the output. From days 22 to 34 and days 96 to 

107, with Sc loading, the average pH values were 4.1+0.1 for the input and 6.8+0.1 for 

the output. With an increase of the pineapple peel of Sd feeding, the average pH 

resulted in 4.0+0.1 for the input and 6.7+0.1 for the output in days 35-48 and days 83-

95. Finally, Se loading decreased the average pH values to 3.9+0.1 for the input and 

6.6+0.1 for the output between days 49-64 and days 72-82.  

 

During days 65-67 for the pineapple peel loading rate of 9,000 kg day-1, the pH in the 

output dropped significantly to 4.8, thus it almost reached the pH of the input. After that, 

the pineapple peel feeding was stopped for four days. The pH of the input went up 
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during days 68-71 since only the leachate was fed. When the pH was recovered to the 

appropriate level, the pineapple peel was fed again. The pH of both input and output 

decreased with an increase of the substrate concentrations in the first 64 days and the 

pH increased with the decreases of the substrate concentrations during days 72-129. 

The trends were consistent with those observed in the batch experiments. 

 

 

Figure 6.3 Variations of pH of input and output from the full-scale anaerobic digestion 

reactor during digestion period. (× pHinput , pHoutput).



The original pH of the input using leachate as the substrate was 4.3+0.1. The pH of 

input decreased slightly under co-substrate conditions to 4.2+0.1 when pineapple peel 

feeding started at 3,600 kg day-1. It was observed that when the loading rate reached 

9,000 kg day-1 on day 65, the pH dropped to 4.8, and the digestion process failed. It 

can be concluded that when the pH of input substrate was lower than 3.9 the digestion 

process could not continue. It is interesting to note that even with the pH of input lower 

than the optimal operational range of 6.8-7.5 recommended by Williams (2005), the 

digestion process would be able to continue because the new input was mixed with the 

existing substrate in the reactor, and then the overall pH in the reactor was still within 

the optimal range.   

 

The pH of output was 7.1 at the first period (day 0-9). The output pH at 8,100 kg day-1 

pineapple peel loading rate was 6.6, which was close to the recommended range. 

However, at a loading rate of 9,000 kg day-1 that caused failure, the pH of output 

dropped significantly to 4.8. It showed that the pH of substrate inside the tank was too 

low, which was not favorable for methanogens. Sa, Sb, Sc, Sd and Se loadings 

resulted in the pH of 4.3-3.9, and the digestion process progressed without problem.  

 

The calculation of all average parameters in the output for different loading rates 

excluded the data from the first two days after each change of the loading rates, due to 

the fluctuation in the data. The fluctuations occurred, because the reactor was still 
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adjusting to the new concentrations of substrates. The pH of both input and output had 

the similar trends with batch experiments. In the batch experiments, the pH decreased 

with higher substrate concentrations. The addition of the pineapple peel as the co-

substrate influenced the level of the pH in the reactor. Acidity in the input did not 

damage the process as the level of the pH in the reactor was still within the 

recommended range of 6.5-7.2, except for the values under the Sf loading rate. The 

obvious reduction of the pH in the output of Sf loading (16.5+2.3 kgVSadded m
-3 day-1) 

between day 65 and day 67 occurred due to the substrate overloading. The substrate 

overloading led to an acidification condition that inhibited methanogenesis (Jiménez et 

al., 2006).  

6.4.2 Profiles of Alkalinity  

The alkalinity of the input was not analysed due to the pH values of the input being 

around 4, which was lower than the titrating point of 4.5. The alkalinity results of the 

output were derived by titrating the output sample with H2SO4 solution. The results of 

the output alkalinity with time are displayed in Figure 6.4. The average alkalinity of the 

Sa loading rate during the first ten days and last ten days, was 2,820+80 mg L-1. 

Additional pineapple peel in the Sb loading reduced the average alkalinity to 2,640+94 

mg L-1 during days 10-21 and days 108-119. The average alkalinity continued to fall to 

2,480+77 mg L-1 with a loading rate of Sc  from day 22 to day 34 and again for days 96 

to 107. The average alkalinity of the Sd loading rate was 2,280+83 mg L-1 in days 35-48 

and days 83-95. The alkalinity approached 2,060+97 mg L-1 during the Se loading rate 

between days 49-64 and days 72-82. With the 9,000 kg day-1 pineapple peel loading 

rate on day 65 and day 67, the alkalinity tumbled to 919 mg L-1. When the pH and the 

alkalinity returned to a suitable level, the pineapple peel loading was restarted.  

 

 

Figure 6.4 Variation of Alkalinity of output from the full-scale anaerobic digestion 

reactor during digestion period.  
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Similar to the pH results, the alkalinity of the output decreased with an addition of 

substrate concentrations in the first 64 days. The results also showed the alkalinity 

increased with decreasing substrate concentrations during days 72-129. The curve 

correlates with that of the batch experiments according to the relevance of alkalinity 

and loading rate level. The higher amounts of the pineapple peel reduced the alkalinity 

in the reactor. The alkalinity range of 1,500-3,500 mg L-1 is considered to be optimal 

conditions for anaerobic digestion operation (Gerardi, 2003). Methanogens generated 

alkalinity with carbon dioxide, ammonia, and bicarbonate formation (Turovskiy and 

Mathai, 2006). The overall alkalinity was less than the optimal range apart from the 

results during the Sf loading rate. The notable fall of the alkalinity in the Sf loading rate 

also occurred due to the substrate overloading. 

6.4.3 Profiles of VFA 

Figure 6.5 depicts the variations of the VFA from the input and output as a function of 

time. The input VFA accrued step by step with an increase in the pineapple peel 

loading rate from 4,140 mg L-1 in day 0 to a peak at 6,480 mg L-1 in day 67. The input 

values reduced because there was no pineapple peel addition for the next four days. It 

increased to 5,900 mg L-1 when the pineapple peel was loaded again and decreased 

step by step to 4,100 mg L-1 with a decrease in the pineapple peel loading rate at the 

end of experiments. The average input VFA of Sa, Sb, Sc, Sd and Se loading were 

3,960+140 mg L-1, 4,500+140 mg L-1, 5,290+140 mg L-1, 5,700+150 mg L-1 and 

5,850+150 mg L-1, respectively.  

 

 

Figure 6.5 Variations of VFA of input and output from the full-scale anaerobic digestion 

reactor during digestion period  (× VFAinput , VFAoutput).
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The output VFA increased slightly step by step with an increase in the pineapple peel 

loading rate from 1,250 mg L-1 to 1,480 mg L-1 for the first 64 days. The output VFA 

reached a peak at 2,530 mg L-1 on day 67. During days 72-129, the levels gradually 

decreased step by step with a reduction in the pineapple peel loading rate from 1,490 

mg L-1 to 1,280 mg L-1. On average, the VFA concentrations for different loading rates 

were 1,250+23 mg L-1 for Sa, 1,300+30 mg L-1 for Sb, 1,360+20 mg L-1 for Sc, 

1,410+20 mg L-1 for Sd and 1,460+30 mg L-1 for Se. 

 

The VFA levels in the input and output were proportional to the steps in the solid 

loading rates, similar to the results of the batch experiments. The output VFA results 

were under the acceptable range of 500-2,000 mg L-1 except the VFA with the high Sf 

loading. There was a considerable variation during days 65 to 67 as the pineapple peel 

feeding began to upset the reactor at 9,000 kg day-1. The results of the pH, alkalinity, 

and VFA were related. The increase in the VFA led to the decrease of the pH, as well 

as alkalinity. 

6.4.4 VFA/alkanlity ratio 

Figure 6.6 shows the ratios of the VFA/alkalinity of the output with relation to the 

operating time. The ratio gradually increased from 0.4 on the first day to 0.7 on day 65, 

while it moderately reduced over the period from day 72 to day 129 from 0.8 to 0.4. 

Apart from the results in days 65-71, the ratio was between 0.4 and 0.8. During 65-71, 

it overshot to 2.8 in day 67. The ratio was higher with more pineapple peel loading. The 

average ratios for the different loading rates were 0.4+0.01 for Sa, 0.5+0.02 for Sb, 

0.6+0.02 for Sc, 0.6+0.03 for Sd and 0.7+0.04 for Se.  

 

Figure 6.6 Variation of VFA/alkalinity ratios of output from the full-scale anaerobic 

digestion reactor during digestion period. 
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The VFA/alkalinity ratio is another parameter to determine the stability of the anaerobic 

digestion process. Overloading or toxicity of long chain fatty acids results in a process 

of instability that leads to VFA accumulation, corresponding to low alkalinity value. A 

value of the ratio below 0.8 suggests a stable, balanced process in the reactor 

(McCarty, 1964). The average ratios of Sa, Sb, Sc, Sd and Se loading rates were 

under 0.8, implying good stability in the reactor corresponding to the pH, VFA and 

alkalinity. When the pineapple-loading rate was 9,000 kg day-1, the ratio exceeded the 

recommended value. This coincided with the instability in the reactor observed in the 

results of pH, VFA, and alkalinity at the Sf loading rate. 

6.5 TS, VS and COD variations and removal efficiencies  

6.5.1 TS variations and removal efficiencies  

The variations in the TS concentrations of the input and output during the digestion 

period are illustrated in Figure 6.7.  During the first part of the experiment when loading 

rate increased from Sa loading rate to Sf loading rate, the TS of input increased from 

59,000 mg L-1 to 220,000 mg L-1. The TS of output after day 72 increased from 18,480 

mg L-1 to 158,600 mg L-1. 

 

 

Figure 6.7 Variations of TS of input and output from the full-scale anaerobic digestion 

reactor during digestion period. (× TSinput  and  

TSoutput).

 

Figure 6.8 shows that the variation of TS removal efficiency for the Sa, Sb, Sc, Sd and 

Se loading rates. The reactor achieved average TS removal efficiencies of 66+4%, 
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day 67 with 12%. In general, the higher values of the loading rates led to a reduction in 

the removal efficiencies.  

 

Figure 6.8 Variation of TS removal efficiencies from the full-scale anaerobic digestion 

reactor during digestion period.  

 

The results in this study showed that TS removal efficiency was satisfactory compared 

to the result reported by Bardiya et al. (1996) that the TS removal efficiency of 

anaerobic digestion of pineapple waste was 58% at 10 day HRT in 2 L semi-continuous 

reactor at 35oC. In the S2, S3, S4 batch co-digestion experiments, higher removal 

efficiencies were observed due to the effect of higher pineapple peel content in co-

substrate. In the full-scale experiment, low TS removal efficiency was affected by 

higher ratio of leachate to pineapple peel. In addition, it was expected that the removal 

efficiencies in the full-scale experiments would be lower than those in the batch mode 

as microorganisms needed to digest continuous substrate feeding. Furthermore, the 

batch reactor had different ratios of mixing and different leachate conditions from the 

full-scale experiment that led to the different organic removal performance. However a 

general conclusion can be drawn from the results in batch experiment and full-scale 

experiment; a higher loading rate led to a lower TS removal efficiency.  

6.5.2 VS variations and removal efficiencies  

Figure 6.9 illustrates the variations of the VS concentrations of the input and output.  

The initial input contained VS concentration of 47,900 mg L-1 with the Sa loading rate. 

The VS was then strengthened by increasing the pineapple peel loading in six steps, 

and approached a peak of 182,000 mg L-1 on day 66 with the Sf loading rate. It 

decreased in a similar manner in the second part when loading rate decreased after 

day 72. When the pineapple peel was reloaded, the results fell from 101,000 mg L-1 for 
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the Se loading rate to 50,300 mg L-1 for the Sa loading rate. The average VS 

concentration of the input was 48,700+3,380 mg L-1 for the Sa loading rate, 

65,600+7,170 mg L-1 for the Sb loading rate, 88,500+12,300 mg L-1 for the Sc loading 

rate, 106,000+16,100 mg L-1 for the Sd loading rate and 135,000+18,000 mg L-1 for the 

Se loading rate.  

 

Figure 6.9 Variations of VS of input and output from the full-scale anaerobic digestion 

reactor during digestion period (× VSinput and VSoutput). 

 

Figure 6.10 shows the variations in the VS removal efficiencies during the digestion 

period. The VS removal efficiencies were 72+1% for the Sa, 69+2% for the Sb, 64+3% 

for the Sc, 61+4% for the Sd and 56+3% for the Se. The VS results demonstrated that 

the higher loading rates caused lower removal efficiencies for the process. The 

reduction in the VS removal efficiencies corresponding to increases in the pineapple 

peel loading rates can be attributed to poorer biodegradability and agreed with other 

studies on mesophilic anaerobic co-digestion (Davidsson et al., 2008, Luostarinen et 

al., 2009, Silvestre et al., 2011, Wan et al., 2011). The results of the VS and removal 

efficiencies indicated that the Sa, Sb, Sc, Sd and Se loading rate reactors obtained 

adequate performance coinciding with optimum ranges of the pH, VFA and alkalinity 

profiles.  
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Figure 6.10 Variation of VS removal efficiencies from the full-scale anaerobic digestion 

reactor during digestion period.  

 

The VS removal efficiencies of all co-digestion experiments were in the range 

presented in the literature. Bardiya et al. (1996) showed that mono-digestion of the 

pineapple waste process obtained 48-62% VS removal efficiencies with retention time 

of 10-40 days, semi-continuous, mesophilic condition, and 2 L reactor. Co-digestion of 

leachate and sewage sludge with a semi-continuous mesophilic condition 0.5 L reactor, 

achieved 46-51% VS removal efficiencies with 12.8-16 days of retention time 

(Hombach et al., 2003). Lin et al (1999) studied co-digestion of leachate and septage in 

a 13.5L semi-continuous mesophilic reactor and found 68-73% VS removal efficiencies 

corresponding to a solid loading rate of 0.73-5.14 kgVS m-3 day-1. 

6.5.3 COD variations and removal efficiencies  

The variations of the COD concentrations of the input and output are given in Figure 

6.11. The input COD concentrations increased from 80,900 mg L-1 in the first day to a 

peak of 300,000 mg L-1. Average values of input COD were 82,500+8,1500 mg L-1 for 

the Sa loading rate, 109,000+17,600 mg L-1 for the Sb loading rate, 150,000+25,800 

mg L-1 for the Sc loading rate, 175,000+37,300 mg L-1 for the Sd loading rate and 

223,000+38,900 mg L-1 for the Se loading rate. 
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Figure 6.11 Variations of COD input and output from the full-scale anaerobic digestion 

reactor during digestion period (× CODinput and CODoutput). 

 

The COD removal efficiencies were 79+4% for the Sa, 75+6% for the Sb, 73+5% for 

the Sc, 71+6% for the Sd and 63+7% for the Se as shown in Figure 6.12. These results 

were considered to be a good performance compared to results reported in the 

literature. Lin et al. (1999) reported that the treatment efficiency in co-digestion of 

landfill leachate and septage under 35oC and semi continuous operation with solid 

loading rate between 0.73 and 5.14 kgVS m-3 day-1  achieved 42-68% COD removal. 

Ağdağ and Sponza (2005) showed that anaerobic digestion of leachate under semi-

continuous mode at 37-42oC with 2.5 L reactor had COD removal efficiencies of 58-

79% with the loading rate of 4.3-16 kgCOD m-3 day-1. Cameron and Koch (1980) 

presented anaerobic digestion of leachate at 29-38oC and 14 L reactor achieved 65-

70% COD removal efficiencies, with the organic loading rate of 0.26-1.1 kgCOD m-3 

day-1.  

 

Comparing the results from full-scale experiment (Sa) to those of batch experiment 

(S1) under mono-digestion of leachate, the COD removal efficiency in batch 

experiment (47%) was much lower than the value obtained in full-scale experiment 

(79%). This was due to different leachate properties. In the batch experiment, the 

leachate was mature, with very low COD. In the full experiment, the COD was 57 times 

higher than the value in batch experiment. In the batch experiment, co-digestion 

achieved 85-90% COD removal efficiency. Furthermore, mono-digestion of pineapple 

peel in the batch experiment showed 86% COD removal efficiency. This implied that 

COD removal in co-digestion was affected by the pineapple peel fraction in the 

substrate.  
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Figure 6.12 Variations of COD removal efficiencies from the full-scale anaerobic 

digestion reactor during digestion period.  

 

Different situations in the full experiment were observed. COD removal efficiency of Sa 

showed the highest percentage of 79%. The removal efficiency decreased with the 

addition of pineapple peel. The obvious difference was that young leachate, used in the 

full experiment, had very high COD loading. It can be concluded that the co-digestion 

of pineapple peel in young leachate resulted in a decrease of COD removal efficiency. 

However, the removal efficiencies in the full experiment were considered to be a good 

performance. The co-substrate condition was useful in obtaining an increased gas 

production without a significant impact on COD removal. In addition, as expected from 

the results of the pH, the VFA, the alkalinity, the TS, and the VS, the reactor 

performance, with respect to COD removal, was relatively good during Sa, Sb, Sc, Sd, 

and Se loading rates.  

 

It should be noted that the TS, VS, and COD removal efficiencies of co-digestion in the 

full-scale plant were lower than those in the batch experiments, due to higher solid 

loading rates. The full-scale experiments had a loading rate of 4-14 kgVS m-3 whereas 

the batch experiments had 1.87-4.87 kgVS m-3 loading rate. Higher solid loading rates 

led to lower residence times that resulted in poorer degradation of the substrate, and 

lower quality of output (Kotzé et al., 1969).  

 

There were some fluctuations of TS, VS, and COD during the same loading rate due to 

the great variations of leachate concentrations. However, the average TS, VS, and 

COD still represented the values of each loading rate except the Sf loading rate. At the 

Sf loading rate, the variation in the data was quite significant in all TS, VS, and COD 
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measurements as the results were collected for only three days prior to the failure of 

the reactor. 

6.6 Biogas production and methane yields 

6.6.1 Biogas production 

Biogas and methane production during 129 days digestion period were monitored, as 

shown in Figure 6.13. At the beginning period with mono-digestion of leachate with 

4.38 kgVS m3 day-1 loading, 2,230+70 m3biogas day-1 was generated for Sa loading 

rate. Methane content was measured which showed the methane production of 

1,510+50 m3CH4 day-1. The addition of pineapple peel for co-digestion condition 

resulted in an increased gas production. Gas production for Sb, Sc, and Se loading 

rates were 2,830+150 m3biogas day-1, 3,040+150 m3biogas day-1, 3,470+150 m3biogas 

day-1 and 4,160+170 m3biogas day-1. It can be concluded that gas production increased 

with higher solids loading rates. The amount of biogas increased in 65 days 

corresponding to a rise in the solids loading rate. 

 

 

Figure 6.13 Variations of biogas production and methane production of the full-scale 

anaerobic digestion reactor during digestion period (× Biogas production,  Methane 

production). 

 

However, it significantly dropped during the Sf loading rate to the lowest point at 2,120 

m3biogas day-1 or 790 m3CH4 day-1. Between days 72 and 129, the gas production 

decreased step by step in a similar manner. The biogas and methane production 

results also indicated that the process failed at the Sf loading rate. 

 

For the Sb loading rate of 6.25 kgVS m-3 day-1, gas production increased 27%. It was 
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values suggested by Asia Pro Eco project TH/Asia Pro Eco/05 (2006), the digestion 

process was stable. Moreover, at higher loading rates in Sc, Sd, and Se, experiments 

with 8.59, 10.38, and 13.77 kgVS m3 day-1   respectively, gas production increased 36, 

56 and 88% from that obtained in Sa loading rate. The higher biogas production with 

co-digestion was supported by the conclusions of Alvarez et al. (2014), who reported 

that the experiment of sewage sludge having low C/N ratio was able to add high 

amounts of easily biodegradable organic matter, in conjunction with low alkalinity 

values. This was because the sewage sludge with low C/N ratio had a high buffer 

capacity, as well as co-digestion leading to the dilution of some undesired compounds 

present in sewage sludge such as heavy metals, pharmaceuticals, and/or pathogens. 

 

A significant increase in gas production in this study resulted from the existing stable 

full-scale system that had treated leachate in mono-digestion conditions for a few years 

and had high buffering capacity. The bacterial growth in the digestion tank has already 

adjusted to the high loading rate. Therefore, increases in the loading rates, by adding 

pineapple peel, could stimulate the growth of acidogenic bacteria, consequently with an 

increase in the biogas production rate in the methanogenic stage. The trade-off was 

the decrease in TS, VS, and COD removal efficiencies, as shown earlier. However, the 

COD removal efficiencies under the full-scale experiments were still good. These 

results confirmed the observation in the batch experiment that increasing loading rate 

beyond three kgVS m-3 day-1 was possible providing the process gained additional 

biogas with acceptable trade-off in removal efficiency. Results of the co-digestion of 

leachate and pineapple peel in full-scale confirmed the general objective of this 

research that the co-digestion is applicable to the real anaerobic digestion operation, 

which was a continuous process and on a much larger scale than the laboratory 

experiments. 

6.6.2 Biogas composition 

The methane content in the biogas is illustrated in Figure 6.14. The methane content 

was stable at 67+1% throughout the experiments excluding the results for the Sf 

loading rate. At Sf loading rate, the methane content dramatically fell to the minimum 

point of 37% on day 68.  This confirmed the reactor was not stable during days 65-71 

due to a sharp drop of the methane content.  
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Figure 6.14 Variation of methane content of the full-scale anaerobic digestion reactor 

during digestion period. 

6.6.3 Biogas yields and methane yields 

6.6.3.1 Biogas yields 

The biogas yields were calculated based on VSadded, VSconsumed, CODadded and 

CODconsumed and are presented in Figure 6.15. The average biogas yields with five 

steps of the loading rates of the Sa, Sb, Sc, Sd, and Se based, on the added VS, were 

861+29 L kg-1, 761+50 L kg-1, 597+58 L kg-1, 565+57 L kg-1 and 509+45 L kg-1 as 

shown in Figure 6.15 (a). Based on the consumed VS, the reactor obtained average 

biogas yield values of 1,200+28 L kg-1 for the Sa, 1,102+47 L kg-1 for the Sb, 935+51 L 

kg-1 for the Sc, 926+56 L kg-1 for the Sd and 904+48 L kg-1 for the Se as shown in Figure 

6.15 (b).  

 

The reduction of biogas yields based on added and consumed COD correlated well 

with the decrease of COD removal efficiencies when loading rates increased, as can 

be seen from Figure 6.15 (c) and 6.15 (d). The average biogas yields based on added 

COD were 511+54 L kg-1 for the Sa, 469+67 L kg-1 for the Sb, 359+59 L kg-1 for the Sc, 

351+63 L kg-1 for the Sd and 320+46 L kg-1 for the Se as seen in Figure 6.15 (c). The 

reactor achieved biogas yields based on consumed COD of 650+93 L kg-1 for the Sa, 

629+130 L kg-1 for the Sb, 497+100 L kg-1 for the Sc, 501+105 L kg-1 for the Sd and 

517+119 L kg-1 for the Se.  All the yields dramatically fluctuated with the Sf loading rate 

during days 66-71.  

 

The biogas yields reached the minimum point in day 66 at 227 L kgVSadded
-1 in Figure 

6.15 (a) or 138 L kgCODadded
-1 in Figure 6.15 (c). Based on VSconsumed in Figure 6.15 (b) 

and CODconsumed in Figure 6.15 (d), the biogas yields approached the maximum point of 
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988 L kgVSconsumed
-1 in day 69 and 1,177 L kgCODconsumed

-1 in day 68 and minimum point 

of 251 L kgVSconsumed
-1 and 493 L kgCODconsumed

-1 in day 67.  
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Figure 6.15 Variations of biogas yield based on VSadded (a), VSconsumed (b), CODadded (c) 

and CODconsumed (d) of the full-scale anaerobic digestion reactor during digestion period.  

 

Even though the accumulated biogas production increased when organic loading 

increased, the biogas yields calculated based on VSadded, VSconsumed, CODadded and 

ODconsumed  decreased. These results demonstrated that with  pineapple peel feeding as 

the co-substrate, the addition of organic concentrations began to slow down anaerobic 

digestion activity. The lower pH levels, higher VFA/alkalinity ratios in the higher 

pineapple-loading rates indicated the process was less efficient in biogas production. 

However an advantage of adding pineapple peel as a co-substrate is an increase in the 

gas production volume, which was useful in the circumstances when additional biogas 

was available for electricity generation. This optimised the waste management practice 

on leachate treatment to achieve acceptable VS and COD removal efficiencies and on 

the utilisation of fruit waste to enhance gas production and utilisation.    

 

The results from this study were comparable to the studies by Zupancic et.al (2008) 

and Cavinato et.al  (2010). Zupancic et.al (2008), ran a full-scale co-digestion of 

organic waste with leachate with quite low OLR of 1.0 kgVS m-3. In this co-digestion, 

the biogas quantity increased 80%, as compared to mono-digestion of leachate. 

Cavinato et.al (2010) conducted a full-scale experiment for co-digestion of cattle 

manure and agricultural waste, and found the increase in biogas production with higher 

methane yield. The biogas production was 450 L kgVSadded
-1. 

 

Results showed that at Sa, Sb, Sc, Sd and Se, the loading rates between days 0-65 

and days 72-129 resulted in the reactor reaching a steady state when the biogas yields 

were stable – there were no harmful effects from these high loading rates.  Between 

day 66 and day 71, the failure in the reactor from the substrate overloading was 

0

200

400

600

800

1000

1200

1400

0 10 20 30 40 50 60 70 80 90 100 110 120 130

B
io

ga
s 

yi
el

d
   

(L
 k

g 
C

O
D

co
n

su
m

ed
-1

) 

Operating time (day) 

(d) 



 165 

indicated by the unstable biogas production, as well as the results of the high VFA and 

the low pH, alkalinity, TS, VS and COD reduction. The reason that the reactor 

generated the lowest biogas yield in day 67 is that there was a considerable fall in 

biogas production due to the substrate overloading of Sf.   

6.6.3.2 Methane yields 

The average methane in the biogas was used to calculate methane yields with respect  

to VSadded, VSconsumed, CODadded and CODconsumed.  The average methane during the 

digestion period was constant at 67.5%. In figure 6.16 (a), the reactor generated 

average methane yields with five steps according to the loading rates based on the 

added VS.  The methane yields in L kgVSadded
-1 for Sa, Sb, Sc, Sd and Se, were 

583+27, 514+38, 400+36, 381+39 and 342+30, respectively. These results were higher 

than the results reported by Rintala and Jarvinen (1996), who performed full-scale 

experiments with municipal solid waste and sewage sludge. Methane yields were 300 

and 220 L kgVSadded
-1, respectively. The reason for different methane yields is because 

their experiment used different substrates and in mono-digestion conditions.  

 

Based on the consumed VS, the reactor obtained average methane yield values of 

810+30 for the Sa, 745+39 for the Sb, 626+33 for the Sc, 625+40 for the Sd and 

609+34 L kg-1 for the Se as shown in Figure 6.16 (b). The average methane yields 

based on added COD were 346+36 L kg-1 for Sa, 317+50 L kg-1 for Sb, 240+39 L kg-1 

for Sc, 237+42 L kg-1 for Sd and 215+30 L kg-1 for Se as seen in Figure 6.16 (c). The 

methane yields based on consumed COD were 440+60 L kg-1 for Sa, 426+93 L kg-1 for 

Sb, 333+67 L kg-1 for Sc, 338+70 L kg-1 for Sd and 348+81 L kg-1 for Se as seen in 

Figure 6.16 (d). All the methane yields significantly varied with the Sf loading rate 

during days 66-71. The methane yields approached the minimum point on day 66 at 68 

L kgVSadded
-1 in Figure 6.16 (a) 113 L kgVSconsumed

-1 in Figure 6.16 (b) 124 L kgCODadded
-1 

in Figure 6.16 (c) or 244 L kgCODconsumed
-1 in Figure 6.16 (d). 

 

The curves of the methane yields on all bases are similar to those of the biogas yields 

since the biogas contained relatively constant methane content at 67+1%, except 

during days 66-71. When Sf was loaded, the methane content noticeably dropped to 

the minimum value of 37% because substrate overloading upset the process.   
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Figure 6.16 Variations of methane yield based on VSadded (a), VSconsumed (b), CODadded 

(c) and CODconsumed (d) of the full-scale anaerobic digestion reactor during digestion 

period. 

 

Comparing the gas yield of the full-scale plant experiments with that of the batch scale 

experiments, the values are considerably different. The methane yield of the leachate 

anaerobic digestion in the laboratory scale batch experiments was only 24 L 

kgVSconsumed
-1 while that of the full-scale continuous experiments was 810 L 

kgVSconsumed
-1. This resulted from the fact that the compositions of the leachates from 

the Rochedale Landfill site and the Panomsarakham Landfill site were totally different, 

as was expected. The leachate from the Panomsarakham Landfill site was considered 

as a fresh leachate that was not yet degraded by anaerobic microorganisms and was 

at a much higher C/ N ratio. The management of leachate in both landfill sites was 

different. At the Rochedale Landfill site, the leachate was pumped from the bottom of 

the landfill site through the installed pipe. Normal practice at the Panomsarakam landfill 

site was to treat leachate from landfill bottom, drainage of the garbage trucks, and 

wastewater ponds in the working area. The practice was done based on government 

regulations on landfill operations and practice. This resulted in very high COD, TS and 

VS. Normally, leachate from the bottom of the landfill was drained to the leachate 

ponds and digestion occurred daily in all seasons. The amount of leachate treated in 

the digester and leachate treatment pond also depended on the season.    

 

At the Rochedale Landfill site, the leachate was pumped from the bottom of the landfill 

site through the installed pipe.  At the bottom of landfill, the leachate percolated through 

an anaerobic digestion system once, as the sanitary landfill acted as a bioreactor. This 

was the reason that the leachate component from the Rochedale Landfill contained 
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much lower TS, VS and COD contents, as well as lower carbon content, compared to 

those from the Panomsarakham Landfill. 

 

Methane yields from the full-scale experiments are respectable, as compared to those 

reported in the literature. The biogas yield normally varies from 350 to 1,120 L 

kgVSconsumed
-1

 (Metcalf, 2003). The yield fluctuates over a wide range, corresponding to 

VS concentrations and biological activity. Lin (1991) found that anaerobic digestion of 

mono-leachate under semi-continuous mode, 2 L reactor and mesophilic conditions 

with initial substrate concentration of 22,750 mgCOD L-1 generated a methane yield of 

335-402 L kgCODadded
-1 for 1.14-2.84 kgCOD m-3 day-1. Co-digestion of leachate and 

sewage sludge under semi-continuous mode, 40L reactor and mesophilic condition, 

produced 650-760 LCH4 kgVSconsumed
-1 with a loading rate of 1.36-1.51 kgVS m-3 day-1 

(Montusiewicz and Lebiocka, 2011). Co-digestion of leachate and sewage sludge 

under semi-continuous and mesophilic conditions with 0.5L reactor was studied, and 

the results showed that the methane yields were between 460 L kgVSconsumed
-1 and 870 

L kgVSconsumed
-1 for the retention times of 12.8 days and 16 days (Hombach et al., 

2003). Cameron and Koch (1980) determined that anaerobic digestion of leachate with 

29-38oC and 14 L reactor obtained 360-420 L kgCODremoved
-1 for an organic loading rate 

of 0.26-1.1 kgCOD m-3 day-1. 

6.7 Summary  

A summary of experimental results for the full-scale plant is given in Table 6.5. Each 

result presents the average value of different parameters and substrates. The results of 

the Sf loading rate were excluded from this section, as the process did not reach a 

steady state as a consequence of reactor failure. The ratio of VSleachate and VSpineapple 

peel remained in a small range at 1:0.127 and 1:0.144 even though the pineapple peel 

addition increased step by step from 3,600 to 8,100 kg per day. The addition of 

pineapple peel resulted in an increase in a solid loading rate from 4.33 to 13.77 kgVS 

m-3 day-1. The different OLR did not affect the methane content of the biogas. It 

remained relatively constant at 67% 

 

The VFA, the VFA/alkalinity, and the biogas production were proportional to the OLR. 

The VFA increased from 1,250 to 1,460 mg L-1 while the VFA/alkalinity increased by 

0.3 with five steps in the pineapple peel addition. The biogas production increased by 

27%, 36%, 55%, 86%, respectively, for Sb, Sc, Sd and Se, compared to Sa. On the 

other hand, the pH, alkalinity, removal efficiencies and gas yields reduced with higher 

OLRs. The range of input pH was between 3.9 and 4.3 corresponding to the increase 
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of alkalinity from 2,060 to 2,820 mg L-1. The removal efficiency decreased by 22% for 

TS, 16% VS, and 16% COD, with an increase in OLR from 4.33 to 13.77 kgVS m
-3

 day
-1. 

The higher addition of the pineapple peel led to the reduction of the methane yields. 

The methane yield based on VSadded decreased by 12%, 31%, 35% and 41% for Sb, 

Sc, Sd and Se compared to that of Sa. The decrease of the methane yields from Sa, 

with reference to VSconsumed, were 8%, 23%, 23%, 25% correlating with Sb, Sc, Sd and 

Se. The methane yields based on CODadded decreased step by step from 346 L 

kgCODadded
-1 for Sa to 215 L kgCODadded

-1 for Se. There was a decrease in the methane 

yields based on CODconsumed from 440 to 348 L kgCODconsumed
-1 with an increase in 

loading rates from Sa to Se. 

 

Table 6.5 Summary of experimental results for the full-scale experiments. 

Parameter 
Substrate 

Sa Sb Sc Sd Se 

VSleahate/VSpineapple peel  1:0  1:0.127  1:0.131  1:0.141  1:0.144 

OLR (kgVS m
-3 

day
-1

) 4.33 6.25 8.59 10.38 13.77 

pH 4.3+0.1 4.2+0.1 4.1+0.1 4.0+0.1 3.9+0.1 

Alkalinity (mg L
-1

) 2,820+80  2,640+94 2,480+77 2,290 +83 2,060+97 

VFA (mg L
-1

) 1,250+23 1,300+31 1,360+25 1,410+23 1,460+32 

VFA/Alkalinity 0.4+0.01 0.5+0.02 0.6+0.02 0.6+0.03 0.7+0.04 

Biogas production 
(m

3 
day

-1
) 

2,230+70 2,830+150 3,040+150 3,470+150 4,160+170 

Methane content (%) 67+1 

Removal efficiency (%) 

TS 66+4 60+6 54+7 54+9 44+8. 

VS 72+1 69+2 64+3 61+4 56+3 

COD 79+4 75+6 73+5 71+6 63+7 

Methane yield  

L kgVSadded
-1

 583+27 514+38 400+36 381+39 342+30 

L kgVSconsumed
-1

 810+30 745+39 626+33 625+40 609+34 

L kgCODadded
-1

 346+36 317+50 240+39 237+42 215+30 

L kgCODconsumed
-1

 440+60 426+93 333+67 338+70 348+81 

 

 

 

 

 

 

 

 

 

 



 170 

CHAPTER 7 KINETICS ANALYSIS OF ANAEROBIC 

DIGESTION FOR BATCH LABORATORY SCALE AND 

CONTINUOUS FULL-SCALE EXPERIMENTS 

7.1 Comparative kinetics analysis of anaerobic digestion for 

batch laboratory scale experiments 

Kinetics analysis was carried out to explain and compare the batch anaerobic digestion 

in five different substrate ratios. The following first order kinetics equation given in 

Section 3.11.1 was used to obtain the kinetics rate constant. 

 

   (Eq. 11) 

 

where B is the accumulative biogas production (L), Bm is the maximum accumulative 

biogas production (L), k1 is the kinetics rate constant (day-1), and t is time (day).  

 

The change of the accumulated biogas production as a function of time for the different 

substrate ratios conforms to the above equation. The biogas production in all batch 

experiments was zero on day 0. The accumulated biogas production graph has an 

exponential curve and the rate of accumulated gas production asymptotically 

approaches zero towards the end of the experiments, as the slope of the graph that 

indicates the production rate decreases to zero. The slopes of the accumulation biogas 

production trends decreases with time as a result of the reduction in the concentration 

of biodegradable matter in the substrates. Thus, the proposed kinetics model is 

suitable for all the batch experiments.  

 

The kinetics equation can be re-written in the natural logarithm form as follows.  

 

              (Eq. 24) 

 

This equation indicates that plotting ln(Bm/(Bm−B)) against t results in a straight line. 

The slope is k1 and the intercept should be zero. 

 

Figure 7.1 illustrates the plots of ln(Bm/(Bm−B)) against t for batch experiments S1, S2, 

S3, S4, and S5. The plots give straight lines corresponding to the logarithm equation 
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above. The slopes (k1) for S1 and S5 mono-digestion were 0.26 and 0.25 day-1 with R2 

of 0.86 and 0.97, respectively. For S2, S3 and S4 co-digestion the values of k1 were 

0.25, 0.22 and 0.18 day-1 with R2 of 0.88, 0.94 and 0.96, respectively.  

 

 

Figure 7.1 Plots of ln(Bm/(Bm−B)) against time for batch experiments S1 () for 10 

days, S2 () for 13 days, S3 ( ) for 16 days, S4 () for 19 days and S5 (Δ) for 15 

days.  

 

Table 7.1 shows the OLR, digestion parameters, removal efficiencies, biogas yields, 

kinetics constants, and the coefficient of determination (R2) of S1, S2, S3, S4, and S5 

anaerobic digestion. All results presented in Chapters 4 and 5 are summarised in this 

section to present the relationships with the kinetics rate constant. The kinetics 

constants of S1 and S5 mono-digestion cannot be directly compared with those of co-

digestion S2, S3, and S4 because the S1 and S5 characteristics were different from 

those of the S2, S3, and S4.  

 

Table 7.1 Organic loadings, digestion parameters, removal efficiencies, biogas yields 

and rate constants (k1), and R2 of S1, S2, S3, S4 and S5 anaerobic digestion for batch 

experiments. 

Description S1 S2 S3 S4 S5 

Organic loading (kg VS m
-3

)  1.87 2.87 3.87 4.87 3 

Leachate and pineapple peel ratio (VS basis)  1:0  1:0.53  1:1.06  1:1.6  0:1.6 

Minimum pH 7.8 7.5 7.2 6.1 7.3 

Maximum VFA (mg L
-1

) 32 427 729 999 700 

Maximum alkalinity (mg L
-1

) 3,280 2,950 2,830 2,360 2,450 

Maximum VFA/alkalinity ratio 0.01 0.2 0.3 0.8 0.4 

TS removal efficiency (%) 54.3 91.5 88 85.7 89.9 

VS removal efficiency (%) 36.8 80.8 80.3 76.1 80 

COD removal efficiency (%) 47.2 90.2 89.1 85.4 85.5 

Biogas yield (L kgVSconsumed
-1

) 38.1 303 431 404 512 

Methane yield (L kgVSconsumed
-1

) 23.7 193 269 251 317 

Rate constant, k1 (day
-1

) 
0.26 0.25 0.22 0.18 0.25 

R
2 
for kinetics equation 

0.86 0.88 0.94 0.96 0.97 
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Methane production is related to the initial organic loading (substrate concentration), 

according to a first-order kinetics model (Batstone et al., 2002, Siegrist et al., 2002). 

The k1 values of S2, S3 and S4 decreased from 0.25 to 0.18 day-1 with increasing 

organic loading from 2.87 to 4.87 kgVS m-3. This indicated that a higher substrate 

concentration decreased the digestion rate of the process. Complex substrates cannot 

be converted into biogas without the hydrolysis process. The reaction rate was strongly 

affected by the initial solid or organic loading concentration. Therefore, an increase of 

the initial substrate concentration caused a reduction of the substrate removal rate. 

This also explains why TS, VS, and COD removal efficiencies also decreased when the 

amount of pineapple, solid, or organic concentration loads were increased. The 

removal efficiencies of S2, S3, and S4 reduced with the higher organic concentrations 

from 91, 88 to 86% (TS), from 81, 80 to 76% (VS), and 90, 89 to 85% (COD), 

respectively. In the co-digestion experiments, as a consequence of an increase of 

substrate concentration, the pH and alkalinity increased, whereas the VFA 

concentration decreased. This behaviour was evident in the declining values of the rate 

constant for these experiments. The maximum pH and alkalinity values of S2, S3 and 

S4 decreased from 7.5, 7.2 to 6.1 and from 2,950, 2,830 to 2,360 mg L-1, while the 

maximum VFA increased from 427, 729 to 999 mg L-1. 

 

Figure 7.2 plots the changes of the kinetics constant values and the biogas yields as a 

function of organic loadings of the five experiments. The biogas yields improved from 

303 to 431 L kgVSconsumed
-1 with an increase of pineapple peel from S2 to S3, but 

decreased from 431 for S3 to 404 L kgVSconsumed
-1 for S4. The trend of biogas yields 

was different from that of the k1 value with the addition of pineapple peel from S3 to S4. 

This is due to the fact that the k1 value was limited by the rate constant of the 

hydrolysis process, and thus is different from the rate constant of the methanogenesis 

process. The anaerobic digestion process is complicated and there are different 

microorganisms in each reaction pathway to convert complex organic matters into 

biogas. The kinetics constants of hydrolysis are not the same as those of 

methanogenesis, since different microorganism groups carried out different processes 

in the anaerobic digestion (Raposo et al., 2009a).  
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Figure 7.2 Variation of k (×) and biogas yields () of anaerobic digestion with S1, S2, 

S3, S4 and S5 in the batch experiments.  

 

The kinetics constant values obtained from the batch experiments were generally 

comparable to those reported in literature for similar experiments, but with different 

substrates, as shown in Table 7.2. Jiménez et al (2006) studied the kinetics of 

anaerobic digestion using wastewater from beet molasses alcoholic fermentation with 

three of 1 L stirred tank batch reactors under mesophilic temperature. The rate 

constants ranged from 2.16 to 0.07 day-1 with COD increases from 1 to 10 g L-1. Rao 

and Singh (2004a) concluded that the accumulative biogas production from 3.25 L 

batch digestion of municipal solid waste was closely modeled by the first order kinetics 

model. An increase of the organic loading from 35 to 112.5 gTS L-1 resulted in the rate 

constants from 0.0273 to 0.0087 day-1 at ambient temperature (average 29oC), and 

from 0.0217 to 0.0158 day-1 at room temperature (25oC). The constants of anaerobic 

digestion of sugar-mill-mud waste decreased from 1.8 to 0.5 day-1, with a rise in the 

loading from 40 to 140 mL of SMMW in a 1 L batch reactor under mesophilic 

temperature (Sanchez et al., 1996). A study of the anaerobic digestion of the solid 

waste from the extraction process of sunflower oil at mesophilic condition in a 0.25 L 

batch reactor, showed that the kinetics rate constants decreased from 0.36 to 0.16 day
-1 

when the substrate concentration increased from 5 to 30 gVS L-1 (Raposo et al., 

2009a). In a kinetics study of the co-digestion of straw and pig manure in a 1.5 L batch 

reactor at room temperature, Llabrés-Luengo and Mata-Alvarez (1987) reported rate 

constants of 0.0174-0.0198 day-1 with 20 gVS and a varying inoculum amount.  

 

From these literature results, a similar behaviour can be observed that the performance 

of the reactors, as measured by the kinetics constants, decreases with an increase in 

the organic loading concentration. In addition, it has been noted that the accumulative 

biogas production fit well with the first order kinetics. This can be explained by the fact 
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that anaerobic digestion is limited by the formation of volatile fatty acids at higher 

loadings and the building up of the concentration of the substrate. Higher loading tends 

to lower the effective surface area exposed to hydrolysis, which slows down the gas 

production process (Rao and Singh, 2004b). 

 

Table 7.2 First order kinetics rate constants for co-digestion experiments. 

Reference Substrates 
Reactor 
volume Mode Substrate  Temperature  Rate constant 

    (L)   loading (
o
C)  (day

-1
) 

Jimenz (2006) 
Beet molasses 
alcoholic  1 Batch 1-10 g L

-1
 35 0.07-2.16 

  
fermentation 
wastewater           

Rao and Singh MSW 3.25 Batch 
35 -112.5  

g TS L
-1
 29 0.0087-0.0273 

(2004)         25 0.0158-0.0217 

Sanchez et al.  
Sugar-mill-mud 
waste 1 Batch 40 -140 mL 35 0.5-1.76 

(1996) (SSMW)     (SMMW)    

Raposo et al. (2009) 
Sunflower oil 
cake 0.25 Batch 5-30 g VS L

-1
 35 0.16-0.36 

Llabres-Luengo and  
Straw and pig 
manure 1.5 Batch 20 g VS 25 0.0174-0.0198 

Mata-Alvarez (1987)             

This study Leachate and  30 Batch 
1.87- 4.87  
kg VS m

-3
 35 0.18-0.26 

  pineapple peel           

 

Generally, the first order rate constant of batch anaerobic digestion varied 

considerably, depending on the type of substrates, temperature, solid or organic 

loadings and the amount of inoculum and substrate ratio. The variation of the constants 

in various reports confirms that mono-digestion S1 and S5 cannot be expected to be 

comparable to the constants of the co-digestion S2, S3, and S4, due to their different 

characteristics. The S2 reactor achieved the highest k1 value among the three co-

digestion experiments. The S2 reactor also had the best performance with the highest 

removal efficiencies. However, the rate constant did not correlate well with the biogas 

yields as the biogas production depends on the methanogenesis process, while the 

removal efficiencies are more directly related to the hydrolysis process. 

7.2 Comparative kinetics analysis of anaerobic digestion for 

continuous full-scale plant experiments 

The kinetics analysis for steady state full-scale experiments were also carried out with 

the first order kinetics model and the following equation, as given in Section 3.11.2, 

was used.  

 

                                             (Eq.28) 



 175 

where y is the biogas yield (L kgVSconsumed
-1), ymax is the maximum biogas yield (L 

kgVSconsumed
-1), k is the kinetic rate constant (day-1), OLR is the organic (solid in this 

study) loading rate (kgVSconsumed L-1 day-1), and S0 is the initial concentration of 

substrate (kgVS L-1). 

 

The results from the full-scale experiments were fitted with the Equation 28 above. For 

each experiment, the y, OLR, and S0 were measured and have been given in Chapter 

6. The plots of 1/y versus OLR give 1/ymax as the intercept and 1/kS0ymax as the slope. 

The values of ymax and k can then be calculated. As there were five levels of VS 

concentration of substrates, the plots then present in five profiles.  

 

Figure 7.3 presents the plots of 1/y in relation to OLR for the full-scale experiments Sa, 

Sb, Sc, Sd, and Se. The plots gave straight lines correlating to the equation. The 

intercepts were 0.572, 0.596, 0.686, 0.685 and 0.689 kgVSconsumed m
-3

biogas for Sa, Sb, 

Sc, Sd and Se, respectively, and the ymax ranged from 1,750 to 1,450 L kgVSconsumed
-1. 

The slopes of the plots were 0.0612, 0.0501, 0.045, 0.0384 and 0.0305 day, 

respectively, and the values for k were 0.192, 0.181, 0.172, 0.168 to 0.167 day-1
, 

respectively. The R2 values ranged from 0.70-0.88. 

 

Figure 7.3 Profiles of 1/y in relation to OLR for full-scale experiments Sa (+), Sb (), 

Sc (×), Sd (Δ) and Se (☐). 

 

The OLR, experimental parameters, removal efficiencies, biogas production, biogas 

yields, rate constants, and R2 values of Sa, Sb, Sc, Sd, and Se anaerobic digestion for 

full-scale experiments are summarised in Table 7.3. Some of the results given in 

Chapter 6 are presented in Table 7.3 again for comparison. The rate constant 

decreased from 0.192 for Sa to 0.167 day-1 for Se as the OLR increased from 4.33 to 

13.77 kgVS m-3 day-1. Similar to the case of batch experiments, the higher substrate 

concentration decreased the removal efficiencies. The reduction of the removal 
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efficiency by 22% (TS), 16% (VS) and 15% (COD), occurred with the additional loading 

rates from Sa to Se. The pH decreased from 7.1 to 6.7. The alkalinity decreased from 

2,820 to 2,060 mg L-1. The VFA increased from 1,250 to 1,460 mg L-1 and the ratio of 

VFA to alkalinity increased from 0.4 to 0.7. This indicates that the increased substrate 

concentration inhibited the process activity.  

 

Table 7.3 OLR, experimental parameters, removal efficiencies, biogas production, 

biogas yields, the constant rates and R2 values of the output of Sa, Sb, Sc, Sd and Se 

anaerobic digestion for full-scale experiments. 

Description 
Substrate 

Sa Sb Sc Sd Se 

VSleahate/VSpineapple peel  1:0  1:0.131  1:0.137  1:0.141  1:0.144 

OLR (kgVS m
-3 

day
-1

) 4.33 6.25 8.59 10.38 13.77 

pHoutput 7.1+0.1 6.9+0.1 6.8+0.1 6.7+0.1 6.7+0.1 

Alkalinityoutput (mg L
-1

) 2,820+80  2,640+94 2,480+77 2,290 +83 2,060+97 

VFAoutput (mg L
-1

) 1,250+23 1,300+31 1,360+25 1,410+23 1,460+32 

VFA/Alkalinityoutput 0.4+0.01 0.5+0.02 0.6+0.02 0.6+0.03 0.7+0.04 

Biogas production (m
3 
day

-1
) 2,230+72 2,830+152 3,041+148 3,470+146 4,160+170 

Removal efficiencies (%) 

TS 65.8+3.90 60.2+5.99 53.9+7.49 54.4+8.92 43.7+8.20 

VS 72.0+1.54 68.9+2.10 63.7+3.32 60.9+3.75 56.2+2.84 

COD 78.9+3.83 75.5+5.97 72.8+5.11 70.6+5.63 63.2+6.75 

S0 (mg VS L
-1

) 48,700 65,600 88,500 106,000 135,000 

Biogas yield  
(L kgVSconsumed

-1
) 

1,195 1,102 935 926 904 

1/ymax 0.572 0.596 0.686 0.685 0.689 

ymax (L kgVSconsumed
-1

) 1,750 1,680 1,460 1,460 1,450 

1/kymSo (day) 0.0612 0.0501 0.045 0.0384 0.0305 

Rate constant, k (day
-1

) 0.192 0.181 0.172 0.168 0.167 

R
2
 0.70 0.87 0.88 0.78 0.77 

 

The relationships between the rate constant or biogas yield and the OLR are illustrated 

in Figure 7.4. Both the biogas yield and the k values decreased with increasing the 

OLR. This indicated that constant k of full-scale experiments can be used to explain the 

overall process from the hydrolysis and to the methanogenesis, since the removal 

efficiency and the biogas yield decreased with reduction of the k values. 
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Figure 7.4 Variation of k (×) and biogas yields () of anaerobic digestion with Sa, Sb, 

Sc, Sd and Se in the full-scale experiments.  

 

When compared to results from the batch experiments, with k1 of 0.29-0.38 day-1 and 

organic loadings of 1.87-4.87 kgVS m-3, the values of k from full-scale experiments 

were lower, ranging from 0.167 and 0.192 day-1. This is most likely due to the higher 

organic loading rates of between 4.33 and 13.77 kgVS m-3 day-1 in the full-scale 

experiments. 

 

The rate constant values obtained from the full-scale experiments were much higher 

than those reported in the literature. Lin et al. (2011b) investigated the anaerobic 

digestion of pulp and paper sludge and monosodium glutamate waste liqueur in a 2 L 

completely stirred tank reactor (CSTR) at 37oC, and obtained a k value of 0.07 day-1 

with the OLR in the range of 1.5-5 kgVS m-3 day-1 and the initial substrate concentration 

of 43,250 mg L-1. The anaerobic digestion of potato processing solid wastes resulted in 

a k value of 0.089 day-1 with the OLR from 0.8 to 3.4 kg m-1 day-1, and initial substrate 

concentration of 117,000 mg L-1 in a 2.5 L CSTR at 55oC (Linke, 2006). The reason 

that the rate constant of the co-substrate of the leachate and the pineapple peel were 

higher than those in the literature was the higher biodegradability of the co-substrate of 

leachate and pineapple peel. The two reports also showed that the biogas production 

decreased with an increasing organic loading rate and the hydraulic retention time. 

Therefore, it must be taken into account that an optimal retention time must be selected 

in order to maximise the performance of the reactor, which can be observed from pH, 

alkalinity, VFA, removal efficiency, and biogas production.  
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7.3 Application of kinetics analysis of continuous full-scale 

plant 

The reactor performance is related to the rate constant (k) and ymax according to the 

following equation given in Section 3.11.2. 

 

                                       (Eq. 23) 

where  y is biogas yield (L kg VSconsumed
-1) HRT is the hydraulic retention time of the 

reactor (day). 

 

The equation indicates that there is a mathematical relationship between HRT, the rate 

constant (k) and ymax. Once k and ymax are known, the HRT can be calculated from y 

and the HRT is then used for designing the reactor size. For example, based on the 

results of this study, the Sb reactor achieved only 65% of the maximum biogas yield 

corresponding to the HRT of 10.5 days. In order to obtain 70, 80 and 90% maximum 

biogas yield, the process required higher HRT at 12.9, 22.1, and 49.4 days, 

respectively. The size of the reactor can be designed based on the calculated HRT. 

This is beneficial for anaerobic digestion design as the size of the reactor can be 

selected based on the biogas production. 

7.4 Summary 

Overall, the first order kinetics analysis was able to explain the anaerobic digestion 

process in the batch laboratory scale experiments, and continuous full-scale 

experiments. The reaction rate constants of the batch experiments were 0.26 for S1, 

0.25 for S2, 0.22 for S3, 0.18 for S4, and 0.25 day-1 for S5, with corresponding R2 of 

0.86, 0.88, 0.94, 0.96, and 0.97, respectively. The rate constant values in the batch 

experiments were related to the substrate ratio and were correlated with the TS, VS, 

and COD removal efficiencies, and the digestion parameters as pH, VFA, alkalinity, 

and VFA/alkalinity. However, the rate constant values did not correlate with the results 

of biogas production. This is because the first order kinetics model is based on the 

hydrolysis process and the reaction rates of the hydrolysis reactions are different from 

those of the methanogenesis process. The biogas production process is explained 

through the methanogenesis process. The rate constant values of the continuous 

experiments were between 0.167 and 0.192 day-1 with R2 of 0.70-0.88. The rate 

constant values in the continuous process can be used to describe the performance of 

the reactor from the hydrolysis to methanogenesis process. Therefore, the rate 
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constant values can explain the impact of substrate ratio to all parameters measured. 

In addition, the anaerobic digester can be designed based on the kinetics equation in 

the continuous operation. The HRT, one of the important parameters for designing the 

reactor, is derived when the k value and ymax are calculated from the kinetics analysis. 
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CHAPTER 8 DEVELOPMENT AND VALIDATION OF 

ARTIFICIAL NEURAL NETWORK MODELS FOR BIOGAS 

PRODUCTION FROM CO-DIGESTION 

8.1 Modelling of biogas production from co-digestion using 

the artificial neural network approach 

A neural network model for biogas production from anaerobic co-digestion of leachate 

with pineapple peel was developed by using the Neural Network Toolbox 7.0 of 

MATLAB 7.11.0 (R2010b). MATLAB is a numerical computing language and interactive 

environment for programming, numerical computation and visualisation. It can aid in 

analysing data, developing algorithms, as well as creating models and applications. 

The Neural Network Toolbox, which is a built-in tool in MATLAB, provides functions 

and applications for modelling complex nonlinear problems that are not simply modeled 

with a closed-form equation, such as data fitting, pattern recognition, time-series 

prediction, clustering and dynamic system modelling. The Neural Network Toolbox has 

a range of different functions to simply design, train, visualise and simulate artificial 

neural networks (MathWorks., 2013). 

8.2 Development of an artificial neural network model for 

biogas production from co-digestion 

The procedures applied to develop an artificial neural network followed the key steps 

provided in the methodology section. These key steps consisted of problem 

specification, data preparation, designing the architecture of the artificial neural network 

models, and training the artificial neural networks. 

8.2.1 Problem specification 

Regardless of the type of artificial neural networks chosen, a clear understanding of the 

problem is necessary to a successful constructive design of the neural network. The 

development of the artificial neural network models for biogas production from co-

digestion was for research purposes. The model was determined to predict the 

outcomes of anaerobic co-digestion of leachate with pineapple peel using full-scale 

experimental data. The degree of accuracy of the models is evaluated by the mean 

squared error (MSE) performance.  
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8.2.2 Data preparation 

The data used for developing the artificial neural network models for biogas production 

from anaerobic co-digestion were obtained from the full-scale experiments. The data 

required for the neural network models included input data and output (or target) data. 

In this study, the choice of a proper set of data was conducted based on an extensive 

literature review in order to develop a capable and reliable neural network model. The 

input and target data were therefore chosen from the experimental results. As the 

models were aimed to predict the outcomes of the co-digestion process, the input data 

should include parameters that significantly influence the outcomes of the co-digestion 

process while the target data should contain parameters that represent the outcomes 

of the co-digestion process.  

 

Not all experimental data were applied to the models in order to avoid using too many 

variables, which could cause the model to be very sensitive to small changes or noise. 

Although some over-parameterised models can satisfactorily fit the original data, such 

a situation is inclined to bring in poor generalisation and low predictive capacities 

(Samarasinghe, 2006). Thus, the parameters which were selected as input data for the 

neural network models included the mass amount of pineapple peel, pH of the inlet, 

COD of the inlet, VFA of the inlet and VS of the inlet. The selected target data 

consisted of VS of the outlet, the volume of biogas, and the methane fraction of biogas. 

The input and target data were obtained from the experimental results, and then 

prepared in a Microsoft Excel Spreadsheet. The data set contained 130 samples. The 

characteristics of the chosen input and target data are summarised in Table 8.1.  

 

Based on the typical practice of building multilayer neural networks, the data set of 130 

samples was divided into three subsets by random selection. These three subsets 

consisted of the training set, the validation set, and the testing set. The training set was 

applied to compute the gradient and adjust the weights and biases of the neural 

network corresponding to its error function. The validation set was applied to find the 

best number of iterations and determine the optimal configuration of the neural 

network, which is learnt from the training set. The weights and biases of the neural 

network were chosen at the minimum of the error on the validation set. The testing set, 

as an independent measure of the accuracy of the neural network, was used to 

evaluate the performance of the fully trained neural network.  

 

It is also important to address the point that data separation is considered as a crucial 

part of data preparation. Poor data separation may result in inaccuracy and 

inconsistency of the performance. To find the best performance, three different trials of 
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data separation (% of training set: % of validation set: % of testing set) were therefore 

conducted, including 60%:20%:20%, 70%:15%:15% and 80%:10%:10%, respectively. 

 

Table 8.1 Characteristics of input and target data chosen to develop neural network 

models. 

Parameter Type Minimum Maximum Unit 

Mass amount of pineapple peel Input 0 9,000 kg day
-1

 

pH level of the inlet Input 3.75 4.40 Scale of 0-14 

COD level of the inlet Input 6.50 30.58 g L
-1

 x 10
1
 

VFA level of the inlet Input 0.37 0.65 g L
-1

x 10
1
 

VS level of the inlet Input 4.16 16.44 g L
-1

x 10
1
 

Methane fraction of biogas  Target 0.37 0.70 Scale of 0-1 

Volume of biogas Target 2.09 4.45 Nm
3 
day

-1
 

VS level of the outlet Target 1.02 10.12 g L
-1

x 10
1
 

 

8.2.3 Designing the architecture of the artificial neural network models 

This study applied the multilayer feed forward architecture for the artificial neural 

network models. The feed forward neural networks were designed to contain three 

layers, including one input layer, one hidden layer and one output layer. According to 

the literature review, there was no evidence that more than one hidden layer could 

actually increase accuracy of the neural networks for this type of application. One 

hidden layer was therefore considered to be sufficient for the anaerobic co-digestion 

problem. However, it was mentioned that a single hidden layer requires a proper 

number of hidden neurons (Kumar, 2004, Ozkaya et al., 2007, Parthiban and 

Parthiban, 2012, Priddy and Keller, 2005, Rajasekaran and Pai, 2003, Sivanandam 

and Deepa, 2006, Strik et al., 2005).  

 

Based on the results of the data preparation, the input layer of the neural network 

models contained five neurons, while the output layer consisted of three neurons. The 

number of hidden neurons was determined by using trial and error experimentation, 

which is a common method for finding the optimal number of hidden neurons. The 

architecture of the neural network models was decided by applying ten different 
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numbers of hidden neurons in the hidden layer (from one to ten neurons) for each data 

separation. Eight hidden neurons with the data separation of 70%:15%:15% were 

found to yield the best result. The architecture of the artificial neural network model, 

which contained the best number of hidden neurons, is presented in Figure 8.1. 

 

 

Figure 8.1 Architecture of the neural network.  

 

It can be seen from Figure 8.1 that each neuron within a layer is connected with all 

neurons in the following layer, with weights and biases. The transfer functions applied 

for the neural network models included the hyperbolic tangent sigmoid function (tansig) 

and the linear transfer function (purelin). Tansig, which is the differentiable transfer 

function, was used for the hidden layer, while purelin was used for the output layer. The 

basic equation of the tansig function is presented below.  

 

                          (Eq. 29)  

 

The final form of the equation for the feed forward neural network model can be then 

expressed as follows:  

 

                        (Eq. 30) 
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where xi is input of the neuron; IW j,i is connection weight between an input neuron and 

a hidden neuron; LWk,j is connection weight between a hidden neuron and an output 

neuron; b1j is bias value of a hidden neuron; b2k is bias value of an output neuron.  

8.2.4 Training the artificial neural networks 

Once the artificial neural network is fully configured, it must be trained for adjusting and 

determining values of the connection weights and biases in order to generate the 

outputs with the given inputs. Training the artificial neural networks is a vital step in the 

development of artificial neural network models, since it determines the generalisation 

of the models. In the training step, the neural networks processed records one at a 

time, and learnt by comparison between their classification of the record and the known 

classification of the record. The errors from the classification were fed back to the 

network and then used to modify the next time around. This was repeated for much 

iteration until the errors stopped decreasing.  

 

The data set being fed to the chosen network was divided into three subsets, including 

the training set (90 samples or 70%), the validation set (20 samples or 15%), and the 

testing set (20 samples or 15%), as mentioned in the data preparation section. Thus, it 

became clear that different subsets of data were used to train, validate and test all the 

neural networks. The Levenberg-Marquardt back propagation algorithm (trainlm), which 

is a type of supervised learning mechanism that is provided with the inputs and the 

desired outputs, was selected to train the neural networks. This is because the 

Levenberg-Marquardt algorithm is commonly used for solving non-linear least squares 

problems, and is well suited for training small to medium sized artificial neural 

networks.  

8.3 Performance and validation of artificial neural network 

models for biogas production from co-digestion 

The artificial neural network models were developed to predict the outcomes of 

anaerobic co-digestion of leachate with pineapple peel in terms of the VS level of the 

outlet, the volume of biogas, and the methane fraction of biogas. Performance and 

validation of the artificial neural network models developed were evaluated by 

evaluating their mean squared errors (MSE) and regression R values (R). Results of 30 

trials of the neural network models with different numbers of hidden neurons and 

different sample separations are summarised in Table 8.2. 
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Table 8.2 Results of 30 different trials of performance of the neural network models 

developed. 

Hidden Neuron Sample  Type MSE R 

1 

78 (60%)      Training 2.70 x 10
-1
 0.9619 

26 (20%)      Validation 7.37 x 10
-2
 0.9870 

26 (20%)      Testing 1.16 x 10
-1
 0.9827 

130      All - 0.9683 

2 

78 (60%)      Training 2.59 x 10
-1
 0.9637 

26 (20%)      Validation 2.98 x 10
-1
 0.9489 

26 (20%)      Testing 2.70 x 10
-1
 0.9584 

130      All - 0.9594 

3 

78 (60%)      Training 8.78 x 10
-2
 0.9841 

26 (20%)      Validation 6.15 x 10
-2
 0.9915 

26 (20%)      Testing 3.86 x 10
-1
 0.9543 

130      All - 0.9776 

4 

78 (60%)      Training 4.97 x 10
-2
 0.9917 

26 (20%)      Validation 3.36 x 10
-2
 0.9949 

26 (20%)      Testing 7.82 x 10
-2
 0.9907 

130      All - 0.9919 

5 

78 (60%)      Training 7.35 x 10
-2
 0.9881 

26 (20%)      Validation 3.47 x 10
-1
 0.9571 

26 (20%)      Testing 4.901 x 10
-2
 0.9904 

130      All - 0.9804 

6 

78 (60%)      Training 2.10 x 10
-1
 0.9679 

26 (20%)      Validation 7.90 x 10
-2
 0.9851 

26 (20%)      Testing 2.680 x 10
-1
 0.9601 

130      All - 0.9692 

7 

78 (60%)      Training 1.13 x 10
-1
 0.9823 

26 (20%)      Validation 4.02 x 10
-2
 0.9912 

26 (20%)      Testing 5.37 x 10
-1
 0.9325 

130      All - 0.9709 

8 

78 (60%)      Training 7.15 x 10
-2
 0.9907 

26 (20%)      Validation 7.99 x 10
-2
 0.9197 

26 (20%)      Testing 8.33 x 10
-2
 0.9833 

130      All - 0.9882 
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Hidden Neuron Sample  Type MSE R 

9 

78 (60%)      Training 4.21 x 10
-2
 0.9934 

26 (20%)      Validation 2.81 x 10
-2
 0.9943 

26 (20%)      Testing 1.06 x 10
-1
 0.9860 

130      All - 0.9918 

10 

78 (60%)      Training 1.66 x 10
-2
 0.9978 

26 (20%)      Validation 4.47 x 10
-2
 0.9895 

26 (20%)      Testing 2.48 x 10
-1
 0.9481 

130      All - 0.9892 

1 

90 (70%)      Training 2.62 x 10
-1
 0.9642 

20 (15%)      Validation 7.55 x 10
-2
 0.9882 

20 (15%)      Testing 8.05 x 10
-2
 0.9827 

130      All - 0.9689 

2 

90 (70%)      Training 6.79 x 10
-2
 0.9896 

20 (15%)      Validation 4.01 x 10
-1
 0.9357 

20 (15%)      Testing 2.25 x 10
-1
 0.9674 

130      All - 0.9774 

3 

90 (70%)      Training 5.85 x 10
-2
 0.9901 

20 (15%)      Validation 1.33 x 10
-1
 0.9818 

20 (15%)      Testing 2.27 x 10
-1
 0.9729 

130      All - 0.9849 

4 

90 (70%)      Training 4.01 x 10
-2
 0.9934 

20 (15%)      Validation 6.85 x 10
-2
 0.9914 

20 (15%)      Testing 5.60 x 10
-2
 0.9915 

130      All - 0.9927 

5 

90 (70%)      Training 8.44 x 10
-2
 0.9862 

20 (15%)      Validation 7.11 x 10
-1
 0.9257 

20 (15%)      Testing 7.97 x 10
-2
 0.9851 

130      All - 0.9720 

6 

90 (70%)      Training 2.68 x 10
-2
 0.9958 

20 (15%)      Validation 1.09 x 10
-1
 0.9840 

20 (15%)      Testing 9.81 x 10
-1
 0.8525 

130      All - 0.9707 
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Hidden Neuron Sample  Type MSE R 

7 

90 (70%)      Training 6.30 x 10
-2
 0.9899 

20 (15%)      Validation 1.19 x 10
-1
 0.9778 

20 (15%)      Testing 5.00 x 10
-1
 0.9346 

130      All - 0.9779 

8 

90 (70%)      Training 3.95 x 10
-2
 0.9944 

20 (15%)      Validation 2.67 x 10
-2
 0.9942 

20 (15%)      Testing 1.07 x 10
-1
 0.9800 

130      All - 0.9924 

9 

90 (70%)      Training 3.81 x 10
-2
 0.9941 

20 (15%)      Validation 4.91 x 10
-2
 0.9855 

20 (15%)      Testing 1.15 x 10
-1
 0.9890 

130      All - 0.9920 

10 

90 (70%)      Training 3.91 x 10
-2
 0.9946 

20 (15%)      Validation 5.02 x 10
-2
 0.9892 

20 (15%)      Testing 4.28x 10
-1

 0.9254 

130      All - 0.9846 

1 

104 (80%)      Training 2.27 x 10
-1
 0.9670 

13 (10%)      Validation 1.29 x 10
-1
 0.9776 

13 (10%)      Testing 8.37 x 10
-2
 0.9855 

130      All - 0.9685 

2 

104 (80%)      Training 6.62 x 10
-2
 0.9896 

13 (10%)      Validation 3.00 x 10
-2
 0.9949 

13 (10%)      Testing 7.10 x 10
-2
 0.9926 

130      All - 0.9901 

3 

104 (80%)      Training 6.81 x 10
-2
 0.9892 

13 (10%)      Validation 7.85 x 10
-2
 0.9902 

13 (10%)      Testing 3.40 x 10
-1
 0.9613 

130      All - 0.9851 

4 

104 (80%)      Training 8.29 x 10
-2
 0.9871 

13 (10%)      Validation 1.08 x 10
-1

 0.9883 

13 (10%)      Testing 6.39 x 10
-2
 0.9907 

130      All - 0.9872 
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The design of neural networks and the data separation were achieved through the trial 

and error experimentation. From the results of the different trials of the neural network 

models developed, the neural network with the smallest mean squared error (MSE) for 

validation was chosen. The MSE is an estimator of the average squared difference 

between the outputs and the targets. It is a sum of the variance and bias. A lower value 

of MSE thus suggests a better result. The R value is an indication of the correlation 

between the outputs and the targets. Therefore, a higher value of R indicates a closer 

relationship so that zero R represents a random relationship. During the training stage, 

the connection weights of the neural networks were adjusted to minimise the MSE on 

     

Hidden Neuron Sample  Type MSE R 

5 

104 (80%)      Training 4.88 x 10
-2
 0.9927 

13 (10%)      Validation 5.19 x 10
-2
 0.9881 

13 (10%)      Testing 3.45 x 10
-2
 0.9945 

130      All - 0.9925 

6 

104 (80%)      Training 1.52 x 10
-1
 0.9759 

13 (10%)      Validation 3.44 x 10
-2
 0.9938 

13 (10%)      Testing 5.30 x 10
-1
 0.9340 

130      All - 0.9720 

7 

104 (80%)      Training 9.39 x 10
-2
 0.9841 

13 (10%)      Validation 6.54 x 10
-1
 0.9409 

13 (10%)      Testing 9.72 x 10
-2
 0.9819 

130      All - 0.9763 

8 

104 (80%)      Training 5.25 x 10
-2
 0.9922 

13 (10%)      Validation 4.68 x 10
-2
 0.9914 

13 (10%)      Testing 3.64 x 10
-2
 0.9934 

130      All - 0.9921 

9 

104 (80%)      Training 3.27 x 10
-2
 0.9946 

13 (10%)      Validation 8.33 x 10
-2
 0.9892 

13 (10%)      Testing 1.06 x 10
-1
 0.9881 

130      All - 0.9030 

10 

104 (80%)      Training 3.94 x 10
-2
 0.9942 

13 (10%)      Validation 3.27 x 10
-2
 0.9945 

13 (10%)      Testing 1.51 x 10
-1
 0.9643 

130      All - 0.9922 
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the training set. Then, the neural networks were validated through the MSE of the 

validation set. The neural network, trained through the sample separation of 

70%:15%:15% and contained eight hidden neurons in one hidden layer, generated the 

smallest MSE for the validation set, being 2.67 x 10-2. The MSE for the training set was 

found to be 3.95 x 10-2 while the MSE for the testing set was 1.07 x 10-1. The R value 

for validation of the chosen neural network was high, being 0.9942. Regression plots of 

this optimal neural network generated from the Neural Network Toolbox are illustrated 

in Figure 8.2.  

 

 

Figure 8.2 Regression plots of the optimal neural network model (output: biogas 

production). 

 

Figure 8.2 shows that the optimal neural network had a close correlation between the 

output and the target data. The R values of the training set, the validation set, the 

testing set, and the entire data set were found to be high at 0.9944, 0.9942, 0.9800 and 

0.9924, respectively. The R value of close to 1 suggested that the prediction of the 

neural network model was linearly correlated with the experimental data. So, it could be 

claimed that the proposed neural network model was capable of predicting the 

outcomes of biogas production from the anaerobic co-digestion process in terms of the 

VS level of the outlet, the volume of biogas and the methane fraction of biogas. This 
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study confirmed the ability of the ANN approach used for predicting the outcomes of 

biogas production from the anaerobic process, as suggested by previous studies 

including Parthiban and Parthiban (2012), Abu Qdais et al. (2010), Strik et al. (2005), 

Ozkaya et al. (2007), Holubar et al. (2002). However, the limitation of this neural 

network model is that it is only valid for the particular experimental conditions in which 

the data set were trained. 

8.4 Summary 

The development of neural network models for the co-digestion process was based on 

the multilayer feed forward architecture that contained one input layer, one hidden layer 

and one output layer. The input layer consisted of five neurons (the five input data), 

while the output layer included three neurons, (the three target data). The number of 

hidden neurons was determined using the trial and error method by applying ten 

different numbers of hidden neurons (from one to ten neurons). Three different trials of 

data separation (% of training set: % of validation set: % of testing set) were 

conducted, including 60%:20%:20%, 70%:15%:15% and 80%:10%:10% to find the 

best performance. The transfer functions used in the neural networks were the 

hyperbolic tangent sigmoid function (tansig) for the hidden layer, and the linear transfer 

function (purelin) for the output layer. The Levenberg-Marquardt back-propagation 

algorithm (trainlm) was applied to train the neural networks. 

 

Performance and validation of the neural networks were evaluated by evaluating mean 

squared errors (MSE) and regression R values (R). The neural network, which 

contained eight hidden neurons with the data separation of 70%:15%:15%, was chosen 

as the optimum model. It generated the smallest MSE for the validation set, being 2.67 

x 10-2.  The R value for validation of the chosen neural network was 0.9942. The result 

indicated that the prediction of this neural network model was linearly correlated with 

the experimental data.  

 

In conclusion, the present work described a neural network approach for computational 

prediction of various parameters that were influenced by the anaerobic co-digestion 

process. The neural network model proposed could predict the outcomes of biogas 

production from the anaerobic co-digestion process in terms of the VS level of the 

outlet, the volume of biogas, and the methane fraction of biogas under these particular 

experimental conditions. Artificial neural network based modelling proposed a practical 

and consistent approach for predicting the complex relationships in anaerobic co-

digestion systems. The approach was found to be effective, flexible, and versatile in 
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coping with the non-linear relationships, using available information (Jaroenpoj et al., 

2014). Further developments in the modelling of the anaerobic process can be 

recommended using the artificial neural network approach. 
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CHAPTER 9 CONCLUSIONS 

The review of anaerobic digestion showed that high organic content leachate and 

biomass has potential for biogas production. However, biogas production from leachate 

varies depending on seasons and composition of the waste sources. Therefore, in this 

study, pineapple peel was selected as a co-substrate for anaerobic digestion of 

leachate to increase biogas volume when the biogas production is low. Co-digestion of 

landfill leachate and pineapple peel was found to be a practical method to enhance 

biogas production of anaerobic digestion of leachate. This research project evaluated 

the effect of co-digestion of landfill leachate and pineapple peel on the removal 

efficiency, biogas production and stability of the anaerobic digestion process with 

laboratory and full-scale anaerobic digestion experiments. The kinetics processes of 

the laboratory and full-scale co-digestion experiments conformed to first order kinetics. 

Artificial neural network models were developed to estimate the outcomes of the full-

scale experiments. Based on the results of this study, the conclusions are drawn as 

follows. 

9.1 Anaerobic digestion of leachate and pineapple peel in 

batch experiments  

In the laboratory scale batch experiments, the leachate from the Rochedale landfill site 

was collected and the composition analysis results showed that the leachate was at the 

mature stage based on low total solids (TS), BOD/COD ratio and C/N ratio. The 

leachate sample from the Rochedale Landfill site was neutral, with a pH value of 7.04.  

Therefore, low gas production and COD removal efficiency were expected. It was an 

indicator that the anaerobic digestion of the leachate from the Rochedale Landfill site 

would not yield sufficient biogas quantities for utilisation.  

 

Pineapple peel was selected as a co-substrate of the anaerobic digestion of the landfill 

leachate. The composition of the pineapple peel was suitable for anaerobic digestion 

as it had an appropriate ratio of C/N, and high organic matter content (VS). Pineapple 

peel as a co-substrate holds two advantages. Firstly, the carbon to nitrogen ratio of the 

substrate in the reactor could be increased. Secondly, an addition of high content of 

solid co-substrate could increase the biogas yield from the anaerobic digestion 

process. 

 

The removal efficiencies in the anaerobic digestion of the mono-pineapple peel (90% in 

TS, 80% in VS, 86% in COD) were higher than those of the leachate (54% in TS, 37% 
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in VS, 47% in COD). That led to a better biogas yield of the anaerobic digestion of 

pineapple peel. The biogas yield of the pineapple peel was 513 L kgVSconsumed
-1 and it 

was 13.5 times as high as that of the leachate. More organic matter could be loaded 

into the anaerobic digestion of the leachate due to its high buffering capacity. The pH, 

alkalinity and VFA values of the anaerobic digestion of the leachate were in the 

recommended ranges. Three kgVSpineapple peel m
-3 was found to be a possible maximum 

loading rate as the pH, VFA and alkalinity results were almost outside the 

recommendation ranges for the anaerobic digestion operation. 

9.2 Co-digestion of leachate and pineapple peel in batch 

experiments 

The ratios of co-substrates comprised of 25 L of leachate with one kgVSpineapple peel m
-3, 

25 L of leachate with two kgVSpineapple peel m-3 and 25 L of leachate with three 

kgVSpineapple peel m-3 and were named as reactor S2, reactor S3, and reactor S4, 

respectively. Reactors S2 and S3 were stable with a maximum pH of over 7.2, 

maximum VFA of below 730 mg L-1, maximum alkalinity of over 2,800 mg L-1 and 

maximum VFA/alkalinity ratio of below 0.3. For reactor S4, the values for the pH, 

alkalinity and VFA/Alkalinity were out of the optimal range for recommended operation. 

The removal efficiency was highest in co-digestion of S2 (91%TS, 81%VS and 

90%COD), slightly lower in reactor S3 (88%TS, 80%VS, 89%COD), and the lowest in 

reactor S4 (86%TS, 76%VS, 85%COD). Reactor S3 achieved the highest biogas yield 

of 431 and methane yield of 269 L kgVSconsumed
-1. The biogas yield of Reactor S3 was 

30% and 6% greater than those of S2 and S4, respectively. The results of biogas yields 

showed that there was synergism from co-digestion S2, S3, and S4. The experimental 

biogas yields of reactors S2, S3, and S4 were 61, 58 and 26% higher than the 

estimated biogas yields. The estimated biogas yield was calculated based on the 

biogas yield of the anaerobic digestion of only the leachate and only the pineapple peel 

and the amounts of the VS of the leachate and the pineapple peel in the co-substrates. 

Reactor S3 had the optimal co-digestion ratio based on good operational stability, high 

TS, VS, and COD removal efficiencies and highest methane yield.  

 

An important approach of co-digestion emphasised on leachate treatment with 

additional biogas production for energy utilisation. Results of accumulated biogas 

showed that the co-substrates S2, S3, and S4 produced more biogas than single 

substrates. However, the trade-off was the longer digestion period or retention time. 

Accumulated biogas production at three kgVSpineapple peel m
-3 in the S4 reactor showed 

higher biogas production than the mono-digestion of leachate and pineapple peel. In 
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the mono-digestion of pineapple peel at three kgVSpineapple peel m
-3, the accumulated 

biogas was 37 L in 15 days digestion period. The mono-digestion of leachate gave 0.79 

L of biogas in a 10 day digestion period. In the S4 co-digestion system, total 

accumulated biogas was 47 L in a 19 day digestion period. In general, a full-scale 

digester was designed for 25-30 days retention time. Therefore, longer retention time 

for co-digestion at 19-30 days was still a practical period in a continuous full-scale 

digester. Therefore, leachate treatment, with pineapple peel as a co-substrate at high 

VS loading rate of three kgVS m-3, was considered to be in good condition. In addition, 

results showed that the VS and COD removal efficiencies of the S3 reactor were 76% 

and 85%. These values were considered to be good performances. Therefore, 

increase VS loading beyond three kgVS m-3 would be possible. Overall, co-digestion 

with pineapple peel as a co-substrate for leachate could enhance gas production.   

9.3 Co-digestion of leachate with pineapple peel in full-scale 

plant 

The leachate characteristics of the full-scale plant were different from those of the 

laboratory scale experiments, while the pineapple peel characteristics were similar. The 

leachate in the full-scale plant contained 13, 37 and 57 times as high TS, VS and COD 

as those in the batch experiments. The leachate was categorised as young stage 

leachate. There were five levels of the pineapple peel additions to 54 m3 of the 

leachate (Sa). Loading rates of pineapple peel were 3,600 kg per day (Sb), 5,100 kg 

per day (Sc), 6,600 kg per day (Sd), 8,100 kg per day (Se) and 9,000 kg per day (Sf). 

The Sf loading caused the process to fail, which could be observed from low biogas 

production, low stability, and low removal efficiencies. The ratio of the VSleachate and the 

VSpineapple peel was in the range of 1:0.131 and 1:0.147, as the pineapple peel addition 

was increased step by step from 3,600 to 8,100 kg per day. The addition of the 

pineapple peel increased the OLR from 4.33 to 13.77 kgVS m-3 day-1. The different 

OLR did not affect the methane content of the biogas. It remained relatively constant at 

67.5% 

 

The results of the full-scale experiments also showed that OLR affected the pH, VFA, 

alkalinity and VFA/alkalinity. The original pH of the input using leachate as substrate, 

was 4.3. The pH of input decreased slightly under co-substrate conditions until it 

reached 3.9 at 8,100 kg per day of pineapple peel load. At a loading rate of 9,000 kg 

per day, the digestion process failed and gas production decreased significantly. The 

pH of input was lower than the optimal operational range of 6.8-7.5, but the digestion 
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process was stable because the input was mixed with the existing substrate in the 

reactor and the overall pH in the reactor was still within the optimal range. 

 

The values of the pH, VFA and alkalinity were in the recommended operational range. 

The removal efficiencies and the gas yield decreased with increasing OLR. Further 

addition of the pineapple peel from 4.33 to 13.77 kgVS m-3 day-1 decreased the removal 

efficiency by 22% for TS, 16% VS, and 16% COD. The TS, VS, and COD removal 

efficiencies in the full-scale plant were reasonable compared to those reported in the 

literature. The removal efficiencies were lower than those in the batch experiments due 

to the higher organic loading rates. The changes in the loading rates from the Sa to Se 

resulted in reduction of the methane yield.  

 

Results in the full-scale experiment showed that at higher loading rates in Sc, Sd, and 

Se experiments with 8.59, 10.38, and 13.77 kgVS m-3 day-1 respectively, accumulated 

gas production that were 36%, 55%, and 86% higher than the result obtained in Sa 

loading rate.  This demonstrated that the reactor was able to reach steady state and 

the biogas was generted without adverse effects. However, increasing the VS loading 

beyond 13.77 kgVS m-3 day-1 resulted in failure of the digestion process.   

 

Even though the results showed that removal efficiencies decreased with increasing 

the OLR, the COD removal efficiencies obtained were 79% for the Sa, 75% for the Sb, 

73% for the Sc, 71% for Sd, and 63% for Se. These results were considered to be a 

good performance compared to results of experiments reported in the literature. This 

showed that the benefit of adding pineapple peel as a co-substrate was increased gas 

production. The results of this research would be useful for landfill operators to manage 

the leachate treatment system by combining the co-digestion system with the existing 

leachate treatment system.  

 

Results of the co-digestion experiments obtained from this research would benefit the 

landfill operators particularly in Thailand. At present, waste disposal technology in 

Thailand as a developing country still relies on landfilling and sanitary landfilling 

practice is still rare. Leachate is mainly treated by an oxidation pond, which requires a 

large system to treat leachate before discharging. The introduction of the anaerobic 

digestion technology would provide many benefits to the landfill operations. In addition, 

co-digestion of leachate with biomass increases renewable energy production. Another 

important advantage of co-digestion of leachate with pineapple peel is that it can be 

extended to the use of other agro-industry waste such as from fruit processing. These 
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agro-industries generate a large quantity of organic waste that can be fed to the co-

digestion system.  

9.4 Kinetics analysis of anaerobic digestion for batch 

laboratory scale and continuous full-scale plant 

experiments 

Kinetics analysis of the experiment data of both batch laboratory scale and continuous 

full-scale was carried out by using the first order equation. This model gave good 

correlation coefficients ranging from 0.86-0.97 for the batch experiments and 0.70-0.88 

for the continuous experiments. The reaction constant rate values of the batch 

experiments were 0.26 for S1, 0.25 for S2, 0.22 for S3, 0.18 for S4, and 0.25 day-1 for 

S5, respectively. The effects of the substrate ratios on the TS, VS, and COD removal 

efficiencies and the digestion parameters as the pH, VFA, alkalinity, and VFA/alkalinity 

can be explained through the rate constant values in the batch experiments. However, 

the rate constant did not indicate the effect on biogas production. It was able to explain 

only the hydrolysis process. The rate constant values of the continuous experiments 

were from 0.192, 0.181, 0.172, 1.168 to 0.167 day-1 in reactors Sa, Sb, Sc, Sd, and Se, 

respectively. The rate constant can explain the impact of the substrate ratios on all 

measuring parameters. Therefore, the rate constant values in the continuous 

processes can be used to describe the performances of the reactor from the hydrolysis 

to methanogenesis processes. The kinetics equation can be used to design the 

anaerobic digester in continuous operation. The rate constant (k) value and ymax 

derived from the kinetics analysis can be used to obtain the value of HRT from the 

equation: HRT = 1/k 
.
 (y/(ymax-y)). 

9.5 Development and validation of artificial neural network 

models for biogas production from co-digestion 

This study developed a computational model for the anaerobic co-digestion process to 

predict its outcomes using the artificial neural network modelling approach. The 

artificial neural network models for the anaerobic co-digestion process were built and 

validated using the MATLAB programme. The multilayer feed forward neural network 

model developed has five input neurons (including the amount of pineapple peel, the 

pH level of the inlet, the COD level of the inlet, the VFA level of the inlet, the VS level of 

the inlet), eight hidden neurons, and three output neurons (including the VS level of the 

outlet, the volume of biogas and the methane content of biogas). Under the particular 

experimental conditions, the proposed artificial neural network model was quite 
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capable of predicting the three outputs of the anaerobic co-digestion process. The data 

separation of 70%:15%:15% was optimal with the smallest MSE of 2.67 x 10-2 for the 

validation set and the R value of 0.99. The results indicated that the prediction of this 

neural network model was linearly correlated with the experimental data. 
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APPENDIX A RESULTS OF BATCH LABORATORY 

EXPERIMENTS 

 
Day TS  VS  COD  

 (mg L-1) (mg L-1) (mg L-1) 

 Results STDEV  Results STDEV  Results STDEV  

Substrate: 25 L leachate     

0 14980 325 5442 258 7774 350 

1 14503 572 5280 45 7543 274 

2 14050 39 5067 198 7389 202 

3 13764 80 5153 1 7311 265 

4 13234 757 5083 289 7262 221 

5 12523 544 5075 107 7250 274 

6 12334 185 5022 6 7175 277 

7 11789 213 4935 18 7050 257 

8 11478 215 4825 172 6893 285 

9 11381 113 4799 216 6856 410 

10 11133 371 4753 286 6790 424 

Substrate: 25 L leachate with one kgVSpineapple peelm
-3   

0 18328 196 6927 59 8275 542 

1 16752 805 6546 325 7760 377 

2 15993 634 6354 122 7487 127 

3 14957 785 6034 28 7008 365 

4 14430 989 5783 360 6705 414 

5 13658 110 5568 334 6480 367 

6 13350 186 5398 209 6109 10 

7 12945 905 5137 363 5985 30 

8 12090 423 5009 290 5895 92 

9 11768 309 4956 149 5823 19 

10 11079 91 4879 141 5778 127 

11 10750 312 4714 12 5665 110 

12 10808 175 4716 198 5558 311 

13 10897 412 4604 169 5512 352 

Substrate: 25 L leachate with two kgVSpineapple peelm
-3   

0 19809 900 8011 200 9275 156 

1 19066 464 7500 499 8427 19 

2 17933 216 7189 384 8083 524 

3 17211 1147 6702 141 7710 532 

4 16714 34 6595 111 7439 436 

5 16089 315 6325 11 7173 20 

6 15383 423 6200 72 6873 386 

7 14532 865 6032 74 6599 120 

8 13998 404 5915 99 6423 55 

9 13257 545 5803 241 6330 19 

10 13034 316 5512 294 6272 85 

11 12981 444 5398 234 6151 67 
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Day TS  VS  COD  

 (mg L-1) (mg L-1) (mg L-1) 

 Results STDEV  Results STDEV  Results STDEV  

Substrate: 25 L leachate with two kgVSpineapple peelm
-3   

12 12833 479 5229 6 6013 31 

13 12320 394 5138 202 5953 31 

14 12297 81 5107 288 5817 23 

15 11968 291 5040 39 5760 21 

16 11760 103 4901 181 5655 60 

Substrate: 25 L leachate with three kgVSpineapple peel   

0 21187 1108 8932 226 10334 691 

1 20458 1409 8551 91 9434 454 

2 19726 914 8444 546 8791 454 

3 19066 826 7963 365 8319 382 

4 18375 827 7569 293 8078 496 

5 17619 639 7217 269 7703 267 

6 17000 589 6938 365 7496 228 

7 16562 797 6694 50 7129 353 

8 16005 1136 6584 137 6902 275 

9 15686 355 6491 104 6894 427 

10 15258 283 6336 377 6731 349 

11 14807 739 6214 28 6606 30 

12 14459 633 6051 299 6533 78 

13 14025 957 5794 406 6466 409 

14 13798 361 5540 386 6404 281 

15 13432 916 5469 224 6362 36 

16 13156 831 5435 67 6272 258 

17 12983 765 5363 75 6159 365 

18 12728 484 5254 245 6073 298 

19 12489 225 5175 241 6033 122 

Substrate: three kgVSpineapple peelm
-3 with 25 L tap water  

0 11978 760 6327 88 7935 299 

1 11635 754 5821 330 7540 291 

2 11380 718 5675 43 7145 99 

3 11061 709 5330 118 6535 357 

4 10773 739 5121 112 6324 318 

5 10492 825 4902 106 6273 6 

6 10295 841 4851 104 6023 316 

7 10072 647 4742 147 5950 41 

8 9925 570 4659 194 5717 166 

9 9765 458 4543 186 5680 376 

10 9653 436 4301 297 5608 37 

11 9567 435 4275 240 5520 165 

12 9487 442 4160 281 5458 35 

13 9329 424 4055 139 5390 62 

14 9239 426 3936 25 5260 39 

15 9187 441 3930 79 5209 36 
 



 231 

Day pH VFA  Alkalinity  

  (mg L-1) (mg L-1) 

 Results STDEV  Results STDEV  Results STDEV  

Substrate: 25 L leachate     

0 8.1 0.1 61 4 3356 121 

1 8.0 0.4 121 0 3349 76 

2 8.0 0.1 79 1 3277 44 

3 7.9 0.1 85 1 3318 51 

4 8.0 0.2 88 0 3294 131 

5 7.9 0.2 88 5 3288 177 

6 7.8 0.3 76 0 3362 67 

7 7.9 0.2 49 0 3378 127 

8 7.8 0.3 37 2 3391 76 

9 7.9 0.1 34 1 3405 150 

10 8.0 0.0 32 1 3461 55 

Substrate: 25 L leachate with one kgVSpineapple peelm
-3   

0 7.9 0.0 239 6 2951 101 

1 7.7 0.1 308 12 2772 246 

2 7.5 0.2 427 9 2689 27 

3 7.8 0.0 409 29 2709 87 

4 7.8 0.1 386 26 2750 50 

5 7.7 0.2 352 24 2857 125 

6 7.7 0.2 292 22 2846 33 

7 7.7 0.4 232 12 2838 152 

8 7.7 0.2 157 4 2799 152 

9 7.7 0.2 123 3 2743 206 

10 7.7 0.3 76 0 2794 156 

11 7.6 0.3 50 0 2834 169 

12 7.7 0.5 43 1 2829 50 

13 7.8 0.2 35 0 2813 258 

Substrate: 25 L leachate with two kgVSpineapple peelm
-3   

0 7.8 0.4 357 6 2648 196 

1 7.5 0.2 706 11 2436 28 

2 7.2 0.1 729 16 2356 72 

3 7.4 0.3 695 30 2506 58 

4 7.5 0.1 627 34 2752 25 

5 7.6 0.5 552 21 2743 60 

6 7.6 0.5 420 26 2706 76 

7 7.6 0.5 304 20 2782 45 

8 7.6 0.2 233 12 2815 149 

9 7.6 0.1 201 6 2829 174 

10 7.6 0.5 153 4 2761 2 

11 7.6 0.1 127 8 2821 68 

12 7.6 0.4 111 8 2799 10 

13 7.6 0.0 99 1 2782 92 

14 7.6 0.2 83 4 2778 87 

15 7.6 0.1 57 3 2763 206 

16 7.7 0.0 35 2 2789 263 
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Day pH VFA  Alkalinity  

  (mg L-1) (mg L-1) 

 Results STDEV  Results STDEV  Results STDEV  

Substrate: 25 L leachate with three kgVSpineapple peelm
-3   

0 7.6 0.1 489 34 2356 11 

1 6.8 0.1 967 28 1759 75 

2 6.1 0.4 999 27 1279 57 

3 6.4 0.0 859 39 1598 50 

4 6.8 0.5 712 50 1882 160 

5 7.0 0.4 565 11 2175 86 

6 7.3 0.4 463 29 2274 27 

7 7.2 0.2 365 1 2272 155 

8 7.3 0.2 225 15 2287 182 

9 7.3 0.0 198 1 2272 115 

10 7.2 0.1 173 5 2271 91 

11 7.2 0.0 170 6 2291 85 

12 7.2 0.5 117 3 2233 14 

13 7.3 0.3 79 1 2297 168 

14 7.3 0.3 72 0 2213 133 

15 7.2 0.1 72 4 2214 6 

16 7.3 0.3 44 3 2298 128 

17 7.3 0.2 41 2 2275 97 

18 7.3 0.1 39 1 2266 55 

19 7.2 0.5 36 0 2245 187 
 
Substrate: three kgVSpineapple peelm

-3 with 25 L tap water   

0 7.7 0.4 420 1 1238 61 

1 7.0 0.2 809 45 1195 6 

2 6.8 0.4 620 5 1256 59 

3 7.2 0.3 115 1 1286 84 

4 7.2 0.4 120 0 1294 89 

5 7.2 0.4 127 3 1301 3 

6 7.2 0.1 131 2 1329 63 

7 7.2 0.5 135 3 1340 46 

8 7.1 0.3 89 5 1367 45 

9 7.0 0.2 40 2 1383 32 

10 7.1 0.3 45 0 1404 50 

11 7.2 0.5 38 1 1433 85 

12 7.2 0.1 36 1 1442 9 

13 7.2 0.0 37 1 1455 34 

14 7.1 0.2 36 0 1435 25 

15 7.1 0.3 37 2 1423 48 
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Day Accumulated biogas  CH4  CO2  

 production (L) (%) (%) 

 Results STDEV  Results STDEV  Results STDEV  

Substrate: 25 L leachate     

0 0.0 0.0 0.0 0.0 0.0 0.0 

1 0.1 0.0 50.5 1.3 40.3 1.5 

2 0.2 0.0 51.7 2.3 40.1 1.2 

3 0.4 0.0 57.6 0.2 39.7 0.1 

4 0.4 0.0 58.0 1.5 35.0 2.5 

5 0.6 0.0 58.0 2.7 35.0 0.3 

6 0.6 0.0 58.4 2.4 31.4 1.3 

7 0.7 0.0 62.0 1.9 30.1 1.1 

8 0.7 0.0 62.0 3.7 30.1 0.6 

9 0.8 0.0 62.0 0.1 30.1 0.3 

10 0.8 0.0 62.0 2.5 30.1 2.0 

Substrate: 25 L leachate with one kgVSpineapple peelm
-3   

0 0.0 0.0 0.0 0.0 0.0 0.0 

1 1.7 0.1 52.7 2.8 37.7 0.2 

2 5.7 0.3 54.3 3.2 38.1 2.2 

3 10.8 0.4 54.9 0.7 38.7 2.4 

4 13.0 0.5 56.2 3.5 37.3 0.0 

5 14.5 0.6 57.3 3.0 35.9 0.1 

6 15.8 0.7 59.1 2.5 34.9 1.7 

7 16.1 0.7 59.8 2.5 33.2 0.0 

8 17.6 0.7 61.7 3.1 32.4 2.5 

9 19.1 0.7 62.5 2.9 31.3 0.2 

10 20.0 0.7 63.7 1.3 31.5 0.3 

11 20.3 0.7 63.7 0.4 31.5 0.6 

12 20.6 0.8 63.7 0.8 31.5 0.8 

13 21.1 0.8 63.7 2.3 31.5 2.1 

Substrate: 25 L leachate with two kgVSpineapple peelm
-3   

0 0.0 0.0 0.0 0.0 0.0 0.0 

1 7.4 0.5 53.2 0.3 38.7 0.9 

2 15.9 0.9 54.5 0.8 34.1 2.2 

3 19.7 1.2 55.2 3.9 34.7 1.1 

4 21.2 1.2 56.1 3.4 33.3 1.4 

5 24.6 1.4 58.3 1.5 32.9 2.2 

6 28.3 1.4 59.5 2.0 31.9 1.9 

7 32.6 1.6 61.2 4.1 30.3 1.9 

8 33.6 1.7 61.2 3.8 30.3 0.5 

9 34.9 1.7 61.2 1.2 30.3 2.0 

10 36.7 1.7 62.5 3.0 29.5 1.7 

11 37.0 1.7 62.5 0.3 29.5 1.0 

12 37.5 1.7 62.5 3.6 29.5 1.2 

13 38.6 1.8 62.5 0.2 29.5 0.1 

14 39.0 1.8 62.5 2.2 29.5 0.1 

15 39.7 1.8 62.5 1.3 29.5 0.6 

16 40.2 1.8 62.4 3.3 28.7 1.1 
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Day Accumulated biogas  CH4  CO2  

 production (L) (%) (%) 

 Results STDEV  Results STDEV  Results STDEV  
 
Substrate: 25 L leachate with three kgVSpineapple peelm

-3   

0 0.0 0.0 0.0 0.0 0.0 0.0 

1 6.4 0.2 53.5 2.5 40.3 1.4 

2 17.0 0.8 54.7 3.3 40.1 2.1 

3 21.7 0.8 57.6 1.5 39.7 1.8 

4 23.3 0.8 58.0 2.7 35.0 0.8 

5 27.4 1.1 58.0 1.7 35.0 2.1 

6 29.8 1.3 58.4 3.6 31.4 1.4 

7 33.0 1.4 62.2 1.1 30.1 0.4 

8 36.1 1.4 62.3 0.7 30.1 0.5 

9 38.3 1.5 62.2 1.5 30.1 1.0 

10 39.7 1.6 62.5 0.2 30.1 1.1 

11 41.1 1.7 62.4 3.5 30.1 0.5 

12 42.4 1.7 62.7 2.6 30.1 1.4 

13 43.2 1.8 62.7 3.9 30.1 1.2 

14 44.0 1.8 62.1 0.1 30.1 1.3 

15 44.6 1.8 62.1 0.4 30.1 0.8 

16 45.1 1.8 62.1 0.7 30.1 0.1 

17 45.8 1.8 62.1 0.0 30.1 1.6 

18 46.5 1.9 62.1 0.9 30.1 1.3 

19 47.3 1.9 62.1 0.2 30.1 0.7 
 
Substrate: three kgVSpineapple peelm

-3 with 25 L tap water   

0 0.0      

1 7.6 0.2 51.7 2.5 39.3 2.3 

2 16.6 0.7 54.4 3.8 37.1 2.4 

3 18.9 0.8 57.6 0.8 35.7 1.8 

4 24.8 1.0 58.0 1.9 35.0 1.4 

5 27.0 1.1 58.0 3.0 35.0 1.8 

6 27.7 1.1 58.4 2.8 31.4 1.8 

7 31.7 1.1 58.4 1.6 31.4 0.3 

8 32.6 1.2 59.7 2.0 30.7 1.3 

9 33.7 1.2 59.7 2.5 30.7 0.9 

10 33.9 1.3 61.7 0.4 30.7 0.9 

11 35.5 1.3 61.7 3.0 30.7 1.1 

12 35.7 1.3 61.7 3.0 30.7 1.7 

13 36.0 1.3 61.7 4.0 30.7 1.6 

14 36.2 1.3 61.7 0.7 30.7 1.3 

15 36.9 1.3 61.7 2.2 30.7 1.1 
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APPENDIX B RESULTS OF CONTINUOUS FULL-SCALE 

EXPERIMENTS 

      inlet 

Date    pH    VFA COD   TS   VS 

  (mg L-1) (mg L-1) (mg L-1) (mg L-1) 

0 4.3 4137 80889 58959 47857 

1 4.3 4078 87227 59338 47746 

2 4.2 4020 89172 59471 47157 

3 4.3 3837 80189 62360 52590 

4 4.3 3876 93040 57575 48808 

5 4.2 4122 89995 55900 46296 

6 4.4 4043 86512 60754 49868 

7 4.2 3985 85934 58194 49418 

8 4.3 3795 94157 60329 49311 

9 4.3 4062 81205 59227 43886 

10 4.1 4488 103403 78266 63891 

11 4.2 4486 94138 75867 63817 

12 4.2 4253 97530 79908 69182 

13 4.3 4604 121991 74003 63109 

14 4.2 4501 109817 95759 68603 

15 4.2 4621 145191 94262 79684 

16 4.2 4694 113040 72117 58485 

17 4.2 4225 99025 89570 70109 

18 4.3 4338 109603 90005 71998 

19 4.2 4693 106255 74047 59368 

20 4.2 4370 84578 74730 62354 

21 4.3 4595 111036 69448 56115 

22 4.1 5184 159188 115821 89785 

23 4.2 5252 133968 105050 81042 

24 4.0 5400 123251 97742 70696 

25 4.1 5294 196534 142616 101999 

26 4.1 5386 116610 107351 76778 

27 4.0 5440 135234 101432 77938 

28 4.1 5423 169643 109056 89270 

29 4.0 5157 191782 138214 115269 

30 4.1 5355 132458 100856 78324 

31 4.0 5467 165393 117546 95232 

32 4.2 5042 173106 130105 101679 

33 4.2 5263 132224 119621 99319 

34 4.1 5394 94025 86211 68022 

35 4.0 5604 187081 130565 106394 

36 4.0 5414 228890 149294 121377 

37 3.9 5462 159370 126963 99542 

38 4.0 5829 152207 155679 100041 

39 4.0 5826 204648 123351 102583 
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 inlet 

Date    pH    VFA COD   TS   VS 

  (mg L-1) (mg L-1) (mg L-1) (mg L-1) 

40 4.0 5799 198828 153818 123852 

41 4.1 5801 146847 112428 89572 

42 3.9 5871 133978 119329 90658 

43 4.0 5681 240455 175476 129058 

44 4.1 5785 157532 152818 112236 

45 4.0 5640 203523 143049 109848 

46 4.0 5863 203237 127652 106237 

47 3.9 5464 257306 197848 151217 

48 4.0 5785 137795 122432 99377 

49 3.9 5821 208811 131118 105504 

50 3.9 6077 253043 162230 128639 

51 4.0 5929 252576 194956 164413 

52 3.8 5784 289764 180177 152742 

53 3.9 6038 199043 151939 125833 

54 3.9 5751 218842 172437 141541 

55 3.9 5607 207660 147063 124884 

56 3.8 5867 305787 188718 154253 

57 4.0 5642 219782 175341 129925 

58 3.9 5841 189380 135832 110883 

59 3.8 5607 272190 183545 154391 

60 3.9 5793 295593 175245 151722 

61 4.0 6083 271075 177908 151718 

62 3.8 6073 173586 176927 126754 

63 3.9 5805 207748 154888 130935 

64 3.9 6125 192565 151100 122538 

65 3.8 6353 268719 209915 175170 

66 3.8 6290 299863 219620 181686 

67 3.8 6484 228138 172172 138042 

68 4.3 5006 115674 120151 90252 

69 4.3 5484 144196 131028 105872 

70 4.2 5976 171331 148672 110747 

71 4.4 5140 125498 118588 91485 

72 3.9 5903 180359 139243 100713 

73 4.0 5767 243204 176696 126374 

74 3.9 5974 158909 160758 114975 

75 3.9 5867 197493 180260 138508 

76 3.9 5747 229552 188637 154413 

77 3.8 5937 233832 188618 157306 

78 3.9 5994 194161 184705 143441 

79 3.8 5714 209149 181126 146743 

80 3.8 5692 214925 195712 152952 

81 4.0 5722 174875 134264 111476 

82 3.8 5723 219200 148333 117037 

83 4.1 5428 216263 155269 126525 

84 3.9 5801 137229 110393 89750 



 237 

 inlet 

Date    pH    VFA COD   TS   VS 

  (mg L-1) (mg L-1) (mg L-1) (mg L-1) 

85 3.9 5758 121358 107244 93082 

86 4.1 5413 157463 132465 95124 

87 4.0 5783 142747 116175 96615 

88 4.0 5860 183910 118657 95541 

89 4.0 5670 123326 110571 88093 

90 4.0 5714 210534 147693 112207 

91 4.1 5881 167205 134664 99042 

92 4.1 5703 164255 138623 101810 

93 3.9 5676 140300 126151 96872 

94 4.1 5774 148787 100812 83899 

95 4.0 5695 199063 186832 132798 

96 4.1 5385 175678 135055 107600 

97 4.1 5070 155190 117706 89425 

98 4.1 5216 146549 106894 78617 

99 4.1 5069 154960 117817 86530 

100 4.0 5147 171179 112595 86462 

101 4.1 5298 142689 121704 101287 

102 4.2 5364 134430 111603 85299 

103 4.0 5288 143658 98144 79663 

104 4.0 5136 109970 94608 76126 

105 4.1 5478 144412 123102 97613 

106 4.2 5497 149904 91830 77444 

107 4.1 5152 190193 120066 101784 

108 4.3 4393 124741 83505 69157 

109 4.3 4475 132197 83182 68278 

110 4.1 4386 90967 74672 63410 

111 4.2 4650 74500 67064 54816 

112 4.2 4637 105782 74793 55421 

113 4.1 4366 87447 73833 60272 

114 4.2 4624 113410 93791 78893 

115 4.3 4308 121562 88547 76662 

116 4.2 4561 111214 81631 69614 

117 4.1 4578 129058 94797 67914 

118 4.2 4575 87598 66021 55811 

119 4.2 4579 136477 84540 68560 

120 4.4 3744 84420 68117 53318 

121 4.4 4151 93771 68428 54737 

122 4.3 3946 65032 54849 43976 

123 4.4 4072 81608 57280 47794 

124 4.3 3888 74723 58874 47571 

125 4.4 3717 80248 53720 41644 

126 4.3 4063 66762 61941 47785 

127 4.4 3765 74800 73598 53233 

128 4.2 3839 75836 68253 48815 

129 4.2 4092 83558 73203 52355 



 238 

 outlet 

Date    pH  Alkalinity VFA COD  TS  VS 

  (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) 

0 7.0 2939 1247 14386 18475 12675 

1 7.2 2860 1278 14655 18821 13740 

2 7.1 2923 1259 18531 17834 13510 

3 7.1 2750 1248 19882 27391 15274 

4 7.3 2958 1274 20789 23391 14844 

5 7.2 2945 1236 19282 19560 12173 

6 7.1 2728 1278 14937 21530 14166 

7 7.3 2929 1228 14624 22343 13694 

8 7.2 2809 1247 16653 20511 13859 

9 7.1 2817 1274 14321 21220 12201 

10 6.9 2547 1277 37851 44695 31002 

11 7.0 2709 1321 37851 39660 27222 

12 7.0 2745 1281 31387 34922 22249 

13 6.9 2607 1336 24578 28171 19595 

14 7.0 2501 1347 25086 41724 22052 

15 6.9 2719 1252 32250 46172 27071 

16 6.9 2545 1255 25812 25367 18167 

17 7.0 2772 1330 30575 31495 22849 

18 6.9 2720 1293 36939 41575 24724 

19 6.9 2503 1290 18988 26343 16564 

20 6.9 2575 1253 31188 38328 20456 

21 6.9 2649 1283 20976 20467 15320 

22 6.8 2315 1327 61471 71445 38575 

23 6.7 2551 1351 42649 40177 29860 

24 6.9 2548 1339 27518 38746 23316 

25 6.8 2468 1400 46199 53703 39702 

26 6.7 2575 1399 38924 36074 25316 

27 7.0 2544 1374 35202 38837 25825 

28 6.8 2500 1382 43004 48285 35364 

29 6.8 2440 1394 56593 71381 49652 

30 6.8 2581 1329 39061 47903 28261 

31 6.9 2512 1364 39689 59108 32709 

32 6.8 2427 1347 53475 70440 41773 

33 7.0 2377 1326 49957 74266 39730 

34 6.7 2446 1365 27009 37829 20266 

35 6.6 2104 1450 70513 87083 56446 

36 6.7 2259 1423 92492 114441 60630 

37 6.7 2346 1410 50037 55787 39775 

38 6.9 2375 1405 51704 66240 41608 

39 6.7 2224 1446 44771 64201 41644 

40 6.6 2334 1399 62217 88246 50205 

41 6.6 2267 1385 47894 62692 33192 

42 6.8 2341 1416 44565 47387 33426 

43 6.6 2209 1389 71049 81352 55387 

44 6.7 2241 1383 50644 65041 42992 
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 outlet 

Date    pH  Alkalinity VFA COD  TS  VS 

  (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) 

45 6.6 2320 1412 43109 74582 41989 

46 6.8 2352 1407 60379 52587 39288 

47 6.8 2358 1412 81072 126341 68915 

48 6.7 2201 1412 52256 70853 37415 

49 6.7 1936 1438 43204 54254 41149 

50 6.7 2188 1441 88435 87221 57380 

51 6.7 1913 1496 108333 108132 79529 

52 6.7 1933 1486 99188 102191 69908 

53 6.7 2149 1465 70956 82092 50361 

54 6.7 2002 1422 100950 101673 63274 

55 6.6 2024 1433 58681 90470 52641 

56 6.7 2047 1498 106401 88955 68249 

57 6.8 2176 1498 76335 109915 58744 

58 6.7 2072 1417 65301 59270 42537 

59 6.7 2126 1418 87707 109944 73103 

60 6.6 1938 1407 80229 111742 65376 

61 6.5 2093 1499 103210 119900 70249 

62 6.7 2156 1469 87067 104329 56871 

63 6.7 2053 1467 62695 78254 56354 

64 6.8 2154 1478 60765 84875 48366 

65 6.3 1559 1766 125931 151056 91767 

66 5.2 1271 2222 135397 158645 97820 

67 4.5 920 2529 144605 150185 101232 

68 5.4 1440 2400 75914 82573 55121 

69 6.1 1705 2123 50451 68330 40342 

70 6.5 1821 1816 56350 54812 35785 

71 6.6 1914 1700 53656 61493 37411 

72 6.6 1918 1487 47853 74915 45750 

73 6.6 2104 1409 55039 96321 52967 

74 6.5 2137 1410 75957 68907 49107 

75 6.7 1964 1437 86837 84388 56961 

76 6.5 2151 1475 75363 136651 74786 

77 6.6 2152 1432 76766 93774 71177 

78 6.7 2009 1438 97196 115910 65565 

79 6.7 1912 1432 72418 95896 62618 

80 6.8 2197 1464 83071 127243 72209 

81 6.8 2135 1490 58980 83347 46085 

82 6.7 1905 1498 70644 63394 47687 

83 6.7 2193 1390 72788 64665 45841 

84 6.6 2122 1397 20497 25314 17477 

85 6.7 2262 1358 22761 24945 30321 

86 6.7 2184 1412 33042 43259 34052 

87 6.7 2188 1421 36407 47250 35758 

88 6.6 2366 1367 42425 47036 34081 

89 6.8 2398 1413 44065 48053 33499 
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 outlet 

   pH  Alkalinity VFA COD  TS  VS 

Date   (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) 

90 6.8 2335 1428 53930 68103 47436 

91 6.6 2395 1449 51074 53041 39100 

92 6.8 2398 1397 52767 58159 40203 

93 6.7 2104 1444 50926 55213 37654 

94 6.9 2327 1419 35119 53466 28989 

95 6.9 2209 1418 72669 93699 66605 

96 6.9 2335 1338 59902 58100 40643 

97 6.8 2576 1314 47089 49328 34109 

98 7.0 2483 1358 36383 47403 27253 

99 6.9 2407 1341 40366 53524 29802 

100 6.8 2373 1376 29871 40285 29257 

101 6.7 2400 1332 49373 73171 40835 

102 6.8 2307 1355 31741 58785 31408 

103 7.0 2511 1394 34752 48977 28905 

104 6.8 2499 1357 31893 41739 25381 

105 6.8 2548 1350 45776 55729 34711 

106 6.8 2503 1332 27745 36413 27433 

107 6.8 2517 1370 59340 57203 38900 

108 7.0 2534 1274 23290 25471 16982 

109 6.9 2763 1317 25039 29575 21148 

110 6.9 2624 1318 30664 34394 19638 

111 6.8 2558 1336 19660 23626 15396 

112 7.0 2623 1288 16350 28051 16228 

113 6.9 2739 1315 19095 23988 17407 

114 6.9 2577 1251 26307 43748 25136 

115 6.9 2501 1270 30906 33690 25602 

116 6.9 2582 1308 24627 29636 22422 

117 6.9 2761 1331 27932 34130 20676 

118 6.8 2764 1291 20388 29274 15850 

119 7.1 2680 1305 24950 31202 22083 

120 7.3 2828 1213 18091 22422 15638 

121 7.3 2740 1234 28973 31332 18163 

122 7.2 2793 1298 13658 17618 12091 

123 7.2 2725 1231 14289 17776 12317 

124 7.2 2793 1239 18256 17400 12791 

125 7.0 2857 1256 15111 17129 10180 

126 7.1 2759 1233 17872 21879 13745 

127 7.2 2731 1218 20135 24714 15390 

128 7.2 2802 1221 21593 20275 14799 

129 7.1 2812 1278 17931 26742 15202 
 

 

 

 



 241 

 Gas 

Date  CH4 Biogas Volume 

 (%) (m3 day-1) 

0 68.6 2289 

1 70.0 2192 

2 68.0 2195 

3 66.8 2298 

4 69.8 2232 

5 68.0 2191 

6 65.5 2286 

7 66.7 2274 

8 67.9 2276 

9 67.6 2113 

10 68.6 2432 

11 68.5 2623 

12 69.8 2891 

13 67.6 2792 

14 65.6 2877 

15 66.1 3081 

16 67.1 2692 

17 69.3 2956 

18 65.3 2901 

19 68.9 2717 

20 68.3 2744 

21 65.6 2704 

22 68.6 2754 

23 67.5 2693 

24 66.7 2785 

25 65.9 3220 

26 66.8 2920 

27 68.1 2921 

28 69.0 3009 

29 69.6 3281 

30 65.6 2858 

31 66.9 3177 

32 67.6 3176 

33 67.9 3117 

34 65.4 2830 

35 69.9 3092 

36 68.5 3289 

37 69.6 3412 

38 66.2 3389 

39 65.4 3461 

40 69.3 3729 

41 69.0 3345 

42 66.3 3343 

43 70.0 3649 

44 65.1 3607 
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 Gas 

Date  CH4 Biogas Volume 

 (%) (m3 day-1) 

45 66.4 3578 

46 69.9 3514 

47 67.2 3824 

48 65.8 3425 

49 66.9 3754 

50 65.3 4034 

51 66.3 4390 

52 69.4 4223 

53 65.3 4104 

54 67.6 4134 

55 67.0 4114 

56 66.7 4454 

57 69.5 4064 

58 66.1 3948 

59 67.8 4195 

60 68.1 4441 

61 68.7 4294 

62 68.3 3985 

63 65.3 4024 

64 66.5 4019 

65 56.7 3385 

66 49.5 2484 

67 37.6 2603 

68 37.3 2121 

69 46.9 2504 

70 50.2 2710 

71 59.8 2882 

72 65.3 3227 

73 67.3 3532 

74 68.5 3903 

75 69.4 4155 

76 66.6 4159 

77 67.0 4427 

78 66.4 4126 

79 67.4 4288 

80 66.8 4308 

81 65.6 3932 

82 68.9 3973 

83 68.7 3856 

84 67.7 3653 

85 66.1 3532 

86 67.5 3284 

87 65.9 3413 

88 65.8 3400 

89 70.0 3287 
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 Gas 

 CH4 Biogas Volume 

Date  (%) (m3 day-1) 

90 67.0 3495 

91 68.2 3360 

92 67.4 3481 

93 66.6 3378 

94 68.5 3242 

95 69.0 3581 

96 68.2 3342 

97 65.9 3204 

98 65.2 2916 

99 66.4 3050 

100 67.5 3082 

101 67.4 3130 

102 68.7 3007 

103 65.0 2945 

104 68.8 2972 

105 66.2 3238 

106 65.8 2925 

107 66.9 3232 

108 69.4 3022 

109 67.5 2953 

110 68.2 2799 

111 68.8 2602 

112 65.5 2625 

113 69.1 2728 

114 65.6 3083 

115 68.4 3065 

116 68.7 2971 

117 65.8 2859 

118 68.7 2634 

119 69.7 2908 

120 68.9 2694 

121 69.5 2367 

122 69.5 2134 

123 69.1 2264 

124 66.1 2214 

125 68.2 2085 

126 68.1 2229 

127 65.8 2341 

128 65.1 2237 

129 68.4 2337 
 


