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Abstract  
Colombo City is the commercial capital of Sri Lanka with an estimated resident population of over 
750,000 spread over 3741 hectares (ha) and has a population density over 1188 per ha. It is located in the 
western coast of Sri Lanka and is in wet zone. The topography is of flat terrain with a mix of land and 
water. Considering the population and the limited undeveloped land available, the disposal of Municipal 
Solid Waste (MSW) and Sewer is a major environmental problem in Colombo. The major object of this 
thesis is to identify and evaluate a productive waste management system that is not only environmental 
friendly but also sustainable and cost effective. In this context, as a sustainable technology, applicability of 
anaerobic digestion is investigated and methane generation potential of the waste is evaluated. 

In order to identify a sustainable waste management system, the quantity of waste generated within the 
city of Colombo is identified. The current practices of disposal of these wastes are then reviewed to 
identify any issues regarding its sustainability. The majority of the MSW is currently disposed as open 
landfill that is causing pollution of waterways, with its leachate, as well as the polluting the atmosphere 
around it with its bad odour. The sewer is discharged to sea or disposed via a self-contained soakage pit. 
Except for few small-scale anaerobic digestion plants that use solid waste for generation of biogas for 
localized use, there is no large-scale waste to energy projects in operation in Sri Lanka. The sewer is not 
used productively at all.  

Having identified the quantity of waste and the disposal methods practiced, the priority is to identify 
sustainable and productive methods of disposal of wastes that suits best the local conditions. With this in 
view research hitherto carried out are studied and available literature is reviewed. The objective is to 
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ascertain the processes that productively harness the energy potential of MSW and Sewer, individually or 
in combination.  

There are many physical and chemical methods for treatment of wastes. However bioconversion of waste 
provides the best options for tapping the energy of the wastes. Of the two main bioconversion methods 
aanaerobic processes exhibit many advantages over aerobic digestion with its ability of handling high 
organic loading rates and low sludge production. However, the reason for the increase in applications of 
anaerobic processes, is, its potential for production of energy using the biogas generated. The methane so 
produced can replace fossil fuel and therefore has a direct positive effect on greenhouse gas reduction. 
Therefore, compared with other bioconversion technologies for treatment of MSW and 
sewer/wastewater, the energy and environment benefits make anaerobic digestion an attractive option. 

Anaerobic treatment of waste in an engineered landfill bioreactor is found to be the best option for 
treatment of MSW. Whilst providing a decrease in long term environmental risks and low operational and 
closure costs it provides with valuable energy source in generation of methane.  As for sewer generation 
of methane in anaerobic processes can be enhanced with co-digestion of different types of waste suitably 
selected. In this regard co-digestion of sewer and wastewater with food waste is found to be productive 
and is applied in this study.   

Literature review is carried out to determine suitable models to predict the methane generation potential. 
The “First Order Decay Model” is identified as the appropriate model for prediction of methane from 
MSW in landfills.  The “Anaerobic Digestion Model No.1” is applied for prediction of methane from 
sewer and waste water. Chemical composition of MSW is the primary parameter which affects the 
methane generation. The chemical composition is computed applying the ultimate analysis and using a 
stoichiometric based approach. For sewer and waste water the basic parameters of BOD and COD 
concentrations are available from data gathered. Apart from these two parameters the other parameters 
relevant to local conditions are not available. Therefore values that closely fit the local conditions are 
taken from the literature. The study determines the methane generation potential of MSW approximately 
2.1 x 106 m3 per annum and anaerobic co-digestion of sewer and food substrates generate 9.1 x 106 m3 
per annum. If parameters could be determined for the wastes generated locally the accuracy of the 
methane generation potential could be further enhanced. 

In this context, further studies, should be directed from the conventional landfills to “Anaerobic 
Bioreactor Controlled” landfill, where circulation of liquids including leachate is carried out to increase 
the biogas yield. For sewer the focus should be on the most economical foot print of parallel banks of 
number of continuous-flow stirred-tank reactors (CSTR) operating in series to accommodate the total 
flow rate of sewer.  
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1. Introduction 

The unutilized materials arising from human and animal activities which may be in solid, liquid or gaseous 
form is generally called waste. With the rapid socioeconomic development, and degree of industrialization 
the amount of waste generation has gradually increased. Generally, the greater the economic prosperity 
and the higher the percentage of urban population greater is the waste. Generation of waste therefore is 
unavoidable. Hence, search for environmentally safe, economically viable and socially acceptable methods 
for waste management has become a persistent concern.  

One way of reducing pollution and waste is to improve the efficiencies in operations and sustainable use 
of resources in the production and consumption processes. Another method of management of waste is 
to recycle. Though not all waste could be recycled, material such as paper, metal, plastic etc. could be 
recycled. Yet another method is to reuse. Reuse could be possible after further processing. The 
possibilities and methods of reuse to generate energy is the basis of this study 

Waste could be broadly classified into organic and inorganic wastes. There are many new and innovative 
methods and systems that are in operation today where inorganic wastes are taken out of the waste 
disposal stream and recycled or reused.  Organic wastes on the other hand usually constitute the bulk of 
the waste. There are number of ways of converting these to valuable resources some of which could also 
be used as inputs for other activities. One of such activities that has provoked interest and discussed in 
this study is the use of some of these resources for generation of energy. 

Two of the most abundantly available and, providing with disposal problems to many a local authority, 
are the Municipal Solid Waste (MSW) and Sewer Wastewater. The focus of this study is on the organic 
fraction of these two waste streams with the view to ascertaining a feasible option of generating energy.  
The study is confined to the Municipal Solid Waste and Sewer Wastewater generated within the Colombo 
municipal limits. 

“Sustainable development” was defined in 1987, in the report of the World Commission on Environment 
and Development, as “development which meets the needs of the present without compromising the 
ability of future generations to meet their own needs” (Karthikeyan, et al.).The absence of sustainable 
waste management system has exerted severe operational pressure on the Colombo Municipal Council 
(CMC). It lacks funds to sustain even the existing bare minimum operations. In the absence of an 
effective and efficient waste management program the generated waste may impose a threat to the safety 
of mankind and the environment.  

 

1.1 Background  

Colombo is the commercial capital of Sri Lanka. Colombo Municipal Council (CMC) is the major local 
government body located in the Colombo District. The geographical area of this study is the Colombo 
Municipal limits. The Colombo City Limits covers an area of 3722 ha. Based on the last Census of 
Population and Housing data in 2001 the population in the Colombo City was 647,100. There is also a 
floating population of approximately 500,000 consisting mainly of those who are in transit for business 
and employment purposes. Further, according to above census the annual population growth within the 
Colombo District is 1.4%. 

Colombo Municipality lies in the western costal belt of the island. It is mix of land and water. Almost 
90% of this land is less than 15 meters above the mean sea level and the rest being marshy land or 
waterways or water retention areas. Colombo falls within the climate profile of the South Asian Monsoon 
Zone and is the wet zone of the country and enjoys an annual rainfall between 2000 to 2500 mm. The 
two monsoon seasons are from May to July and October to January. Due to its tropical location the mean 
daily maximum temperature is around 31.50 C. The highest daily temperature occurs just past noon. The 
relative humidity is high and is between 70% and 90% most of the year. 
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CMC collects 700 tons/day of MSW (Premachandra, 2006). The generation of MSW has progressively 
increased due to the rapid urbanization and growth in population. Disposal and treatment of solid wastes 
generated in Colombo city is identified as a major problem, which need to be addressed by the relevant 
authorities. Currently, municipal and urban councils cannot cope up with volumes of solid wastes 
generated, as they do not have any sustainable method of disposal and treatment. Local authorities usually 
dump their collected waste on privately owned land. Finding suit 

able sites is difficult, and current sites are therefore often over-used. Officially, waste is not burned by the 
authorities after dumping, but it does happen. 

The municipal or the local authorities generally collect the solid wastes. The collection trucks visit the 
households or specified locations, where garbage is collected to be disposed, on predetermined days. 
However the generation of solid wastes far outstrips the collection process. Households generally dump 
or burn their waste materials. Dumping is usually done in a shallow pit in the ground, along the roadside, 
on a nearby dumpsite, in low-lying marshland or in waterways or water bodies. Dumped material is often 
periodically burned. To reduce the process of disposal of household garbage, the local authorities have 
resorted to issuing of compost bins to households. However, this too has its limitations as availability of 
space in some households is limited and in the case of flat dwellers, it is not practical. 

 

 

 

 

 

 

 

 

 

 

Figure 1-1: Open dumping of municipal solid waste 

Sewer Wastewater is another form of waste in liquid form. Sewer refers to the human waste and the 
associated water related to ablution and flushing. The Colombo municipal council (CMC) sewerage 
system is the only conventional sewerage system that runs through the Colombo Municipality area 
covering few of the suburbs as well. The major part of the system was constructed way back between 
1908 and 1916 to cater for a population of 326,000 which was the projected population of 1951. Though 
the system was expanded in in 1987 it is still under the required capacity. The centralized sewer system 
discharges its affluent to the sea at two points near the coast line.  

Generally; the households either have a septic tank for disposal of waste or a connection to the central 
sewerage system. However, there is also a section of the population without proper sanitation facility that 
defecates to waterways. The sewer disposal is affected as the sewerage treatment plants are not operating 
effectively due to technological and management deficiencies. 

1.2 Research Problem 

Waste is defined as any unutilized raw material or products of a particular process intentionally thrown 
away for disposal. 

Unsystematic and unplanned waste management and disposal methods are the key influencing factors for 
the increase of environmental problems. The main disposal methods for municipal solid waste are open 
dumping as landfill. The environmental condition of the uncontrolled dumpsites is extremely unhealthy 
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and the cause of severe environmental pollution. On open dumping grounds, foul odors and air pollution 
are dangerously affecting the surroundings. Rodents are spreading pathogens in the surrounding areas and 
the workers are highly exposed to disease and hazardous waste. Apart from these the seepage of leachate 
pollutes the waterways and other water resources used for human consumption.  Considering the low 
water Table in the area this is a serious problem.  

The cost of maintenance of the infrastructure of the central sewer disposal system keeps on going up. 
Some of the sewerage treatment facilities are not properly functioning or abandoned due to lack of 
proper technology, management and economic issues. The local government authorities currently spend 
enormous amount of their revenue for collection and disposal of waste. Further the indirect cost to the 
people due to environmental issues though not quantified is substantial.  

1.3 The Objective 

The waste disposal system in the Colombo City and the Greater Colombo Area is not functioning 
effectively and does not appear to be sustainable in the long run. The MSW is used for land filling and 
open dumping process is practiced which has brought about environmental issues. The central sewer 
system is limited to a smaller area of the city.The sewer disposal system operating within the Colombo 
Municipal Council (CMC) area is a centralized system where it collects the sewer from Greater Colombo 
Area and discharges it to sea without resource recovery.  It appears that it is the cost that inhibits 
developing a more environmentally friendly and effective system. 

Certain wastes may eventually become resources valuable to others once they are removed from the main 
waste stream. The portion of the waste stream that consists of organics if can be easily separated from 
other waste materials, bioconversion of the waste may become a viable strategy. Organic waste consists of 
materials that will naturally degrade within a reasonable time period. It can be composted or converted 
into methane (biogas), and some of it can be fed to animals.  The biogas generated and any residue that 
could be used as compost could be a source of revenue that could offset the cost of operation of waste 
management system. Therefore, a process that generates funds will be attractive to a cash strapped 
operating system.   

There is no reported study carried out to estimate the potential of generating biogas from treatment of 
either MSW or Sewer Wastewater that is available within the Colombo Municipality limits. If biogas is 
produced from any of these waste materials or in combination of these materials, there is a possibility of 
recovering some of the cost associates with disposal and treatment of these wastes. 

The objective is to first identify the environmental conditions and characterize the waste generated within 
the Colombo Municipal Limits.  Secondly to develop an appropriate bioconversion process that is 
sustainable by generating energy through methane. Finally to estimate the methane generation potential of 
the processes identified. 
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1.4  Proposed Methodology  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2: Proposed methodology 
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1.5 Summary of the thesis  

This thesis consists of seven chapters that leads to the identification of the most appropriate 
bioconversion system that will generate biogas and provide a viable solution to the waste generated within 
the Colombo City Limits. The focus will be on utilizing the organic components of MSW and Sewer and 
Wastewater. 

After the first introductory chapter that defines the problem and the objective, the Chapter 2 will 
enumerate the current waste management system within the Colombo City. The general Waste 
management system operational within Sri Lanka will also be reviewed to understand the practices in this 
country. Chapter 3 will deal in Literature Review the theoretical aspects of treating the waste. The focus is 
on bioconversion methods that are currently practiced and applied to MSW, Sewer and Wastewater. This 
literature review is also conducted with the objectives of understanding present solid waste management 
and sewer management practices and their principles, obtaining information on any research carried out 
on similar topics and its relevance to this thesis. The focus of investigation will be the waste collection, 
treatment and disposal, and the potential of biogas generation. 

Based on the literature review the most suitable bioconversion method and the model that will best fit the 
Colombo city waste management system will be discussed in Chapter 4. Existing waste treatment 
methods of sewer and MSW practiced both locally and elsewhere are critically reviewed. Biogas 
generation technologies are reviewed with the view to optimizing the generation of methane. The most 
promising, stable, and economically viable technologies are considered.  An appropriate anaerobic 
digestion treatment method for generation of biogas is identified for sewer and MSW either in 
combination or separately. 

With the identification of the appropriate bioconversion methods that would provide methane, it is 
pertinent to estimate the methane yield from the available quantity of wastes. Since the focus is not on 
empirical findings, chapter 5 will identify the suitable models to predict the potential methane generation 
from the volumes of waste generation potential of MSW and Sewer/wastewater.   

The predicted yields of methane from MSW and sewer/waste water will be estimated in Chapter 6 using 
the models identified in Chapter 5. The data collected on both type of waste and parameters that are 
available and identified in the literature search will be used for the computations. The results obtained 
from the application of models identified will also be discussed. 

Finally the Chapter 7 will draw the conclusions and provide insight for further study to develop on the 
findings. 
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2. Current Waste Management Practices in Sri Lanka 

Introduction 

The aim of the thesis is to estimate the potential of biogas generation from MSW and Sewer Wastewater, 
either independently or in combination. With this in view, as a first step, the current status of the waste 
treatment and the methods used in the local context is analysed. In doing so the volumes involved and 
their characteristics will also be considered. It could be safely assumed that the characteristics and the 
processes adopted within Sri Lanka what is practiced even within the Colombo City.  

This section will review separately the existing sustainable practices of treating Municipal Solid Waste 
(MSW) and Sewer Wastewater. The objective is to ascertain the possibility of adapting such processes for 
the waste generated in the city of Colombo.  

2.1 Municipal Solid Waste 

The total MSW generated in Sri Lanka is estimated to be around 2900 tons per day. 60% of this total is 
collected within the western province in which the CMC is located (Premachandra, 2006). The MSW 
generation in the western province alone amounts to 1663 tons per day. The CMC collects 700 tons 
Figure 2.1 which is approximately 42% of the western province. It is the only local authority that collects 
more than 150 tons per day refer Table 2.1.  
 

Table 2-1 : Number of local authorities’ vs MSW Volume (Premachandra 2006) 

MSW collection by 
Local Authorities 
(range tons/day) 

Up to 
1 

1 - 2 2 - 5 5-10 10-20 20-50 50-
100 

100-
150 

>150 

Number of Local 
authorities 

111 48 76 26 23 19 5 2 1 

 

 

The National Action Plan of Sri Lanka has identified haphazard solid waste disposal to be one of the 
major causes for environmental degradation. But, in almost all of the urban municipalities in Sri Lanka, 
the most common method of Municipal Solid Waste (MSW) disposal is open dumping. The issue of 
MSW is most acute in the municipality of Colombo, the capital city, and municipalities in the suburbs of 
Colombo. Although MSW management in Sri Lanka is unsystematic, the required legislative framework 
for developing an appropriate waste management system is in place. The required bases for integrated 
solid waste management are provided by the present policies, strategies and the legal provisions (Bandara, 
et al., 2010). 

At present in many instances solid waste are collected in mixed state and being dumped in 
environmentally very sensitive places like road sides, marshy lands, low lying areas, public places, forest 
and wild life areas, water courses etc. causing numerous negative environmental impacts such as ground 
and surface water pollution, air pollution. Haphazard throwaway and dumping of solid waste reduce 
aesthetic value and scenic beauty of the environment. The collection and disposal of the solid waste 
within CMC is handled by a contracted party as well as by the council. This was revealed at a discussion 
had with the Deputy Director Engineering of the Solid Waste Management Division of the CMC.  
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Figure 2-1: MSW collection in Western Province in tons (source Premachandra 2006) 

2.1.1 Environmental Impact of MSW disposal 

Currently garbage is openly dumped indiscriminately at various selected sites Figure 2.3. The garbage so 
collected is dumped without segregation and only used as open landfills. At a subsequent stage, this open 
dump is covered up with a soil layer either to limit the odour or to use this filled up land for other 
economic purposes. No precautions are taken to separate the non-biodegradable hazardous materials 
from the garbage. Due to changes of environmental conditions with time, leachate generates from such 
open dumping sites and the seepages from these sites lead to pollution of the surrounding environment 
including nearby waterways.  

According to the article ‘Environmental Impacts with waste disposal practices in a suburban municipality 
in Sri Lanka’ water samples of five well from the vicinity of landfill sites the results are summarized as 
follows. The results show that the water is unacceptably acidic and that in all of the samples the COD 
level far exceeded tolerance limit. Of even more significance is the unacceptable level of cadmium (Cd) 
present in almost all of the samples. The Cd levels ranged from 25 μg/L to 38 μg/L in the five samples, 
which far exceed the tolerance limit of 5 μg/L given by the Sri Lanka Standards Institute for potable 
water. The BOD level is rather low indicating that the well water at that time has not been contaminated 
with fresh leachate. The high COD values may be explained by the leachate maturing process. The high 
Cd content may be the result of the illegal disposal of industrial waste with MSW (Bandara, et al., 2010). 

Another problem as explained earlier is the health hazard faced by the society. Apart from the leachate 
that pollutes the water resources used by the inhabitants, the quality of life of the people also is affected. 
The bad odour, manifestation of flies and other insects and termites too are other problems faced by the 
society. Other adverse impacts faced by the residents closer to the dump site face are the loss in value of 
their property and the deteriorating of the infrastructure. Furthermore, it has been identified that methane 
gas is emanating from the open garbage dumps. This gas is one of the most potent greenhouse gases that 
contribute towards global warming and climate change. On the long run, this is one of the most damaging 
outcomes of non-sustainable waste management. 

 

700 

557 

450 
Colombo Municipal Limits

Other  Councils in Colombo
Districts
Other Councils in Western
Province
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Figure 2-2:  Typical open dumping site showing partially degraded MSW 

 

The main dump sites in operation are in the suburbs of Colombo located at Kolonnawa, Meethotamulla, 
Maharagama, and Karadiyana. The MSW is currently used as open dump landfilling. There is no 
provision to prevent leachate leaking or seeping to the waterways and the water Table. Therefore these 
landfills cannot be considered as engineered sanitary landfills. Further there is no segregation of waste.  
Top layer of the garbage is covered with a layer of earth to prevent odour. This is similar to the anaerobic 
treatment of waste. Of the total estimated amount of Solid waste generated in Sri Lanka, the major 
contribution comes from Colombo District with 1.15 kt per day (Perera, et al., 2005). According to Perera 
with the assumption of per capita MSW generation at 0.78 kg per day per capita the total MSW 
generation in urban sector could be estimated as 2.92 kt per day. According to the survey on Solid Waste 
Management in the city of Colombo  the per capita waste generation in Colombo is 85 kg per day in 1998 
(Asian Productivity Organisation, 2007).  

When considered with the projected population in Colombo Municipality area and the estimated per 
capita generation of MSW, the total MSW yields approximately 590 kt per day. The disparity of 
approximately 15% between the actual MSW collected and the theoretical calculations may be due to 
predicted population would have overshot the average Figure taken or the per capita MSW generation 
may have climbed up. However according to the above study only a fraction of the waste is collected due 
to vast distribution of the population exacerbated by the inadequate collection mechanism. Therefore it is 
obvious that improvement of collection will ensure higher volumes of solid waste that could be collected.  

2.1.2 Properties of MSW 

With the changes in development activities the consumption pattern of population has changed. Further 
the waste generation too has changed. The solid waste composition varies among the local authorities. 
Though the solid waste generation in the western province is around 0.69 kg per capita the waste 
generation in Colombo Municipal Council is 0.85 kg per capita. The organic matter in the waste generated 
in Colombo is 85% as shown above. The biodegradable to non-biodegradable ratio is quite high. The 
moisture content of the MSW too is relatively high and as a result the calorific value becomes low. The 
collected waste has a Specific Density of 300 kg/m3– 350 kg/m3. The moisture content of the household 
refuse is between 55% and 65%. The Calorific Value is between 600 kcal/kg and 1200 kcal/kg (Asian 
Productivity Organisation, 2007). 
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Figure 2-3: Waste Generation in Colombo (Source APO 2007) 

The results of a more recent study on the MSW carried out on six different local bodies by the Waste 
Management Authority of Western Province as shown in Table 2.2 gives more accurate and detailed 
analysis of MSW in the western province. As shown in Table 2.2 the organic components in MSW in the 
urban areas are higher that the rural areas due to the affluent life styles in the urban population. This 
shows the variation of biodegradable component of MSW to be in the range of 71% and 88%. Therefore 
the organic matter component of 83% in Colombo City is further established. However the moisture 
content appears to be slightly lower. This may be due to averaging. The moisture percentage is generally 
high due to food waste and slaughter house waste that has high water content. 

 

Table 2-2 : MSW Composotions in a Sample of Local Authorities within Wester Province (Source Waste 
Management Authority, Western Province September 2010) 

Category 

Municipal 
Council 1 

Municipal 
Council 2 

Urban 
Council 1 

Urban 
Council 2 

Pradeshiya 
Saba 1 

Pradeshiya 
Saba 2 

Average % Average % Average 
% 

Average 
% Average % Average % 

Easily Bio degradable 39.62 28.23 71.19 59.89 74.11 52.93 
Long term Biodegradable 35.22 55.63 7.74 18.93 13.10 19.12 
News Paper 7.97 2.76 2.60 5.14 2.17 5.85 
Cardboards  3.23 1.41 0.00 1.06 0.00 1.54 
Cotton 2.79 1.26 1.84 3.42 1.75 0.29 
plastic 1.09 1.14 2.93 0.82 3.46 0.67 
Polythene 5.16 7.14 9.04 7.76 5.14 17.55 
PVC 0.92 0.02 0.00 0.00 0.00 0.00 
Rubber 0.04 0.43 0.00 0.00 0.00 0.00 
Construction Demolitions 1.30 0.14 0.69 0.77 0.18 0.69 
Glass 1.36 0.57 2.30 0.73 0.00 1.17 
Nylon 0.90 0.41 1.68 1.39 0.09 0.19 
E Waste 0.02 0.32 0.00 0.00 0.00 0.00 
Clinical Waste 0.06 0.08 0.00 0.09 0.00 0.00 
Others 0.30 0.46 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 

Average Moister content of the above waste 40% - 45% 
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2.1.3 Current Treatment of MSW 

It was revealed that the MSW collected are used as landfill or processed for Compost ( (Joseph, 2011). A 
private organization has been given the task of converting the MSW to compost under a contract for 25 
years. The most popular methods of composting are the “Inclined Step Grate (ISG)” system and the 
“Windrow system (Premachandra, 2006). The waste is stacked in windrows 50 – 100 meters wide and 2 – 
3 meters high. The temperature of the heap reaches 650 C – 700 C within 36 hours. This kills the 
pathogens and ensures proper fermentation (Asian Productivity Organisation, 2007). Though the capacity 
of the compost plant was to be 600 MT/ day it is operational to only fraction of its capacity. 

 

 
Figure 2-4: Schematic diagram on MSW management in Sri Lanka. (Source Premachandra 2006) 

 

The normal practice is to dump waste in low lands and cover with a good compacted soil without 
providing gas-venting facilities. This can be found at ‘Maharagama’ dumpsite which is situated within 
suburb of Colombo. Once municipal solid waste is placed in landfills, complex sequence of biologically, 
chemically and physically meditated events occur and then releasing hazardous gaseous and causing liquid 
landfill emissions. Hence, soil cover of landfills/open dumps plays a major role in emission of landfill 
gases, because gases are released to atmosphere with high pressure, through cover soil. Therefore, 
studying gas transport parameters of cover soil are paramount importance in evaluating its future gas 
emission (Ranasinghe , et al., 2010). 

Indiscriminate open dump landfilling with the waste leads to the secretion of leachate. Leachate is an 
aqueous solution containing high concentrations of organic and inorganic pollutants. Leachate BOD 

One noteworthy observation is that the plastic/polythene waste that stood at 5.6 % in 2006 (Premachandra, 
2006) has increased now. However when one considers the growth in usage of plastics, especially as packing 
and wrapping material in almost all items including foodstuff, this phenomena can be justified. This also 
highlights that city dwellers, especially those in Colombo, disposes more plastics mainly due their affluent life 
style. Another notable feature is reduction in waste in Glass which may also confirm that more suppliers of 
goods move towards plastic as a packing material 
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levels can be as high as 20,000 mg/l. When compared with domestic sewer BOD which averages around 
250 mg/l, leachate is a high strength pollutant. Leachate can pollute surface water as well as ground water 
(Hettiaratchi, 2005). 

The national policy on waste management is underway and its major objective is garbage free Sri Lanka 
by 2012. With this in view there are many projects initiated. One such project according to the Initial 
Environmental Examination Report is, when the truck rolls into the final disposal facility and unload the 
garbage, it is to be manually sorted as ‘biodegradable’, ‘non-biodegradable’, ‘recyclable’ and ‘inert’ material 
and stored in different bins for treatment. The disposal of these wastes is by composting the 
biodegradable material, selling the recyclables to the industries, and inert material to be used as landfills. 
The non-biodegradables such as heavy metals and some e-waste are to be managed in an basin shaped 
engineered landfill which would have been prepared by laying plastic joint sheets, guaranteed to last 150 
to 200 years, followed by a clay layer on  top to ensure non-leakage to the surrounding areas (Sunday 
Times, 2006) 

Even in municipalities, there is no immediate plan for utilizing the waste for the purpose of generation of 
biogas in large scale. The processes that are implemented anyway will not prevent the escape of 
greenhouse gases such as methane to the atmosphere. Further, though there are measures taken to 
prevent escape of leachate, this may not be practiced on all waste dumps. 

2.2 Wastewater and Excreta Management 

The excreta disposal in the urban areas, especially in Colombo has become dramatic as tons of untreated 
sludge is disposed to waterways, drains and sea. The poor excreta management due to economic and 
technological deficiencies, can give rise to more damaging consequence of health and environmental 
issues.These problems can be minimized if appropriate fecal sludge management (FSM) is introduced, not 
only with regard to fecal sludge treatment, but also pertaining to adequate and safe emptying of sanitation 
facilities, fecal sludge transport and its safe disposal or reuse. 

The term “wastewater” is used generally to include industrial liquid wastes and domestic waste. The 
“grey” waters derived from the kitchen wastes, laundering, and general household cleansing. “Excreta 
Management” relates to the collection, treatment and disposal of human wastes plus the water associated 
with ablution and flushing – the “black” water fraction of the total domestic wastes. The majority of the 
on sites systems are designed with capacity for black waters. Other domestic wastes are disposed 
separately on the ground, to the soak ways, or to storm drains or water courses (Engineering Science Inc, 
1993). 

A report by UNEP (2001) estimates that each day in the Colombo Metropolitan Region, 428 MT of 
sewage are released into the ground through septic tanks and pit latrines and 138 MT of sewage are 
released to the waterways. (Sudasinghe, et al., 2011)  

2.2.1 Properties of Sewer/Wastewater 

It is difficult to obtain any data related to the properties of Sewer Wastewater that is being collected and 
channeled through the central sewerage system operated by the CMC. However the design parameters of 
the proposed Sewer Wastewater system for the Jaela/Ekala and Moratuwa/Ratmalana, two suburbs of 
Colombo, give some insight into the properties of the existing sewer system. 
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Table 2-3: Discharge Limitations of Moratuwa/Ratmalana and Jaela/Ekala Sewer Wastewater System 
(Source – Sri Lanka Sewer Projects 1981) 

Property 
DISCHARGE LIMITATIONS 

MORATUWA/RATMALANA JA-LA/EKALA 

Temperature 0C 40 40 

BOD5m/l 2000 2000 

COD mg/l 2100 2100 

SS mg/l 1000 700 

pH 6.0-8.5 6.0-8.5 

TDS mg/l 2100 2100 

NH3-N mg/l 50 50 

Sulphate mg/l 1000 1000 

Chloride mg/l 900 900 

Oil & Grease mg/l 30 30 

Heavy metals mg/l 12 6.3 

 

2.2.2 Current Treatment of Sewer/Wastewater 

There are basically three methods by which sewer and wastewater are disposed.  

1. Conventional Sewerage System where the domestic and industrial wastes are channeled through 
sewer pipes (sewerage) for treatment and disposal at the facilities designated for it. 

2. On site facilities are basically self-contained systems in that they are not connected to a 
conventional system. The effluent from them may flow into storm drains or waterways or may 
leach to ground. On site systems include various types of pit latrines (dry and water seal types) 
cesspit /holding tanks, septic tanks 

3. The population that do not have the above two facilities, which comprises the low-income 
community, though not acceptable defecate near waterways, canals, sea shore and on open 
ground.  

The categorization of the usage of sewer facilities of the Greater Colombo Population is shown in the 
Table 2.4. The population within the Colombo City limits will also follow the same trend.  
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Table 2-4: Categorization of usage of sewer facilities in the Greater Colombo Area Source - (Sri Lanka 
Consultant for Enginnering Sciences Inc, 1981) 

Category Population Percentage 

Served by sewers 550,000 19 

Served by on site facilities 1,700,000 59 

No service or service grossly inadequate 650,000 22 

Total Population 2,900,000 100 

 

The largest group which is the on-site facility users comprises individual home owners. Apart from them 
there are institutional and commercial premises, housing schemes, hospitals and military camps that use 
their own onsite systems the effluents form which are discharged to the nearby waterways. The focus is 
on the centralized sewer system. 

The Colombo municipal council (CMC) sewerage system is the only conventional sewerage system runs 
through the Colombo Municipality area covering few of the suburbs. The major part of the system was 
constructed way back between 1908 and 1916 to cater for a population of 326,000 which was the 
projected population of 1951. This system was later rehabilitated with additional capacity and 
commissioned in 1987 ( Sri Lanka Consultancy Engineering Sciences Inc, 1981) 

With regard to sewer, there is a central sewerage collection and disposal system in some parts of the city. 
The sewage is collected and pumped into the sea from five miles off the shore. The rest of the 
community does not have the central disposal facility and onsite septic tank is used to treat sewerage. 
However, once the tanks get filled contents of these septic tanks are taken away by mobile units and 
discharged to the sea. There is an appreciable amount of funds used on operation of these pumping units 
and maintenance of the piping network creates an additional burden on the municipality.  

The overflows that were designed as release points for excess sewer during floods actually had been 
functioning in the reverse order allowing the floodwaters to enter the sewer. This is further confirmed by 
the CMC records, which show that the power consumption by the pumps during wet season is twice that 
of the dry season. In addition, the floodwaters bring in grit and other debris to the system. 

Apart from the sewerage system described above there are also stand alone Sewer Treatment Plants (STP) 
operating at major hotels, hospitals, condominium complexes and some industrial processing plants. The 
volumes of wastewater of these units are not included in the volumes at the outfalls.  

The Figure 2.5 illustrates the schematic map of the Colombo sewerage system which comprises of force 
mains, gravity Mains and pumping stations.  

Currently there are two pipe mains for sewer disposal. One discharges the sewer into the northern ocean 
outfall at Mutuwall. This is 1500 mm in diameter and 2053 m long. This has a capacity of 2.9 m3/s. The 
other discharges at the southern area at Wellawatte and has a capacity of 2.4 m3/s. This also has a 1500 
mm diameter pipe but 1363 m long. In the total system, there are 254 km of gravity sewers varying in 
diameter from 225 mm to 1500 mm. Apart from this there are also egg shaped concrete drains with the 
largest one having a section of 1800 x 1200 mm. The over flow discharge to storm water drains and 
waterways (Sri Lanka Consultant for Enginnering Sciences Inc, 1981). 

According to ADB Technical Assistance Consultant’s report (Lanka Hydraulic Institute Ltd, 2009), new 
pumping station has been operated since December 2007 at Madampitiya for Mutwal outfall. 
Mechanically operated one coarse screen (50mm bar size), two fine screens, 14mm bar size, and a grit 
separation unit, greater than 0.2mm size, are there for pre-treatment Figure 2.7. With this pretreatment 
facilities, it cannot be expected any microbial or biodegradable matter removal except solids which greater 
than bar size and grits. Only coarse screen, 50mm bar size, is available at Wellawatte pumping station for 
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pre-treatment and it is manually cleaned. Therefore, there won’t be any contaminant reduction before 
pump to the sea (Lanka Hydraulic Institute Ltd, 2009). 

 

 
Figure 2-5: Map of Colombo Sewerage System   
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Figure 2-6:  Pretreatment at pumping station screening (left), Grit Removal (right) (Source - (Lanka 
Hydraulic Institute Ltd, 2009)) 

It can be concluded that the process of treatment of sewer in Sri Lanka is limited to removal of grit 
before it is discharged to the sea at the two outlets so designated. In addition, the other major collection 
of sewer is at housing complexes, Apartment blocks, Hospitals and Hotels. These are independent sewer 
treatment limited to on site disposal by way of soakage pits.  

 

Table 2-5: Design Characteristics of Mutuwal and Wellawatte outfalls (Source - (Lanka Hydraulic Institute 
Ltd, 2009)) 

 

 

 

 
 

 

 

 

 

 

 

Design Characteristics Mutuwal Wellewatte 

Main Pipe (Length and Diameter) 1,834 m & 1.5 m 1,243 m & 1.5 m 

Diffuser (Length and Diameter) 197.7 m and 1.5 m 122 m and 1.5 m 

Port (No. and Diameter) 80 and 75 mm 50 and 75 mm 

Hydraulic Capacity 2.9 m3/s 2.4 m3/s 

Water depth of Diffuser 12 m 15 m 

Initial Dilution Factor 100 at least 50% of time 100 at least 50% of time 



28 

 

2.2.3 Planned New Sewerage Wastewater Systems  

There are two sewerage systems complete with treatment plants planned for two suburbs of the CMC. 
They are the JaEla/Ekala scheme and the Moratuwa/Ratmalana scheme. The Feasibility study report for 
the Moratuwa/Ratmalana scheme gives the details per Table 2.6.  

There are two options considered for the discharge of the wastewater. The option 1 is to collect the 
wastewater and pump it to the existing Wellawatte sea outfall. There will only be the preliminary 
treatment of wastewater for this option. 

The option 2 is to treat the wastewater collected at the existing treatment plant of a housing scheme, 
Soysapura at Ratmalana, and discharge the treated wastewater, which meets the CEA standards to sea via 
a short outfall.  

 

Table 2-6: Total Wastewater loads for options 1 and 2 (Source - ( Sri Lanka Consultancy Engineering 
Sciences Inc, 1981)) 

Options Year 
Flow 

(m3/day) 

 

 

 

 

 

 

BOD 

(kg/day) 

COD 

(kg/day) 

SS 

(kg/day) 

NH3 

(kg/day) 

Option 1 
2003 23884 7651 14387 3110 65 

2025 40368 12153 22357 6573 251 

Option 2 
2003 26919 8535 15911 3991 122 

2025 44743 13465 24536 7815 332 

 

 

The designed parameters for raw water entering Soysapura treatment plant are given in Table 2.7. The 
treatment will include among other basic operations Preliminary, primary and secondary treatment with 
sludge management for option 2.  

 

Table 2-7: Designed parameters of raw water characteristics entering the treatment plant at Soysapura in 
Option 2 –  (Source - (Sri Lanka Consultancy Engineering Sciences Inc, 1981)) 

Parameter BOD5 
(mg/l) 

COD 
(mg/l) TSS (mg/l) NH3-N 

(mg/l) 
Oil & Grease 

(mg/l) 
Temp 
(0C) 

Annual average  
Quantity 500 2100 700 50 40 40 
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3. Literature Review 

The aim of the thesis is to estimate the potential of biogas generation from MSW and Sewer, either 
independently or in combination. With this in view the Literature Review as a first step tries to find out 
the current practices of waste treatment and the bioconversion methods of waste used in the local 
context. The strengths, weaknesses and limitations, if any, of these methods will be analysed.  Methods 
practiced successfully elsewhere are studied with the view to evaluate the possibility of adaptation, to find 
out the limitations and pitfalls and possible improvements.  

This section will also review the existing theories, characteristics of main concepts and the key variables 
that are relevant to sustainable processing of waste in generation of biogas.   

Additional literature available on waste management, the scientific theories behind such assertions is also 
reviewed. Review of researches carried out on related areas and papers are presented that may shed some 
light as to the progress made and gaps remaining is also embodied into this section. .  

3.1 General treatment methods of Solid Waste 

Sustainable waste treatment is concerned with management of waste to ensure that the society is not 
adversely affected by it but will bring about a benefit on a continuing basis. One of the key factors in 
sustainable waste treatment is to separate the waste into organic and non-organic waste. This will also 
facilitate identification and separation of hazardous waste. The organic waste is generally used for landfill, 
composting or incinerating. 

The initial step in waste treatment is to manage the waste. This will entail transformation of waste so that 
it could be dealt effectively. The transformation of waste will benefit in many ways. Firstly it will improve 
the efficiency of solid waste management system. Secondly it will help to recover reusable and recyclable 
material. Thirdly it will facilitate recover products to convert to energy. 

3.1.1 Physical Treatments 

The principal physical transformations that may occur in the operation of solid waste management 
systems include recovery of materials, component separation, mechanical volume reduction and 
mechanical size reduction. The imperatives in this regard are to reduce the waste by recovery, recycling or 
reusing. Recovered paper, plastic, metal, and glass can be re-used. However costs and economics will limit 
the stages of reuse and recycling and ultimately there will be some unusable component of materials that 
would be left for disposal. Therefore there has to be a process by which these materials are collected, 
transported, processed to avoid any harmful consequences before disposal. Physical transformations do 
not involve change in phase 

3.1.2  Thermal Treatments 

Energy is stored in chemical form in all MSW materials that contain organic compounds, i.e. everything 
except metals, glasses, and other inorganic materials. The combustion of these compounds can generate 
electricity and steam and recover energy. 

 

Incineration 
Incineration is defined as the chemical reaction of oxygen with organic materials, to produce oxidized 
compounds accompanied by the emission of light and rapid generation of heat is a disposal method in 
which solid organic wastes are subjected to combustion to convert them into residue and gaseous 
products. The process disposes waste by converted it to residues and gaseous products by subjecting it to 
combustion. Incineration of bio solids is the most common thermal process; however, it’s potential for 
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energy recovery is underused. In this process, the bio solids are burned in combustion chamber supplied 
with excess air oxygen(O2) to form mainly carbon dioxide (CO2) and water(H2O), leaving only inert 
material (ash). 

This process is used to dispose of hazardous waste. The thermal treatment of waste could convert the 
waste material into heat, gas and ash. The energy content of waste products can be harnessed directly by 
using them as a direct combustion fuel, or indirectly by processing them into another type of fuel. The 
heat energy could be transformed to other forms of useful energy such as electricity through a gas or a 
steam turbine which results in converting waste to energy. This process reduces the volumes of solid 
waste to 20 to 30 percent of the original volume. Incineration and other high temperature waste treatment 
systems are sometimes described as thermal treatment. Incinerators convert waste materials 
into heat, gas, steam and ash. Waste-to-Energy (WtE) or Energy-from-Waste (EfW) is broad terms for 
facilities that burn waste in a furnace or boiler to generate heat, steam or electricity.  

The amount of energy that can be obtained strongly depends upon the water content of the biomass. 
Potential environmental problems related to sludge incineration are the emissions of pollutants with the 
exhaust gases to the atmosphere and with the quality of the ashes. 

 

Gasification 
Gasification involves partial combustion of a carbonaceous fuel so as to generate a combustible fuel gas 
rich in CO, hydrogen and some saturated hydrocarbons, principally methane. The waste materials are 
heated to high temperature in an oxygen deficient environment in a sealed high pressure vessel. The waste 
is converted to solid, liquid and gas products. The gaseous and liquid products could be combusted to 
produce energy. The cost of this process generally outstrips the benefits (Shabaneh, et al., 2011). 

 

Pyrolysis 
Pyrolysis is a process of splitting thermally unstable organic substances through a combination of thermal 
cracking and condensation reactions in an oxygen-free atmosphere, into gaseous, liquid, and solid 
fractions. It is a thermal treatment process in which the sludge (or biomass) is heated under pressure to a 
temperature of 350–500 °C in the absence of oxygen. In this process, the sludge is converted into char, 
ash, pyrolysis oils, water vapor, and combustible gases. Some portion of the solid and or gaseous products 
of the pyrolysis process are incinerated and used as heating energy in the pyrolysis process. Several kinds 
of modifications are available depends upon the equipment used and the applied operating conditions 
that are applied (Shabaneh, et al., 2011) 

3.1.3  Biological Treatments 

The biological transformations of the organic fraction of MSW may be used to reduce the volume and 
weight of the material, to produce compost and also to produce methane and to produce stabilized 
organic humus.  

 

Landfill 
In the past open dumping of solid waste was accepted way of disposal of waste, mainly due to the 
quantity waste being small and lack of knowledge of the consequences. In some areas open dumping is 
still practiced. The disposal of waste then progressed to landfilling.  Landfill is burying the waste. One of 
the main constraints of landfill is the generation and leakage of leachate.  

Leachate is an aqueous solution containing high concentration of inorganic pollutants. Leachate BOD can 
be as high as 20,000 mg/L. In comparison the domestic sewer BOD level is 250 mg/L. Therefore 
leachate can cause surface-water and ground-water contamination. To control the production and leakage 
of leachate the “dry bomb” type landfill evolved (Hettiaratchi, 2005).  

http://en.wikipedia.org/wiki/Thermal_treatment
http://en.wikipedia.org/wiki/Heat
http://en.wikipedia.org/wiki/Gas
http://en.wikipedia.org/wiki/Steam
http://en.wikipedia.org/wiki/Incineration#Solid_outputs
http://en.wikipedia.org/wiki/Waste-to-energy
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However this type of landfill is not sustainable due to loss of land space and the monitoring process over 
long term.   If landfill is used for reclaiming abandon quarries, mines or borrows pits and if it is properly 
designed to prevent and control any harmful impact to the environment, then this are  relatively 
inexpensive and hygienic and a sustainable waste treatment method. Such landfills are called sanitary 
landfills. These landfills emanate landfill gas which is mainly methane. Unless this gas is controlled and 
minimized by oxidizing to carbon dioxide or harvested for other use, it could prove to be extremely 
hazardous and a major environment pollutant and a greenhouse gas. The option is a Bioreactor Landfill 
discussed later. 

3.2 General Treatment of Wastewater 

Wastewater treatment, however, can also be organized or categorized by the nature of the treatment 
process operation being used; for example, physical, chemical or biological.  Sewer is either disposed at 
site or collected and centrally disposed. The focus here is to assess the centralized sewer treatment 
systems. 

3.2.1 Physical Treatment 

Physical methods include processes where no gross chemical or biological changes are carried out and 
strictly physical phenomena are used to improve or treat the wastewater.  Examples would be coarse 
screening to remove larger entrained objects and sedimentation (or clarification). In the process of 
sedimentation, physical phenomena relating to the settling of solids by gravity are allowed to 
operate.  Usually this consists of simply holding a wastewater for a short period of time in a tank under 
quiescent conditions, allowing the heavier solids to settle, and removing the "clarified" effluent ( 
Mountain Empire Community College).  

3.2.2 Chemical Treatment 

Chemical treatment consists of using some chemical reaction or reactions to improve the water 
quality.  Probably the most commonly used chemical process is chlorination.  Chlorine, a strong oxidizing 
chemical, is used to kill bacteria and to slow down the rate of decomposition of the wastewater.  Bacterial 
kill is achieved when vital biological processes are affected by the chlorine.  Another strong oxidizing 
agent that has also been used as an oxidizing disinfectant is ozone. A chemical process commonly used in 
many industrial wastewater treatment operations is neutralization.  Neutralization consists of the addition 
of acid or base to adjust pH levels back to neutrality.  Since lime is a base it is sometimes used in the 
neutralization of acid wastes. Coagulation consists of the addition of a chemical that, through a chemical 
reaction, forms an insoluble end product that serves to remove substances from the wastewater ( 
Mountain Empire Community College).  

 

3.2.3 Biological Treatment 

Biological treatment methods use microorganisms, mostly bacteria, in the biochemical decomposition of 
wastewaters to stable end products.  More microorganisms, or sludge, are formed and a portion of the 
waste is converted to carbon dioxide, water and other end products.  Generally, biological treatment 
methods can be divided into aerobic and anaerobic methods, based on availability of dissolved oxygen.  

 

The objective of sewage/wastewater treatment is to process it to the point that it will meet the Effluent 
Discharge Standards of the local authority, or be suitable for re-use, such as use for irrigation.  Treatment 
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of sewage/ wastewater consists of four steps. They are pretreatment, primary treatment, secondary 
treatment and disinfection.  

 

 

                                                                                            

 

 

 

 

 

 

 

Figure 3.1: Typical Sewer Treatment Process 

Pretreatment may take place at the Sewage Treatment Plant (STP) itself. Depending on the characteristics 
of the sewage, pretreatment processes at the STP may include grease removal using a grease trap, and 
screening using a bar screen to remove larger solids. A grit chamber may also be installed if there is a lot 
of sand or grit in the sewage. Primary Treatment takes place after the sewage has been pretreated where it 
flows into a large tank, called a Primary Clarifier or settling tank. Primary Treatment consists simply of 
providing a tank with quiet conditions so that any solids in the water are given a chance to settle, and any 
grease or oil present can float. While the lighter solids and dissolved substances remain in the sewage the 
readily removable solids are removed in the Primary Treatment process. These are removed in the 
Secondary Treatment process, in which bacteria are grown which consume these substances. The 
resulting solids (bacteria) are then removed in a Final Clarifier. 

3.3 Bioconversion methods of waste 

It transpired that there are two main bioconversion treatment of wastes; i.e. Aerobic Digestion and 
Anaerobic Digestion. 

3.3.1 Aerobic Digestion 

This is the natural way of biological degradation, which is also a purification process. This process takes 
place in oxygen rich environments that breaks down and digest the organic materials. This is an oxidation 
process. This process breaks down the pollutants into carbon dioxide, water, nitrates, sulphate and 
biomass. The process could be accelerated by increase in the oxygen supply. 

The biodegradable component, which is putrescible, is macerated and left to react with oxygen available 
in the environment for decomposition. The resulting material, which is compost or mulch, is rich in 
nutritional value to be used as fertilizer, thus converting the waste into a sustainable and useful material. 
Windrowing, this is the regular turning of these piles of biodegradable material to facilitate contact with 
oxygen to accelerate the decomposition. There are also mechanized plants that produce compost from 
the biodegradable waste. 

Pretreate
  

Primary 
 

Bacteria 
 Final 

Clarifier Chlorine 

Primary Treatment Secondary Treatment Disinfection 
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3.3.2 Anaerobic Digestion (AD) 

Another method to decompose the waste is by limiting the reaction with environmental oxygen. 
Anaerobic decomposition is a complex process. Initially, a group of microorganisms converts organic 
material to a form that a second group of organisms utilizes to form organic acids. Methane-producing 
(methanogenic) anaerobic bacteria utilize these acids and complete the decomposition process (The 
Encyclopedia of Alternate Energy). The main products of anaerobic process are biogas, sludge and water. 

This biogas could be converted to energy by combustion. The residue after extraction of biogas could 
also be used as fertilizer. This process is more environmentally friendly than landfill, incineration and 
pyrolysis.  

3.3.3 Anaerobic vs Aerobic treatment 

In aerobic systems, for the microorganisms to reproduce and grow a source of elemental oxygen is 
required. However, in anaerobic digesters the gaseous oxygen is prevented from entering the system by 
physical means. The end products of the anaerobic system are sludge, Methane and carbon Dioxide and 
traces of hydrogen sulfide. Most of the organic carbon available in the feed goes to methane while 
producing less biomass i.e. less sludge generation 

By contrast, in the aerobic system as influent takes oxygen and produces, CO2, H2O and biomass. In this 
process, the majority of the energy is released as heat by oxidation process. Most of the organic carbon 
goes to effluent. 

 

Table 3-1: Comparisons between Anaerobic and Aerobic Systems (Source - (FAO, 1996)) 

 

 

 

 

 

 

 

 

The suitability of organic wastes for composting and digestion depends on the composition of the 
organic material. In general, structured materials with high ligno-cellulosic content are less readily 
degradable under anaerobic conditions and are therefore more suitable for aerobic treatment. Anaerobic 
treatment is preferred for wet, low-structure materials with a high content of readily-degradable organic 
compounds such as kitchen waste while dry and woodier organic wastes like tree branches are more 
suitable for composting (Veeken, 2005). 

 

 

 

Anaerobic digestion Aerobic Composting / Activated Sludge 
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Carbon dioxide Carbon dioxide 

Methane Heat 
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3.4 AD as a sustainable technology  

For many years, anaerobic digestion technology has gained wide acceptance as a renewable source of 
energy. Now it is regarded as a key environmental technology in industrial, agricultural, and domestic 
sectors for integrated solid and liquid waste treatment and for climate protection through mitigation of 
greenhouse gas emissions. Each year some 590-880 million tons of methane are released worldwide into 
the atmosphere through microbial activity. About 90% of the emitted methane derives from biogenic 
sources, i.e. from the decomposition of biomass. The remainder is of fossil origin (e.g. petrochemical 
processes). In the northern hemisphere, the present tropospheric methane concentration amounts to 
about 1.65 ppm. (Kossmann W) 

Almost all organic material, including biodegradable waste such as waste paper and board, garden waste, 
leftover food, slaughter house waste, sewage, animal waste etc. are suited for anaerobic digestion to 
produce biogas. The exception is the woody waste such as lignin. (Wikipedia, 2011) 

3.4.1 The Anaerobic Digestion Process 

Anaerobic digestion is a series of processes in which microorganisms brake down biodegradable materials 
in the absence of oxygen. Almost all biodegradable organic materials such as food waste, animal and 
human waste, grass clippings waste paper are suitable for anaerobic digestion. The exception is large 
woody wastes which contains lignin that inhibits anaerobic process. 

The four key stages of anaerobic process are as follows 

1. Hydrolysis 
2. Acidogenesis 
3. Acetogenesis 
4. Methanogenesis 

 

 
Figure 3.2: Conversion steps of Anaerobic Digestion 
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The large organic polymers of the biomass are first broken into smaller and simpler chains such as sugars, 
amino acids and fatty acids by Hydrolysis. The conversion of these to carbon dioxide, hydrogen, 
ammonia and organic acids is the Acidogenic process. Acetogenic process in turn converts these products 
into acetic acid with additional ammonia, carbon dioxide and hydrogen.  The terminal stage of anaerobic 
digestion is the biological process of methanogenesis. Here the intermediate products thus far generated 
are converted to methane, carbon dioxide and water. It is these components that makes up the majority 
of the biogas emitted from the anaerobic digestion system. The remaining non-digestible material 
constitutes the sludge (Wikipedia, 2011). 

3.4.2 Environmental and operational parameters 

The anaerobic digestion process is influenced by environmental factors such as substrate temperature, 
acidity or alkalinity of the medium, hydraulic retention time (HRT), carbon to nitrogen ratio ammonia 
inhibition, substrate solid content agitation and other inhibition factors.  

Among the factors mentioned, temperature controlling is not required in the Sri Lankan context. The 
three temperature ranges that commonly identified are; 

1. Psychrophilic range – below 20 ºC 
2. Mesophilic range – 20 ºC to 40 ºC   
3. Thermophile range – above 40 ºC  

The mesophilic temperature range best suits the Sri Lankan conditions. In this range the digestion 
precedes best between 30 ºC to 35 ºC (Subramanium , 1977). Though brief temperature fluctuations 
within +/- 1 ºC /hr is un-inhibitory to maintain the temperature between day and night the digester plants 
are placed underground where the temperature of the earth below a depth of one meter is practically 
constant (Held J, 2008) 

The anaerobic digestion is either carried out in the mesophilic (20 to 35 ºC) or the thermophilic range (50 
to 60 ºC). Thermophilic processes produce more biogas in shorter time. However, mesophilic processes 
are often preferred as high temperatures require higher input energy to obtain operation temperatures and 
the production of ammonia, which is toxic for the anaerobic microorganism producing the biogas, is 
higher at higher temperatures (Spuhler, 2012) 

Traditionally AD plants have operated in a mesophilic range as it was difficult to establish and maintain 
high temperature within the digester. The digestion process is well understood, requires less heat to 
sustain the operation and it is said to be more robust and stable due to the larger diversity of bacteria. 
However, thermophilic systems generally operate at a faster rate, 12–14 days rather than 15-30 days for 
mesophilic range. They achieve a higher methane production and more effective sterilization. The 
disadvantages are more expensive technologies, greater energy input and a higher degree of operation and 
monitoring (Monnet, 2003). Although digesters operated in the mesophilic range must be larger (to 
accommodate a longer period of decomposition within the tank [residence time], the process is less 
sensitive to upset or change in operating regime (The Encyclopedia of Alternate Energy). 

Wastewater treatment plants are subjected to variations in one or more parameters that affect or define 
the reactor performance, viz. flow rates, influent type and concentration, sludge retention time (SRT), 
nutrient availability, temperature, pH , presence of xenobiotic as well as others. Some of these variations 
can be predicted and controlled, and the reactor can be designed to accommodate them. But this is not 
the case for all variation, and the reactor’s performance can deteriorate due to extreme transient 
conditions (Leitao, et al., 2006). 

The Hydraulic Retention Time (HRT) and the Sludge Retention Time (SRT) are direct consequences of 
the hydraulic and organic load of the influent. The accumulation of Volatile Fatty Acids (VFA) can be a 
typical reactor response during overloading and during sudden variations in hydraulic and organic loading. 
This stressful condition will lead to the production of significant amounts of carbon dioxide and 
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hydrogen in the biogas. Another typical effect during a situation of stress is the drastic change in biogas 
production rates and composition (Leitao, et al., 2006). 

The operation of the anaerobic reactor will be affected by the fluctuation of the composition of the 
influents. Detergents are some of the common compounds that are discharged into the municipal sewer 
systems. These detergents contain surfactants, which inhibits anaerobic digestion (Leitao, et al., 2006). 

 

3.4.3 AD process and methane generation  

Biogas is produced in anaerobic decomposition as explained above. Biogas is composed of 45% - 85% of 
methane and 15% - 45% of Carbon Dioxide depending on the condition during production. Biogas also 
includes small amounts of Hydrogen Sulphide, Ammonia and Nitrogen. Biogas is saturated with water. 
The biogas obtained from sewage sludge, manure, agriculture crops etc. in a digester is sometimes called 
Digestion Gas. Digestion Gas generally has relatively high methane content (at least 55%). Gas extracted 
from landfills has the smallest methane content (45% - 55%) because methane production from landfill 
mass is not optimized in the same way as it is in a digester (Held J, 2008). 

Methane is a chemical compound with the chemical formula CH4. It is the simplest alkane, the main 
component of natural gas, and probably the most abundant organic compound on earth. The relative 
abundance of methane makes it an attractive fuel. The formula of methane is CH4 and its density is 0.66 
kg/m3 and molar mass is 16.04 g/mole (Wikipedia, 2011).The calorific values of methane obtained are  
HHV 55,530 kJ/kg or 39,820 kJ/m3, LHV 50,000 kJ/kg (Engineering Toolbox). 

3.5 Methane from MSW 

Municipal solid waste (MSW) is composed of different types of waste material usually coming from 
household and commercial sources. A typical MSW stream includes material such as food waste, yard 
waste, paper, aluminum, plastics, wood, construction-demolition, and textiles. Managing high quantities 
of MSW coming from multiple sources has always been a challenge for communities. Several methods 
have been suggested for managing MSW from easier solutions (such as dumping) to more complicated 
solutions (such as sending waste into space). As time has passed and different methods have been applied, 
only a few solutions remain feasible, including landfilling, incineration and recycling. These waste 
management solutions are being used to different extents. However, generating methane from landfilling 
is the most favorable solution worldwide. However there are several factors that will determine the 
methane generation rate. 

 

3.5.1 Waste Composition 

The composition of waste is one of the main factors influencing both the amount and the extent of CH4 
production within Solid Waste Disposal sites. Municipal solid waste (MSW) typically contains significant 
quantities of degradable organic matter. 

The most important biological characteristic of the organic fraction of MSW is that almost all of the 
organic components can be converted biologically to gases and relatively inert organic and inorganic 
solids. 
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Figure 3-1: The average weight composition of waste collected with Standard Deviation (Source - (Van 
Zon, et al., 2000)) 

 

The composition of the waste can affect the gas generation potential and the lag time prior to LFG 
generation. In this respect, disposed waste can be categorized into inert, poorly, moderately, and highly 
degradable material. Disposed waste consisting mainly of food waste is highly degradable. Hence, it is 
favorable for generating more LFG, compared to disposed waste containing more none or poorly 
degradable material such as plastics, paper, and wood (Reinhart, 2010). 

Dry organic substrates consist of volatile solids (VS) and ash. Taken together, these two components 
comprise the total solids (TS) of a substrate. The fraction of ash typically depends on the nature of the 
organic substrate. VS are measured as loss on ignition. Only the biodegradable volatile solids (BVS) 
fraction of the VS has the potential for bioconversion largely because of the presence of refractory 
volatile solids (RVS) which, in most digester feedstock, is mostly lignin. Lignin is a complex organic 
material which is difficult for anaerobic bacteria to degrade and normally requires a long period of time 
for complete degradation. It is clear that organic substrates with high RVS and ash contents have a low 
biodegradability (Kayhanian, et al., 2007). 

It is worthwhile to note that according to Tchobanoglous et al. (1993) the biodegradability of the organic 
fractions of MSW can be best described in relation to both volatile solids (VS) and lignin content. The use 
of VS alone in describing the biodegradability of the organic fraction of waste is often misleading, since 
the waste is maybe high in VS but low in biodegradability like newspaper and plant trimmings which are 
high in lignin (hardly biodegradable) content. For practical purposes, the organic waste components in 
MSW are often classified as high, medium or low degradability in Table 3.2 (Juanga, 2005). 
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Table 3.2: Biodegradable Classification of Organic Components of MSW  (Source - (Juanga, 2005)) 

Organic Waste Components 
Biodegradability 

High Medium Low 

Food Waste x   

Office Paper x   

Yard Waste x   

Lignin (newspaper print)  x  

Wood, Plastic, Textiles   x 

Leather, Rubber   x 

 

3.5.2 Physical factors 

Moisture content is an important physical factor influencing landfill gas production. Moisture is essential 
for bacterial growth and metabolism, as well as for transport of nutrients and bacteria within the Solid 
Waste Disposal Site (SWDS). The moisture content of a SWDS depends on the initial moisture content 
of the waste, the extent of infiltration from surface and groundwater sources, and the amount of water 
produced during the decomposition processes. 

Temperature, pH, and nutrient availability will affect the growth rate of the bacteria. Under anaerobic 
conditions, landfill temperatures are generally between 25-40 ºC. These temperatures can be maintained 
within the sites regardless of the ambient surface temperatures. Outside of these temperatures, CH4 
production is reduced. Optimal pH for CH4 production is around neutral (pH 7.0). Important nutrients 
for efficient bacterial growth include sulphur, phosphorus, sodium and calcium. The significance of these 
physical factors to CH4 generation can be demonstrated within controlled laboratory conditions (IPCC, 
1966). 

3.6 Methane from Wastewater 

According to IPCC reference manual (IPCC, 1966), handling of wastewater and its residual solids by-
product (sludge) under anaerobic conditions results in CH4 production. The extent of CH4 production 
depends primarily on the following factors. 

 

3.6.1 Wastewater Characteristics 

The principal factor in determining the CH4 generation potential of wastewater is the amount of 
degradable organic material in the wastewater. Common parameters used to measure the organic 
component of the wastewater are the BOD (Biochemical Oxygen Demand) and COD (Chemical Oxygen 
Demand).  
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3.6.1.1 Handling Systems 

Handling systems vary in the environment that they provide for CH4 production. Systems that provide 
anaerobic environments will generally produce CH4 whereas systems that provide aerobic environments 
will normally produce little or no methane. 

 

3.6.1.2 Temperature 

With increases in temperature, the rate of CH4 production increases. This is especially important in 
uncontrolled systems and in warm climates. CH4 production typically requires a temperature higher than 
15 ºC. Other factors that influence CH4 generation in wastewater are retention time, degree of wastewater 
treatment, and other site specific characteristics. 

 

3.6.1.3 BOD vs. COD 

The BOD (Biochemical Oxygen Demand) concentration indicates only the amount of carbon that is 
aerobically biodegradable. The standard measurement for BOD is a 5-day test1, denoted as BOD5. The 
time period used in the BOD indicates whether only easily biodegradable materials or more resistant 
compounds are taken into account. COD (Chemical Oxygen Demand) measures the total material 
available for oxidation (both biodegradable and non-biodegradable). Since the BOD is an aerobic 
parameter, it may be less appropriate for determining the organic components in anaerobic environments. 

 

3.7 Anaerobic Reactors for methane generation 

Large-scale anaerobic reactors are used for the conversion of the organic fraction of large volumes of 
slurries and sludge into biogas by anaerobic digestion. 

A classification of basic technologies can be made according to the dry matter content of the substrate, 
which divide the Anaerobic Digestion process in wet (max. 10% - 15% Dry Mass) and dry (max. 20% - 
40% Dry Mass) (Al Seadi ). According to the mechanism of feeding, anaerobic reactors are classified as 
batch reactors and continuously fed reactors. 

3.7.1 Batch reactors  

Batch reactors are used where the reactor is loaded with feedstock at the beginning of the reaction and 
products are discharged at the end of a cycle. The other type of reactor used, mostly for low solids 
slurries, is continuous flow where the feedstock is continuously charged and discharged (Verma, 2002). 

 In a batch system, the biomass is added into a reactor that is sealed for the rest of the digestion process. 
Biogas generation rate is not constant. The biogas generation rate will start slowly up to peak and declines 
after a certain period. When, the extraction of biogas declines, the contents of the reactor is replaced with 
a new batch of substrate. This is the simplest form of anaerobic treatment but can have odor issues 
associated with it. As the most simple, it is also one of the least expensive ways to achieve treatment. The 
batch process on the other hand will treat the influent in batches which is not suitable for a centralized 
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sewer system. USAB is a Batch system similar to multi stage process with two reactors with biomass 
retention therefore is not considered for sewer digestion. 

In the Sri Lankan context, for small and medium scale operations, batch type digester is used. The 
Landfill Biocell, is a digester used for large scale operations such as MSW landfilling treatment.  

 

3.7.2 Continuous reactors 

In the continuously fed digesters, the organic matter is fed at a constant rate to the reactor. The resultant 
end products are continuously or periodically removed. This process ensures a constant biogas 
production rate at steady state. The Chinese and the Indian model digester, and the plug flow reactors 
currently used in Sri Lanka for self-contained biogas extraction processes use the continuous digesting 
system. Others of this form of anaerobic digestion are Continuous Stirred Tank Reactors (CSTR), Up 
flow Anaerobic Sludge Blanket (USAB), Expanded Granular Sludge Bed (EGSB) and Internal Circulation 
Reactors (ICR) (Wikipedia, 2011) 

In a continuous-flow stirred-tank reactor (CSTR), reactants and products are continuously added and 
withdrawn. In practice, mechanical or hydraulic agitation is required to achieve uniform composition and 
temperature, a choice strongly influenced by process considerations. The CSTR is the idealized opposite 
of the well-stirred batch and tubular plug-flow reactors. Analysis of selected combinations of these 
reactor types can be useful in quantitatively evaluating more complex gas-, liquid-, and solid-flow 
behaviors. 

 

 

 
Figure 3.4: Continuous stirred reactor tank (a) with agitator and internal heating (b) with pump and 

external heating 

Because the compositions of mixtures leaving a CSTR are those within the reactor, the reaction driving 
forces, usually the reactant concentrations, are necessarily low. Therefore, a CSTR requires the largest 
volume of the reactor types to obtain desired conversions. However, the low driving force makes possible 
better control of rapid exothermic and endothermic reactions. When high conversions of reactants are 
needed, several CSTRs in series can be used. Equally good results can be obtained by dividing a single 
vessel into compartments while minimizing back-mixing and short-circuiting. The larger the number of 
CSTR stages, the closer the performance approaches that of a tubular plug-flow reactor. 

Continuous-flow stirred-tank reactors in series are simpler and easier to design for isothermal operation 
than are tubular reactors. Reactions with narrow operating temperature ranges or those requiring close 
control of reactant concentrations for optimum selectivity benefit from series arrangements. If severe 
heat-transfer requirements are imposed, heating or cooling zones can be incorporated within or external 
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to the CSTR. For example, impellers or centrally mounted draft tubes circulate liquid upward, then 
downward through vertical heat-exchanger tubes. In a similar fashion, reactor contents can be recycled 
through external heat exchangers. 

The CSTR configuration is widely used in industrial applications and in wastewater treatment units (i.e. 
activated sludge reactors).The high water content and the low solid content of sewer suits this type of 
reactor and the digest process perfectly. 

3.7.3   Single and multi-stage reactors 

The AD system can be further classified according to the number of stages of the configuration. If one 
reactor vessel is used, it is defined as single-stage and otherwise multistage. The single stage digestion 
system incorporates all the biological processes in one sealed reactor. This system is cost effective due to 
the less complexity in construction and operations but has the disadvantage of less control of the 
biological reactions that takes place within the digestion system (Al Seadi ). 

 

 

 
Figure 3.5:  Schematic representation of the single step anaerobic digestion process (Source - (Al Seadi )) 

 

The multi stage digestion system on the other hand have different vessels for pre-selected biological 
processes thereby having more control over the processes to optimize the generation of biogas. However, 
complete isolation of different biological reactions within a vessel is not possible. This system is widely 
used where pasteurizing of the sludge is needed by elevation of temperature at an intermediate stage (Al 
Seadi ). 

 

 
Figure 3.6:  Schematic representation of multi-step anaerobic digestion process (Source - (Al Seadi )) 
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The single stage digester is sub divided into low solid and high solid types. The low solid type is used for 
treatment of wastewater and sewer. The advantage of the single stage low solid digester is the simplicity 
of operation and the technology that is not complex. The machinery used is not sophisticated and as a 
result the cost of such a system is not expensive. 

 In single stage processes, the three stages of anaerobic process occur in one reactor and are separated in 
time (i.e., one stage after the other) while multi-stage processes make use of two or more reactors that 
separate the acetogenesis and methanogenesis stages in space. 

3.7.4   Low Rate and High Rate reactors 

The anaerobic reactors could be differentiated according to the rate of reaction. They are low rate 
anaerobic reactors and high rate anaerobic reactors. Anaerobic ponds and lagoons, Imhoff tanks, biogas 
septic tanks are some of the low rate anaerobic reactors whereas completely mixed anaerobic digesters, 
anaerobic filters, up flow anaerobic sludge blanket (USAB), and fluidized bed reactors fall into the high 
rate anaerobic reactors. Since the rate of flow of influent is high in a centralized sewer system only the 
high rate anaerobic reactors are considered.  

There are three different ranges of solid content: low solid (LS) AD systems contain less than 10% total 
solids (TS), medium solid from 15%-20% and high solid 22%-40%. When increasing the total solid 
content, the volume of the digester decreases, due to lower water requirement. The high solid single stage 
system as the name implies has a fermentation mass with a solid content between 20% and 40%. The 
system has to be robust hence cost of such a system is expensive. 

The predominant reactor for Single stage low solid is the CSTR which has a stirring mechanism to ensure 
that the digestate is continuously mixed. The occurrence of short circuiting, the passage of a fraction of 
the feedstock with a shorter than average retention time, is a technical drawback. It diminishes the biogas 
yield.  

Large-scale biogas reactors are designed for the conversion of the organic fraction of large volumes of 
slurries and sludge into biogas. Typical substrates are excess sludge from large-scale wastewater 
treatment plants, agricultural and food industry wastes, manure, or industrial wastes. Large-
scale anaerobic digesters treating slurries are generally designed according to the wet digestion process 
with 10 to 20 % of total solids (TS). The volumes of the reactors are ranging from several hundred to 
several thousand cubic meters. The most common forms of large-scale digesters are batch reactors and 
continuous-flow; plug-flow and continuously stirred tank reactor (PFR and CSTR). Completely mixed 
and batch systems are generally built vertically, plug-flow reactors are generally horizontal reactors.  

3.8 Existing AD technologies in Sri Lanka 

The anaerobic technologies that are practiced in Sri Lanka could be broadly classified into those using 
Wastewater and those using Solid Waste. Both these segments operate in small scale primarily to generate 
the biogas for the use of the producer. 

The operators using wastewater in the anaerobic process are the beverage industries. The estimated 
annual potential of CH4 production in 1977, 2005 and 2010 is 3.93, 5.94 and 6.92 kt respectively and the 
corresponding total energy potential is 196, 297 and 346 TJ respectively (Perera, et al., 2005). 
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Figure 3.7: Dry Batch Anaerobic Systems’ - Now defunct 

 

The few large-scale reactors that were commissioned for solid waste some time ago have ceased to 
function mainly due to non-availability of substrates that could be attributed to inadequate planning.  

There are four types of anaerobic reactors for the solid waste treatment used by small-scale operations. 
Two types are based on foreign origins; China and India. The third is an indigenous Sri Lankan model. 
The other is the Plug flow model. 

3.8.1 The Indian Reactor 

The Indian reactor is generally known as the “Continuous floating gasholder type”. It is designed to 
maintain a constant pressure of the generated biogas. The amount equivalent to the feed stock introduced 
is discharged and a floating bio gas collecting tank above the digester ensures a constant gas pressure. The 
gas pressure could be between 7 to 9 inches of water depending on the weight of the floating gas drum.  

 

 
Figure 3.8: Schematic Diagram of Indian Type Anaerobic Reactor 
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3.8.2 The Chinese Reactor 

The Chinese reactor on the other hand has a fixed gas chamber and the pressure inside the reactor is 
determined by the level of the slurry inside the reactor. The fixed gas chamber is constructed to ensure 
imperviousness so that there is no seepage of gas. This type is well known as “Continuous Fixed Dome 
type”.  

 

 
Figure 3.9: Schematic Diagram of Chinese Type Anaerobic Reactor 

 

Both the Indian and Chinese types use wet feedstock. The feedstock generally consists of cow dung, pig 
excreta and even human excreta. 

3.8.3 Dry Batch Reactor 

The dry batch type as the name suggests uses dry feed stocks (Figure 3.10). After feeding the substrate, 
biogas will generate within 14 days. Gas generation will last for about two months, which could be 
extended by another month by adding more feedstock and mixing with the existing feedstock in the 
digester. The gas is collected in a tank external to the digester. The feedstock used is biomass, vegetable 
refuse, hay and other organic refuse. 

National Engineering Research and Development Center (NERD Center) is a pioneer research 
organization in Sri Lanka that is responsible the development of the Sri Lankan Dry Batch Biogas unit. 
This innovation received a silver medal in an international exhibition for environmentally friendly 
innovative processes (24E Salon International des invention, Geneva 1996). The dry-batch system is 
designed to handle straw arising out of paddy cultivation. The digestion period identified is six months 
which is also the paddy cropping cycle. The concept is to obtain straw from one crop, digest it for six 
months and take out the digested material for use as fertilizer for the next crop. The project helped 
NERD Centre to commercialize the dry batch technology (Munasinghe, 2000). 

In an anaerobic process when the temperature, composition of feedstock and other operating parameters 
are appropriate biogas will start generating when the moisture is around 80% by weight. However when 
the organic material are submerged in water for more than two months the nitrogen content in the feed 
stock material will be converted to ammonia which will dissolve in water. Ammonia is an inhibiter of 
biogas.  
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Figure 3.10: Schematic Diagram of Dry Bach Anaerobic Reactor 

 

3.8.4 Plug Flow reactor 

The above-mentioned Chinese Indian and the Sri Lankan reactors are not capable of handling the daily 
disposal of solid waste successfully. Although biogas technology has been around for years there was no 
technology that could transform more solid waste into biogas on a daily basis. Therefore , Plug Flow 
Type Biogas Units (PFTBU) have now been introduced to Sri Lanka to test whether they could 
effectively  process organic waste such as market garbage and kitchen waste, crop residues and paddy 
straw etc. on a regular basis. (Kahandawela, 2010).  

This type of digester consists of long trench, where the length of the trench is considerably larger than the 
width and the height, which is lined with concrete or an impermeable membrane.  

 

 
Figure 3.11: Plug Flow Anaerobic Reactor 
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Figure 3.12: Schematic Diagram of a plug flow reactor 

All plug-flow reactors are continuously or semi-continuously fed. In a plug-flow reactor, material passes 
through, ideally, without interacting with the material fed in before or after it. These reactors can be 
thought of as tubes through which independent batches of reacting material pass. The reactor can be 
either vertical or horizontal flow as shown in Figure 3.12. The retention time for a plug-flow reactor is the 
length of time it takes a mass introduced at the beginning of the reactor to pass through and be removed 
from the other end  Most horizontal plug-flow digesters are operated under low solids (usually with TS of 
less than 10%). Because the incoming, high-nutrient wastes are not diluted into the rest of the digester 
contents, the plug-flow digesters are more susceptible to system upsets due to sudden increases in waste 
concentration, called shock loadings. Fortunately, a certain degree of back mixing is unavoidable 
throughout the reactor due to longitudinal dispersion (Kayhanian, et al., 2007).  
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4. Current sustainable waste management 
technologies 

In identifying prospective biogas generating technologies that may be used in Sri Lankan context, a 
distinction is made between the MSW and Sewage. Therefore, the biogas generating technologies for the 
two processes would be discussed separately. 

 

4.1 Technologies for MSW Treatments 

The normal method of disposal of MSW is to use it for landfill. However this is done haphazardly 
without any regard for the impact on the environment or the surroundings and its sustainability.   

Landfill has been defined (1) as “the engineered deposit of waste onto and into land in such a way that 
pollution or harm to the environment is prevented and, through restoration, land provided which may be 
used for another purpose”. In general term a sustainable landfill described as “a landfill designed and 
operated in such a way that minimizes both short-term and long-term environmental risks to an 
acceptable level” (Karthikeyan, et al.).  

Traditionally landfills were constructed to become waste repositories where the waste was entombed on a 
piece of land and often left on its own.  Bioreactors are landfills where controlled addition of non-
hazardous liquid wastes or water accelerates the decomposition of waste and landfill gas generation 
(ITRC, 2005).  

The bioreactor technology has evolved from relatively smaller Biocells to Landfill Bioreactors and to the 
more advanced Anaerobic Bioreactor Controlled Landfill. 

 

4.1.1 Landfill Bioreactors for MSW 

There are three different general types of bioreactor landfill configurations: 

Aerobic - Leachate is removed from the bottom layer, piped to liquids storage tanks, and recirculated 
into the landfill in a controlled manner. Air is injected into the waste mass, using vertical or horizontal 
wells, to promote aerobic activity and accelerate waste stabilization.  

Anaerobic - Moisture is added to the waste mass in the form of re-circulated leachate and other sources 
to obtain optimal moisture levels. Biodegradation occurs in the absence of oxygen (anaerobically) and 
produces landfill gas. Landfill gas, primarily methane, can be captured to minimize greenhouse gas 
emissions and for energy projects.  

Hybrid (Aerobic-Anaerobic) - The hybrid bioreactor landfill accelerates waste degradation by 
employing a sequential aerobic-anaerobic treatment to rapidly degrade organics in the upper sections of 
the landfill and collect gas from lower sections. Operation as a hybrid results in an earlier onset of 
methanogenesis compared to aerobic landfills (Karthikeyan, et al.) 
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Figure 4-1: Typical Bioreactor cell 

 

The underlying principle of the bioreactor landfill is that by optimizing operational control and 
environmental conditions within the waste (especially moisture content), more rapid and complete 
degradation of waste may be achieved. The general objective is to produce a “stable waste” within a 
reasonable time scale, and thus ensure that the risk to the environment will be at an acceptable level when 
liner failure occurs. Figure 4.1 gives the schematic view of bioreactor landfills. 

The design and operation of landfill bioreactor is based primarily on sanitary landfills. However the 
Bioreactor landfills are designed and operated by increasing the moisture content of waste. This is to 
stimulate the degradation and stabilization of the waste material. The moisture is taken from the MSW 
and any sludge present in the MSW to provide the necessary bacteria and other microorganisms to 
accelerate the degradation process. Most landfills do not generate sufficient volumes of leachate to 
increase moisture content of MSW from an average ambient moisture content of 20 to 25 % by wet 
weight to optimal levels of 40 to 60% by wet weight. Liquids from outside the landfill boundaries will be 
required. Specifically, water or aqueous amendments (>50% water) are the most beneficial to increasing 
the population of bacteria that are naturally present in the landfill to optimize their performance in 
generating gas (ITRC, 2005). 

Recirculating leachate from a landfill is of paramount importance to bioreactor operation. When the 
leachate generation is inadequate the make-up liquids provide additional moisture to attain optimal waste 
moisture content. Acceleration of the decomposition is achieved by liquid recirculation. This may be 
augmented by injection of air to enhance aerobic biodegradation. The primary function of the bioreactor 
landfill is to accelerate the degradation of MSW. 

Research indicates that a bioreactor may generate LFG (landfill gas) earlier and at a higher rate than 
traditional dry landfills. In a bioreactor, LFG is also generated over a shorter period of time because LFG 
generation declines as the accelerated decomposition process depletes the source waste. The net result 
appears to be that the bioreactor produces more LFG during the period when the landfill is operating, 
than the traditional landfill (ITRC, 2005) The Figure 4.2 below compares the methane production rate 
between the bioreactor and the traditional landfill (ITRC, 2005). 

For economic and regulatory reasons, trend in landfill design is to build deep cells (or phases) that are 
completed within two to five years which bodes well for bioreactor landfill evolution. Phased cell 
construction can more easily take advantage of emerging technological developments, rather than 
committing long term to a design that may prove to be inefficient. Once closed, methanogenic conditions 
within the cell (phase) are optimized and gas generation and extraction is facilitated. However, extremely 
deep landfills may be so dense in the lower portions that refuse permeability will inhibit leachate flow. In 
these instances, it may be necessary to limit addition and/or recirculation to the upper levels, or develop 
adequate internal drainage management capability (Guptha, et al., 2007). 
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Figure 4-2: Comparison of Methane Production rate between Bioreactor and Traditional Landfill  

(Source - (ITRC, 2005)) 

 

4.1.1.1 Biocell 

Land-fill biocells are special designed cells for rapid methane recovery by undergoing an accelerated 
digestion. These cells are called biocells or digestion cells. The "biocell," which is essentially a large pit, 
lined with clay and plastic and sealed with an organic bio-cap that lets in water but traps fumes. 

The cell is loaded with 50,000 tons of garbage. Theoretically, anything can go in but waste that 
decomposes quickly works best. When it is full, the cap is applied. Then the oxygen is sucked out of the 
cell, water is added and the leachate that collects at the bottom of the pit is continually pumped to the top 
and allowed to filter back down. This accelerates the breakdown of the waste and increases the methane 
output. 

4.1.1.2 Anaerobic Bioreactor Controlled landfill 

An advanced waste landfill bioreactor approach termed the “Anaerobic Bioreactor Controlled Landfill”, 
ABC Landfill; technology has been under development at the Central Landfill in Yolo County, California 
for over ten years. Demonstration cells at a scale of 9,000 tons have operated at this site since 1994 and 
recently a full-scale landfill of over 100,000 tons has started operations. The ABC Landfill technology 
involves the controlled addition of moisture, increased temperatures and recirculation of leachate, to 
result in a greatly accelerated rate of waste decomposition and landfill gas production. Methane capture is 
maximized by surface membrane overlying a surface permeable layer operated at slight vacuum to 
conduct gas to collection. Expected environmental benefits include local air pollutant reductions, long-
term sequestration of photosynthetic and other carbon sources, complete methane recovery and greatly 
reduced solid waste-related greenhouse emissions. The rapid (< 10 years) and substantial (20 –25%) 
reduction in landfill volume due to settling, can significantly extend landfill life, compared to current 
technology where waste decomposition typically extends over fifty years or more (Augenstein, et al.) 
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4.2 Technologies for Sewer/wastewater Treatments 

Treating sewage biologically means to remove dissolved and suspended organic pollutants and to some 
degree minerals from water. During an aerobe process the polluting products removed are either 
transformed into biomass, known as sewage sludge, or burnt biologically to carbon dioxide (CO2). The 
result of this degradation process is about 50 % of the energy content in form of new biomass and 50 % 
energy in form of heat. Under anaerobic conditions, large compounds of biomass are stepwise degraded 
to sugar and fatty acids and further to methane (CH4) and carbon dioxide (CO2). This process is only to a 
very little degree exothermal and subsequently very little bacteria mass is formed. Under degradation of 
biomass about 7 % of its COD is transformed into new bacteria mass and over 90 % into methane 
(Kepp, et al.). 

Anaerobic processes are used to stabilize sludge such as in a sludge digester at treatment plants. If the 
slow growing anaerobes can be maintained in the reactor at high concentrations by letting the wastewater 
to rapidly pass through the reactor, it will ensure high volumetric conversion rates. This means the sludge 
retention time (time for sludge biomass solids to pass through system) is separated from the hydraulic 
retention time (time for liquid to pass through system). The main mechanism of retaining sludge in the 
reactor is by due to microorganisms sticking to surfaces for an example filter material or microorganisms 
sticking to each other, e.g. sludge granules.  

Sludge characteristics such as Total Solids (TS), Volatile Solids (VS) and Chemical Oxygen Demand 
(COD) play an important role in efficient biogas production. COD and VS are the most important 
components to decide the quantity of organic matter in the wastewater and sludge. COD is often used for 
water with low TS content and VS is used to measure the organic content of sludge with higher TS. COD 
is measured as mg O2/L and describes the quantity of oxygen that is consumed to oxidize the organic 
matter in the waste (Thouars, 2007). 

One way of optimizing the biogas from sewer is to thicken the sludge. Sludge thickening is the first and 
simplest stage in reducing the volume of sludge by increasing the TS, dry solid content. The other stage is 
reducing the volume in dewatering and then drying. Thickening has several advantages, it reduces the 
volume of the sludge pumped into the digester needs to the digesters, and it increases retention time in 
the storage tanks of anaerobic digester and therefore increases the biogas production (Thouars, 2007). 

There are several methods of thickening 

• By gravity – This is letting the sludge remain a long period of time in a tank so that it gets 
compacted and settle at a bottom of the tank. 

• With elutriation – Elutriation is the process of washing the sludge with clean water to improve 
the physical and chemical properties of sludge. It eliminates fine and colloidal matter that 
accelerates thickening. 

• By Flotation – To make sludge lighter than water  

 

4.3 Introduction to anaerobic Co-Digestion 

Co-digestion is the term coined to describe the anaerobic digestion using several substrates of 
complementary characteristics. Some of the most popular co-digestion treatment are combining the 
organic fraction of the municipal solid wastes (OFMSW) and agriculture residues, organic solid wastes 
with sewage sludge or more specific wastes (Fernandez, et al., 2005). 

An interesting option for improving yields of anaerobic digestion (AD) of solid wastes is co-digestion. 
That is, the use of a co-substrate, which in most cases improves the biogas methane production yields due 
to positive synergisms that establish the digestion medium and the supply of missing nutrients by the co-
substrates. Sometimes the use of a co-substrate can also help to establish the required moisture contents 
of the digester feed. Other advantages are the easier handling of mixed wastes, the use of common access 
facilities and the known effect of economy of scale. (Huy, 2008) 
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Figure 4-3 : Concept of centralized co-digestion 

 

One of the important considerations of the feedstock is the carbon nitrogen ratio (C/N). A C/N ratio in 
the range of 20 to 30 is considered optimum for anaerobic digestion. If the C/N ratio is very high the 
nitrogen will be consumed rapidly by methanogens for meeting their protein requirements. On the other 
hand if the C/N ratio is too low, Nitrogen will be liberated and accumulated in the form of Ammonia. 
Ammonia will increase the pH value of the content in the digester and a pH value higher than 8.5 will 
start showing toxic effect on methanogens population (FAO, 1996). Therefore, materials with higher 
C/N ratio could be mixed those with low C/N ratio to bring the average C/N ratio of the composite mix 
to the acceptable level. Co-digestion is a solution.  

Among the co-digested wastes, one of the most commonly used is lipids. Lipids characterized as either 
fats or oils and greases, are one of the major organic matters found in food wastes and some industrial 
wastewaters, such as those coming from slaughterhouses, diary industries or fat refineries. However, 
anaerobic treatment of organic wastes with high lipid content presents several problems. On the one 
hand, absorption of lipids onto biomass can cause sludge flotation and washout. On the other hand it has 
been widely reported that high Long Chain Fatty Acids (LCFA) concentration can destabilize anaerobic 
digestion due to inhibition of methanogenic bacteria by possible damage to cellular membrane. 
Nevertheless, adaptation of microorganisms to high loads of LCFA to degrade concentration well above 
the inhibition limits are also reported (Fernandez et al 2005). 

 

4.3.1 Optimization of anaerobic co-digestion 

In anaerobic digestion, co-digestion is the term used to describe the combined treatment of several wastes 
with complementary characteristics, being one of the main advantages of the anaerobic technology 
(Fernandez, et al., 2005). Co-digestion of organic wastes is a technology that is increasingly being applied 
for simultaneous treatment of several solid and liquid organic wastes. The main advantages of this 
technology are improved methane yield because of the supply of additional nutrients from the co-
digestates and more efficient use of the equipment and cost‐sharing by the processing multiple waste 
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stream in a single facility. Co-digestion of organic wastes with municipal wastewater sludge can increase 
digester gas production and provide savings in the overall energy costs of plant operations  

The advantages of anaerobic co-digestion process are as follows: 

• Increasing the methane yield 
• Improving the process stability 
• Achieving better handling of the waste 

Waste treatment by co-digestion is economically more favorable due to: 

• Combination of different waste streams in one common treatment facility 
• Treatment of larger waste amounts in the centralized large‐scale facility 

Generally, the key for co-digestion lies in balancing several parameters in the co‐substrate Mixture. Some 
qualities of each co‐substrate can be advantageous for use in the biogas process while other qualities can 
hinder the degradation solely of this waste type. Among the co-digested wastes, one of the most 
commonly used is lipids. Lipids, characterized either as fats or oils and greases, are one of the major 
organic matters found in food wastes and some industrial wastewaters, such as those coming from 
slaughter houses, dairy industries or fat refineries. Lipids included in waste and wastewater consists mainly 
of triacylglycerides and long-chain fatty acids (LCFAs) (Fernandez, et al., 2005). 

Co-digestion of thickened waste activated sludge (TWAS) and fat, oil and grease (FOG) was conducted 
semi-continuously under mesophilic conditions. The results showed that daily methane yield at the steady 
state was 598L/kg VS (added) when TWAS and FOG (64% of total VS) were co-digested, which was 
137% higher than that obtained from digestion of TWAS alone. The biogas composition was stabilized at 
a CH4 and CO2 content of 66.8% and 29.5%, respectively. Micronutrients added to co-digestion did not 
improve the biogas production and digestion stabilization. With a higher addition of FOG (74% of total 
VS), the digester initially failed but was slowly self-recovered; however, the methane yield was only about 
50% of a healthy reactor with the same organic loading rate (Wan, et al., 2011). 
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5. Modeling AD Processes 

Anthropogenic methane emissions is a major concern for global warming, hence it is necessary to be able 
to estimate biogas generation. Accurate estimates of biogas generation could help to estimate biogas 
collection efficiency and the amount of uncollected biogas, which is emitted to the atmosphere. Modeling 
biogas generation and collection potential is necessary not only for the greenhouse gas (GHG) emission 
issue, but also for the estimation of its energy potential. Considering biogas is a renewable and sustainable 
source of energy the task is to arrive at a suitable model to evaluate the Biogas generation and collection 
potential.  

The volume of MSW generated per day is known as 700 metric tons and the composition of MSW are 
available in Table 2. With these available data and standard data for components of MSW derived 
elsewhere and available in literature the determination of Chemical formula for MSW generated within 
Colombo city was computed. Therefore a model that would use the chemical composition as a base was 
applied to determine of the theoretical yield of biogas from MSW. 

There is no evidence of any reasonable research or analysis done on sewer. Further sewer by itself does 
not possess sufficient potential for generation of Biogas. Therefore the possibility of co-generation with 
food waste is considered. Anaerobic Digestion Model No 1 (ADM 1) is applied to model the co-digestion 
process. 

5.1 AD Modelling for Landfilling  

Estimating the amount of biogas generated in the landfill is the primary aspect in planning the recovery of 
methane. There have been many methane generation models applied with different approaches. The 
objective is to maximize the accuracy of the model outcomes.  

Landfill gas generation can be modeled empirically using zero-order, first-order, or second-order 
generation models. Studies have shown that zero-order model outcomes are not reliable due to relatively 
high errors; higher order models have lower errors when comparing model outcomes to measured data 
(Oonk et al., 1994). Increasing from first-order to second-order makes the modeling procedure more 
complicated and is not justified by the increase in accuracy (Oonk et al., 1994), therefore most models are 
based on a first-order equation. Considering the fact that moving from a first-order to a second-order or 
a multi-phase model makes the modeling procedure much more complicated, most users stick with the 
first-order model (Reinhart, 2010). 

5.1.1 First Order Decay Model 

The IPCC (1966) defines a first order decay model be used to model the rate of CH4 generation over 
time. This approach has been used extensively to model landfill gas generation rate curves for individual 
landfills. To allow for variances in annual acceptance rates, a derivative of this equation is given below 
which can be used to estimate CH4 generation from waste landfilled in a single year. To estimate the 
current emissions from waste placed in all the years, summation for all values of 𝑅𝑥 must be taken 

 

𝑸𝑻,𝒙 = 𝒌 𝑳𝟎 𝑹𝒙𝒆−𝒌(𝑻−𝒙)    (Eq. 1) 

Where 

  𝑄𝑇𝑋 = The amount of methane generated in current year T by the waste Rx (m3/yr) 

  𝐿0        = methane generation potential (m3/Mg of refuse) 

  𝑅𝑥        = the amount of waste disposed in year x (Mg) 

  k        = methane generation rate constant (1/yr) 
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  T       = current year 

x       = year of waste input 

 

In order to estimate the current emissions from waste placed in all years, Eq (1) can be solved for all 
values of Rx and the results summed: 

 

𝑸𝑻 =  ∑ 𝑸𝑻𝒙
𝑻
𝒙=𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝒚𝒆𝒂𝒓     (Eq. 2) 

 

According to Reinhart (Reinhart, 2010) based on composition and degradability waste can be defined in 
four major categories. 

• Readily biodegradable waste components, such as food waste and some types of green waste 
• Moderately biodegradable waste components, such as paper waste and remaining portions of 

green waste 
• Slowly biodegradable waste components, such as some type of paper waste and wood waste 
• Non- biodegradable waste components, such as glass, plastics, metal, concrete, etc. 

The Eq (2) could be expanded further to accommodate the methane generation potential of various 
components of the waste categorized according to its biodegradability as segmented above. In that case 
the total methane generation will be the sum of the methane generation of each segment of the MSW 
which is given by Eq (3).  

 

𝑸𝑻 =  ∑  𝒏
𝒊=𝒋 ∑ (𝑸𝑻𝒋𝒙)

𝑻
𝒙=𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝒚𝒆𝒂𝒓     (Eq. 3) 

  j = component of waste according to biodegradability 

5.1.2 Parameters for First Order Decay model  

The recommended method to estimate Land Fill Gas (LFG) model parameters is to determine methane 
generation potential using disposed municipal solid waste (MSW) composition and laboratory 
component-specific methane potential values.  

The methane generation potential (L0) represents the potential of a waste stream to generate a specific 
amount of methane per unit mass. Consequently, it is mainly a function of the waste composition. The 
gas generation rate (k) is a value that ultimately defines the time span of methane generation from a waste 
stream under specific site conditions (Reinhart, 2010).  

5.1.2.1 Chemical composition of MSW 

Chemical properties of MSW are very important in evaluating the alternative processing and recovery 
options. Selecting the most appropriate value for L0 and k is one of the most important and challenging 
tasks of LFG modeling. Therefore determination of the physical and chemical composition of waste is a 
pre-requisite. 

There are adequate details available regarding the physical composition of MSW in Sri Lanka. The Section 
2.1.2 Properties of MSW gives details of the physical composition of MSW in the city of Colombo and its 
suburbs. Table 2.2 gives the waste composition of two municipal councils and three provincial councils 
within the Western Province where Colombo is located. It is reasonable to assume that the average of 
these compositions would be considered the representative waste composition of City of Colombo. 

Other important information required for computation of the chemical formula of waste are the Ultimate 
Analysis of the waste, the biodegradable fractions of various components of MSW and the moisture 
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content of each components of MSW. In the present study both L0 and k have been estimated on 
theoretical basis, with reference to a component characterization of the waste specific for the western 
province of Sri Lanka. For each material component the chemical composition, the moisture and the 
biodegradability coefficients have been assumed. Given the component characterization of waste and the 
fraction and biodegradability of each component, it is possible to describe chemical composition by the 
generic formula CaHbOcNdSe using stoichiometric based approach. 

5.1.2.2 Application of Ultimate Analysis  

Ultimate analysis is one way of determining the molecular formula of waste. This involves the 
determination of the percent C (carbon), H (hydrogen), O (oxygen), N (nitrogen), S (sulfur) and ash. The 
results are used to characterize the chemical composition of the organic matter in waste. By using the 
ultimate (atomic) analysis of various types of wastes and the atomic weights of the respective elements, it 
is possible to derive the composite molecular formulae corresponding to wastes. 

Ultimate analysis of MSW in Sri Lanka is not available. Therefore typical ultimate analysis data obtained 
from literature, as shown in Table 5.1, will be used. 

 

Table 5.1: Typical data on Ultimate Analysis of the combustible components in MSW adapted from  
Tchobanoglous, Theisen and Vigil  - (Source - (Tadesse, 2004)) 

Component 
Percent by weight (dry basis) 

Carbon Hydrogen Oxygen Nitrogen  Sulfur Ash 

Food Wastes (mixed) 48.00 6.40 37.60 2.60 0.40 5.00 

Cardboard 44.00 5.90 44.60 0.30 0.20 6.00 

paper (mixed) 43.50 6.00 44.00 0.30 0.20 6.00 

Plastics (mixed) 60.00 7.20 22.80 - - 10.00 

Textiles 55.00 6.60 31.20 4.60 0.15 2.50 

Rubber 78.00 10.00 - 2.00 - 10.00 

Leather 60.00 8.00 11.60 10.00 0.40 10.00 

Garden Trimmings 47.80 6.00 38.00 3.40 0.30 4.50 

Wood (mixed) 49.50 6.00 42.70 0.20 <0.1 1.50 

Miscellaneous 48.50 6.50 37.50 2.20 0.30 5.00 

Dirt, ashes etc. 26.30 3.00 2.00 0.50 0.20 68.00 

5.1.2.3 The effect of biodegradability 

It was identified that one of the most important factors in biogas generation in MSW is the 
biodegradability of its components. The Table 5.2 gives biodegradability of various components of 
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municipal solid waste as suggested by various authors. The biodegradability values given by 
Tchobanoglous are used in this study. 

 

Table 5.2: The Biodegradable fraction values of components of MSW suggested by different researchers 
according to Machado et al., 2009 – (Source - (Reinhart, 2010)) 

Author 

Biodegradable Fraction 

Paper Cardboard Food 
waste 

Garden 
waste Wood Textiles 

Tchobanoglous et al. 
(1993);  

Bonori et al. (2001) 
0.44 0.38 0.58 0.45 0.61 0.40 

Barlaz et al. (1997) 0.19-
0.56 0.39 0.70 0.70-0.34 0.14 N/A 

Harries et al. (2001) 0.30-
0.40 0.44 N/A 0.20-0.51 0.30-

0.33 
0.17-
0.25 

Lobo (2003) 0.40 0.41 0.64 0.35 0.17 0.32 

 

It is assumed that the landfill will be kept open for five years before closure. A year will have 340 days of 
MSW input at 700 Mt per day. 

In determining the chemical formula the following assumptions were made. 

• In the composition breakdown of MSW  given in Table 2.1, the easily biodegradable component 
is considered to be food waste 

• The long term biodegradable components are considered to be yard waste which is mainly lignin 
trimmed branches. 

5.1.2.4 Methane Generation Potential - L 0  

The methane generation potential (L0), represents the potential total volume of methane generated from a 
specified quantity of disposed waste, i.e. ultimate yield. The methane generation rate constant controls the 
predicted time over which methane is generated from the specified waste stream.  Consequently, it is 
mainly a function of the waste composition (Reinhart, 2010).  

There are three approaches to predict the methane generation potential  𝐿0 : two theoretical methods and 
one experimental method. As theoretical methods, stoichiometric approach has been widely used for 
methane generation estimation, which uses elemental composition of waste components (Tchobanoglous 
et al.1993). Another theoretical method is to use organic carbon content of waste components (IPCC, 
2006). However, those methods cannot reflect biodegradability of wastes in anaerobic condition (Jeon, et 
al., 2007).  

To theoretically determine the average methane generating potential (L0) of the MSW in Colombo city, 
stoichiometric approach is used. Buswell gives the stoichiometric equation of conversion of organic 
matter to methane and carbon dioxide elemental composition of waste as shown in equation below.  
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    (Eq. 4)                           

If the composition of the waste is known, the Buswell equation can be used to estimate the amount of 
Methane (CH4), carbon dioxide (CO2), Ammonia (NH4), and hydrogen sulphide (H2S) that would be 
produced under anaerobic conditions. 

According to the Buswell formula each kilo mole of degradable MSW will produce �𝑎
2

+ 𝑏
8
− 𝑐

4
− 3𝑑

8
− 𝑒

4
� 

kilo moles of methane. At standard temperature and pressure gas will occupy 22.4 m3 per kilo mole. 
Therefore with the identification of the molecular formula of the MSW, L0 is determined. 

According to Machado, theoretical predictions result in maximum values for L0, while in reality these are 
never reached. One of the main reasons is that not all of the organic waste is biodegradable, requiring a 
biodegradability-factor which is an unknown parameter itself. The default value suggested by US EPA is 
100 m3Mg-1 of “as received” waste (Reinhart, 2010). 

5.1.2.5 Gas generation rate constant k 

The gas generation rate (k) is a value that ultimately defines the time span of methane generation from a 
waste stream under specific site conditions. The k value determines the rate of generation of methane 
from refuse in the landfill. The higher the value of k the faster total methane generation at a landfill 
increases (as long as the landfill is still receiving waste) and then declines overtime after landfill closes. 
The value of k is a function of the following factors: (1) refuse moisture content, (2) availability of 
nutrients for methane-generating bacteria, (3) pH, (4) temperature, (5) composition of waste, (6) climatic 
conditions at the site where the disposal site is located, (7) characteristics of the Solid Waste Disposal Site 
(SWDS), and (8) waste disposal practices (Wangyao, et al., 2010) 

Generally, each waste component degrades at a different rate (Machado et al., 2009), however most 
models assume a single overall value for k. The value of k can be defined through laboratory studies, 
pilot-scale cells, or by comparing measured LFG from full-scale sites to model outcomes. The 
degradation rate is dependent on environmental conditions, e.g. increased moisture content results in 
faster waste degradation, therefore generating a higher k value (Machado et al., 2009) (Reinhart, 2010).  

 

5.1.3 Determination of the First Order Decay Parameters  

5.1.3.1 Molecular Formula of MSW 

One of the pre-requisites to derive the molecular formula of the MSW is to know its composition. Table 
2.2 in section 2.1.2 gives the physical composition of waste collected in two municipalities, two urban 
councils and two pradeshiya shabhas within the Western Province as given by the Waste management 
Authority of Western Province.  The composition of waste specifically for the MSW of Colombo 
Municipal council is not available. Since the Colombo municipal Council is within the western province 
the average composition of the waste of the two municipal councils given by the Waste Management 
Authority of Western Province is considered to be a representative composition of MSW within 
Colombo. Accordingly the waste composition of MSW generated within Colombo is as given in Table 5.3 
below. 
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Table 5.3: Representative composition of MSW of Colombo Municipality (Source - MSW analysis of 
Waste Management Authority of Western Province) 

Category Average % by weight 

Easily Bio degradable 33.93 

Long term Biodegradable 45.43 

News Paper 5.37 

Cardboards  2.32 

Cotton 2.02 

plastic 1.12 

Polythene 6.15 

PVC 0.47 

Rubber 0.24 

Construction Demolitions 0.72 

Glass 0.97 

Nylon 0.65 

E Waste 0.17 

Clinical Waste 0.07 

Others 0.38 

Total 100.00 

 

In segregating the various waste components Table 5.3 identifies all easily biodegradable elements as one 
component. It does not specify the constituents within the easily biodegradable component. However in 
the report Garbage in Sri Lanka states that the organic fraction consists mostly of food remains (e.g. rice 
& curry, bread, etc.) and kitchen waste (e.g. peelings, vegetables, fruit, curry leaves, coconut fiber and 
shells, etc.) (Van Zon, et al., 2000). Therefore it is justifiable to assume that the easily biodegradable 
component of the MSW in Colombo city is mostly food waste. Table 5.2 gives the biodegradable fraction 
of each component of MSW. Appendix A gives the moisture content of each component of MSW. All 
these data were used to determine the molecular structure of MSW.  

According to computations given in Appendix B neglecting sulphur which is negligible and rounding off 
to the nearest integer, the molecular formula of MSW generated within the Colombo Municipal Council is  
𝐶21𝐻31𝑂12𝑁.    

Despite the heterogeneity of materials in MSW, the mean hydrocarbon structure can be approximated by 
the organic compound 𝐶6𝐻10𝑂4 (Themelis, et al., 2002). If the formula 𝐶21𝐻31𝑂12𝑁 is normalized for a 
six carbon atom Structure it will be, when rounded off,  𝐶6𝐻9𝑂4 and is almost equal to the generalized 
formula approximated by Themelis. 
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5.1.3.2 Average Methane generation potential L 0  

𝐿0 can be defined using waste stoichiometry, laboratory values, or model fitting using full-scale data. For 
instance, the stoichiometric approach is based on the waste stream chemical formula derived from 
laboratory analysis of the elemental chemical content (Reinhart, 2010). 

The Stoichiometric potential of methane as per the Buswell formula (4) is �𝑎
2

+ 𝑏
8
− 𝑐

4
− 3𝑑

8
� moles of 

CH4 per mole of biodegradable MSW. The sulfur component is very insignificant and has not been 
considered. 

Substituting the derived chemical formula for MSW (5) in the Buswell equation (4) gives that 10.5 moles 
of CH4 are generated per mole of MSW. 

The following are obtained from the computations the details are which are in Appendix 2. 

The total organic fraction of MSW  = 86.8%. 

Biodegradable percentage of the organic fraction = 44.22% on dry basis.  

The average Dry fraction of MSW  = 48.69% 

The kg of dry biodegradable organic material in a metric ton of MSW is: 

1000 x 86.8% x 44.22% x 48.69% = 186 kg per 1000 kg of dry MSW  

Substituting the molecular weights of each element in the derived MSW formula we obtain the molecular 
weight of MSW as 477 g.  

Therefor there are (186 000/477) =   391 biodegradable moles of MSW in a metric ton of MSW.  

This means that there are 391 x 10.5 =4 114 moles of CH4 in a metric ton of MSW. 

At STP there is 22.4 l/mole of gas. 

Therefore the potential of CH4 per metric ton of MSW is 22,4 x 4 114 = 92 m3.  

According to the definition therefore 𝐿0= 93 m3/Mg of MSW. 

 

5.1.3.3 Methane generation rate constant k 

Different organizations including the US EPA and the IPCC have proposed default values for L0 and k. 
For example, k values in the open literature generally range from 0.01 yr-1 to 0.21 yr-1 with 0.04 yr-1 being 
a commonly applied value (Pierce et al., 2005; Garg et al., 2006). But values of 0.30 yr-1 and 0.50 yr-1 have 
also been reported under specific conditions such as for bioreactor operating landfills or for rapidly 
degradable fractions of waste (Faour and Reinhart, 2007; Ogor and Guerbios, 2005). The suggested 
default value by US EPA is 0.04 yr-1 for areas receiving 63.5 cm (25 inches) or more of rain per year, and 
0.02 yr-1 receiving less than 63.5 cm (25 inches) of rain, and 0.30 for wet landfills (US EPA AP-42, 1997; 
US EPA, 2008a) (Reinhart, 2010). 

The rainfall in Colombo exceeds 65 cm per year, Therefore the suggested value for k, 0.04 yr-1 by US 
EPA for areas receiving 63.5 cm or more rain per year is considered.  
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5.2 AD modelling for sewer 

The principal factor in determining the CH4 generation potential of wastewater is the amount of 
degradable organic material in the wastewater. Common parameters used to measure the organic 
component of the wastewater are the Biochemical Oxygen Demand (BOD) and Chemical Oxygen 
Demand (COD). Under the same conditions, wastewater with higher COD, or BOD, concentrations will 
generally yield more CH4 than wastewater with lower COD (or BOD) concentrations 

Co-digestion of organic wastes is a technology that is increasingly being applied for simultaneous 
treatment of several solid and liquid organic wastes together. The main advantages of this technology are 
improved methane yield because of the supply of additional nutrients from the co-digestates and more 
efficient use of the equipment and cost‐sharing by the processing multiple waste stream in a single facility. 
Co-digestion of organic wastes with municipal wastewater sludge can increase digester gas production and 
provide savings in the overall energy costs of plant operations. 

Anaerobic co-digestion process can be analyzed and optimized by using mathematical models such as 
Siegrist model.  In Siegrist model, methane, carbon dioxide and hydrogen production details are similar to 
ADM1. 

 

5.2.1 Anaerobic Digestion Model No 1 (ADM1) 

 

Introduction to ADM1 
ADM1 is an internationally accepted, more recent and validated model. This was created with the aim to 
produce a generic model and common platform for dynamic simulations of a variety of anaerobic 
processes. The purpose of this approach is to provide a unified basis for anaerobic digestion modeling. 
The ADM1 is a structured model with disintegration and hydrolysis, acidogenesis, acetogenesis and 
methanogenesis steps that are series of interlinked reactions proceeding spatially as well as temporally in 
consecutive and parallel steps and hence, influence one another. In addition, ADM1 is a highly complex 
model with characterization of 19 biochemical conversion processes and 24 dynamic state variables which 
consider whole process of anaerobic digestion process. This  is a sophisticated model established for full-
scale industrial plants design, systems operational analysis and control, assisting technology transfer from 
research to industry and a common basis for further model development and validation studies. 
Moreover this is a widespread and a generally accepted model where addition or subtraction of the 
process is very easy.  

An overview of the structure is shown in Figure 5.1, The model includes the three overall biochemical 
(cellular) steps (acidogenesis; fermentation, acetogenesis; anaerobic oxidation of organic acids and 
methanogenesis) as well as extracellular (partly non-biological) disintegration step and an extracellular 
hydrolysis step. Three of the processes (hydrolysis, acidogensis and acetogenesis) have a number of 
parallel reactions. Complex composite particulate waste is assumed to be homogeneous, which 
disintegrates to carbohydrate, protein and lipid particulate substrate (Batstone, et al., 2002).  
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Figure 5.1: Overview of the ADM1 structure (Source (Batstone, et al., 2002) 

 

In the implementation of ADM1 to calculate the biogas potential of sewer, the simulation tool of 
AQUASIM 2.1f is used. AQUASIM 2.1f is a computer program for data analysis and simulation of 
aquatic systems. In addition this provides Linear Sensitivity Analysis and Parameter Estimation by which 
kinetic parameters can be estimated using given data. AQUASIM 2.1f is extremely flexible in allowing the 
user to specify transformation processes and in addition to perform simulation for the user-specified 
model, it provides elementary methods for simulations, for parameter estimation and parameter 
sensitivity analysis  

 

5.2.1.1 Modelling Methodology 

The anaerobic digesters that are designed for operation with sewage sludge and manure, and sewage by 
itself do not have the highest potential for anaerobic digestion. The reason being that these biodegradable 
materials have lost most of its energy content to the producers of these wastes. The animals and the 
human have already had much of the energy taken out of it. Therefore, Co-digestion with two or more 
types of feedstock is used to increase the biogas yield. Apart from using various offsite organic by-
products such as slaughterhouse waste, fats and oils and organic household waste, some of these digesters 
use specially grown silage, grass, corn etc. to mix as a second feedstock to the sewage sludge.   

In addition, operating parameters of anaerobic co-digestion process can be optimized by using different 
types of co-substrate used by using best blend of the feed (Alvarez, et al., 2010). 

Anaerobic co-digestion   of source separated food waste was optimized with many other substrates; bio 
solids (Zhang, et al., 2008), sewerage sludge (Sosnowski, et al., 2003), dairy or cow manure (Li, et al., 
2009; Neves, et al., 2009) etc. All these studies considered food waste as the co-substrate. Therefore food 
wastes have become one of the major solid wastes generated in Sri Lanka (Perera, et al., 2005.  

The following input data are required as input data to ADM! Model built in AQUASIM 2.1f tool to 
compute the methane generation. 
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Table 5.4: AQUSIM input parameters 

Parameters Source separated Food Waste Sewer 

Carbohydrates (kg COD/m3) Xcarb-in-food Xcarb-in-sewer 

Proteins (kg COD / m3) Xpr-in-food Xpr-in-sewer 

Lipid (kg COD / m3) Xlip-in-food Xlip-in-sewer 

Quantity (m3 / day) Qin-food Qin-sewer 

 

5.2.1.2 Characteristics of Food Waste and Sewer 

 

All the characteristics data were taken from previous studies and those are given in the following Tables.  

  

Table 5.5: Characteristics of food waste, (Source: (Dilnayana, 2011) 

Parameters Composition kg COD/kg 

Carbohydrates 68.93 % 1.067 

Proteins 21.1 % 1.381 

Lipids(Fat) 5.1 % 2.878 

 

Table 5.6: Chemical Composition of Food Waste-Source: Source: (Kubaska, et al., 2010) 

Substrate TVS (g/L) Density (kg/m3) 

Mixed food waste 142.7 540 
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From the equation 05 and by using the data from Table 5.5 and 5.6, COD value of Carbohydrate of food 
waste is calculated. 

 

�
𝐶𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑠 
𝐶𝑂𝐷 𝑣𝑎𝑙𝑢𝑒 

𝑜𝑓 𝑓𝑜𝑜𝑑 𝑠𝑎𝑚𝑝𝑙𝑒
��

𝑘𝑔𝐶𝑂𝐷
𝑚3 � = 68.93 ×  142.7 ×  1.067 ÷  100  =  104.95 �

𝑘𝑔𝐶𝑂𝐷
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And the same way COD value of Protein and lipid of food waste sample is calculated. 

 

Table 5.7: COD/TSS Characteristics of Sewerage Sludge, Source: Rodiger et.al., 1990 

Substance g COD/g VSS 

Carbohydrates 1.14 

Proteins 1.43 

Lipids 2.46 

 

Table 5.8: An extract of Table 2.6 giving the wastewater load 

Parameter Flow-(m3/d) BOD-(kg/d) COD-(kg/d) SS-(kg/d) NH3-(kg/d) 

Value 23844 7651 14387 3110 65 

 

From the Table 5.8, we can calculate the TCOD value of wastewater; 

 

� 𝑇𝑜𝑡𝑎𝑙 𝐶𝑂𝐷 𝑣𝑎𝑙𝑢𝑒
 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑠𝑡𝑒 𝑤𝑎𝑡𝑒𝑟�  =  14387 (𝑘𝑔𝐶𝑂𝐷/𝑑)  ÷  23844 (𝑚3 /𝑑)  =  0.60237 𝑘𝑔𝐶𝑂𝐷/𝑚3  

 

From the Table 5.7, the carbohydrates, lipids and proteins composition in the wastewater can be derived 
as Carbohydrates 22.66%, Proteins 28.43% and Lipids 48.91%. Using these values and total COD value 
of wastewater calculated above input characteristics of sewer required for ADM1 is calculated.  

The AQUASIM 2.1f is used to estimate the methane potential of sewer together with food waste. It is 
assumed that HRT is 20 days and headspace of the reactor is 10% of total reactor size. The sewer is 
continuously fed to the reactor while food waste is fed intermittently. Six scenarios are considered and in 
each scenario food waste input are varied from 0 to 50 ton but sewer input is kept as constant.  

 

. Table 5.9: Input data of Sewer and Food Waste characteristic 

Type of 
Input 
Waste 

Sewer – kg COD/ m3 Food Waste – kg COD/ m3 Q_sewer - 
m3 /day 

HRT 
- days X carb X pr X lip X carb X pr X lip 

Value 0.1365 0.1713 0.2946 104.95 41.58 20 23,884 20 

 

Biogas production is modeled by using AQUASIM 2.1f for six different set of input feeding scenarios. 
The sewer input of all scenarios was kept as a constant and amount of food waste was changed as shown 
Table 5.10. The reactor sizes were designed under each scenario based on Hydraulic Retention Time 
(HRT) of 20 days. Headspace was taken as 10% of reactor volume. Reactor sizes, food waste and sewer 
input flow data and input data of carbohydrates, protein and lipid of both sewer and food waste are given 
in Table 5.10. 
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Table 5.10: Input Flow data of sewer and food waste and Reactor configuration  

Input Scenarios   01  02 03   04 05 06 

Sewer(m3) 23,884 23,884 23,884 23,884 23,884 23,884 

Food Waste(ton) 0 1 5 10 25 50 

Food Waste(m3) 0 1.85 9.26 18.52 46.3 92.6 

Total Flow (m3/day) 23,884 23,885.85 23893.26 23902.52 23930.3 23976.6 

Reactor Volume(m3) 477680 477717 477865.2 478050.4 478606 479532 

Headspace Volume(m3) 47768 47771.7 47786.52 47805.04 47860.6 47953.2 

 

Sewer was continuously fed to the reactor while food waste was added to the reactor intermittently. Sewer 
flow rate was constant and continues for all scenarios. Food waste was added to the reactor from 9.00 am 
to 2.00 pm every day. Food waste rate of scenario 01 is 1.85 m3/day was added daily as in the Figure 5.1.  

 

 

 
Figure 5-1: Food Waste Feeding pattern under Scenario 01(a) for 40 days (b) for 2 days 
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6. Results and Discussion 

6.1 Methane Generation from MSW 

From the data collected and the parameters identified in the earlier sections, this section will estimate the 
methane generation from the MSW collected within the Colombo Municipal Council. 

6.1.1 Modelling results with average L0  

It is assumed that the landfill is closed after five years of opening. Substituting the values given below in 
equation (1) will give the annual generation of methane. The estimated methane yield for twenty years is 
given in Fig 6.1 below. Appendix C gives computation details. 

.   L0       = 93 m3/Mg of MSW (section 5.1.3.2) 

  k       = 0.04/yr (section 5.1.3.3.) 

The daily MSW generation within Colombo City was identified as 700 Mt per day (Premachandra, 2006). 
It is assumed that MSW is collected 340 days of the year.  

Rx       = 700 (Mg) per day x 340 days = 238,000 Mg per year  

 
 

Figure 6-1: Total Methane Generation from MSW using computed average L0  

 

When comparing Fig. 4-2 with Fig 6-1 it is observed that the total generation of methane with respect to 
time takes the typical shape of the methane generation of the traditional landfill. From the computations, 
maximum generation of methane occurs at the end of the period where the landfill is kept open, which is 
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in the fifth year. There is a relatively rapid increase in methane generation within the first five years. The 
generation peaks at approximately 3.93 m3 at the end of year 5. Thereafter the generation of methane 
decays exponentially. The methane generation will tail off to 2.15 m3 by the twentieth year.  

The two most important parameters of the first order decay model are Methane Generation Potential L0 
and Methane Generation Rate Constant k. In the above computation of the predicted methane 
generation, the L0 value used was the average for all compositions of MSW. 

The methane generation potential is sensitive to major changes in the composition of the waste stream 
(Huitric and Rosales, 2005). The waste stream composition can change over the lifetime of a landfill as a 
result of community lifestyle change and/or expanding recycling programs. Furthermore, different waste 
components degrade at different rates over time (Machado et al., 2009), and the proportion of each 
component in a waste stream affects the methane generation potential.  

The value of k was obtained from literature which is more applicable for waste and sites in US.  
According to Reinhart, (Reinhart, 2010), the gas generation rate (k) is a value that ultimately defines the 
time span of methane generation from a waste stream under specific site conditions. The k value may be 
affected by waste moisture content, temperature, oxidation potential, waste depth, pH, alkalinity, waste 
density, and waste particle size (Machado et al., 2009; Garg et al., 2006).   

Further Reinhart contends that the landfilled waste is composed of different fractions of cellulose, lignins, 
hemicelluloses and proteins which are the main organic components converted to methane via physical, 
chemical and biological processes (Barlaz et al., 1989 and 1997). The degradation rates of cellulose and 
lignins vary considerably under changing landfill conditions. For example, lignins are thought to be 
recalcitrant under anaerobic conditions. Temperature and pH affect the bacterial activities in the waste 
(Mc. Bean et al., 1995). These facts have resulted in the adjustment of waste quantity by a biodegradation 
factor to specify L0 under different conditions by different researchers. Also, moisture content controls 
the methane generation through microbial activities by providing better contact among microorganisms. 

Considering the reasoning given above an analysis of methane generation considering different L0 and k 
values for the differently biodegradable components of the MSW is desirable.  The MSW collected could 
be approximately segregated into types of different biodegradability. 

6.1.2 Modelling results with varying L0 and k 

According to the study on Landfill Gas to Energy Incentives and Benefits by Debra Reinhart (Reinhart, 
2010) different waste components degrade at different rates over time (Machado et al., 2009), and the 
portion of each component in a waste stream affects the methane generation potential.  

Two important parameters used in modeling LFG generation based on a first-order equation are the 
methane generation potential, L0 (m3.Mg-1), and the methane generation rate constant, k (yr-1). L0 
represents the total volume of methane generated from a specified quantity of disposed waste, i.e. 
ultimate yield (Reinhart, 2010). 

L0 is a function of the waste composition and its value varies from case to case. In different studies, L0 
values in the range from 6 m3Mg-1 to 270 m3Mg-1 have been reported (US EPA, 2008a). The default value 
suggested by US EPA is 100 m3.Mg-1 of “as received” waste. In the absence of any valid data for waste 
collected in the Colombo Municipality area for values of L0 for waste with different rates of 
biodegradability the findings of Budka for conventional cell type as given in Table 6.1 will be used.  

 

 

 

 

 

 



67 

 

 

Table 6-1: L0 from study by Budka et al. (2007)  (Source -  (Reinhart, 2010)) 

Cell Type 

L0 (m3.Mg-1) 

Readily 
biodegradable 

Moderately 
biodegradable 

Slowly 
biodegradable 

Conventional 30 84 42 

Bioreactor 35 77 38 

 

The methane generation rate constant k controls the predicted time over which methane is generated 
from the specified waste stream. The k value is affected by waste depth, density, moisture content, pH, 
and other environmental conditions. Generally, each waste component degrades at a different rate 
(Machado et al., 2009), however most models assume a single overall value for k (Reinhart, 2010). 

The k value for fractions of MSW with different biodegradable rates is specified by The Inter-
governmental Panel on Climate Change (IPCC) which is given in Appendix D.  Colombo being a wet 
tropical region and its Mean Annual Precipitation is in excess of 1000 mm the relevant k values for 
different biodegradable rates as applicable are extracted from Table 6.2 given below. 

  

Table 6-2: Recommended Default Methane Generation Constant Values (yr-1) from Appendix D 

 

Type of Waste Default k (yr-1) Range of k (yr-1) 

Slowly degrading waste – Wood / Straw Waste 0.035 0.06 – 0.085 

Moderately degrading waste 0.17 0.15 – 0.2 

Rapidly degrading waste 0.4 0.15 – 0.2 

 

Actually, the different components of waste undergo biodegradation according to different degradation 
rates. The different behaviours have been considered distinguishing the materials in rapidly, moderately 
and slowly biodegradable, according to (EMCON, 1980) (Corti, et al., 2007). The MSW composition of 
Colombo as given in Table 2-2 could be broadly classified further according to the biodegradability. 
Rapid and slow biodegradable fractions are given. Newspaper, cardboard and cotton has been considered 
as moderately biodegradable and the rest as non-biodegradable. The average percentages of various 
materials so  classified according to biodegradability is given in the Table 6-3 below.  

 

Table 6-3: Extract from Table 2-2 

Biodegradability Rapid Slow Moderate Non Total 

As a % of  weight 33.93% 45.43% 9.71% 10.94% 100% 
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Utilizing the data given in Table 6-1, Table 6-2 and Table 6-3 and substituting in equation (3), the sum 
total of methane generation of each differently biodegradable fractions of MSW in Colombo city can be 
computed and this is represented graphically in Figure 6.2. It is assumed that the landfill will be open for 
five years to accommodate MSW and the methane generation for further 15 years is calculated. MSW is 
received at 700 Mt per day for 340 days of the year. 

 

 
Figure 6-2: Graphical representation of Methane generation of Various Biodegradable fractions of MSW 

According to theory as per Figure 4.2 the methane generation yield of bioreactor type landfill is higher 
than that of the traditional landfill. However the methane generation of bioreactor peaks over the same 
peaking period as that of the traditional landfill but declines much faster compared to the traditional 
landfill. This may be due to the fact that bioreactor landfills are designed and operated by increasing the 
moisture content of waste to enhance the degradation and stabilization of the waste material. Also, while 
recirculating leachate from a landfill is fundamental to bioreactor operation, make-up liquids provide 
additional moisture when not enough leachate is generated from the landfill to attain optimal waste 
moisture content. Liquids recirculation accelerates the decomposition of MSW by distributing moisture, 
nutrients, enzymes, and bacteria throughout the waste mass more efficiently than natural infiltration alone 
(Augenstein, et al.).  

 

6.1.3 Observations 

The methane generation peaks in the fifth year at 3.5 x 106 m3 and gradually tapers down to 1.1 x 106 m3 
by the 10th year.  The methane generation will continue even after the 10th year of operation but falls 
below 1.0 x 106 m3. It can be seen that this phenomena is mainly due to the slow biodegradable 
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component of MSW. The slow biodegradable waste will decay over a longer period without appreciable 
generation of methane. Therefore a better option is to terminate the methane collection operation on the 
10th year. According to the results by the 10th year a total of 21.3 x 106 m3 of methane would have been 
collected. 

Compared to the methane generation curve with the average L0, there is a decrease in volume. However 
the total methane generated resembles the curve of the traditional landfill. Therefore there is no 
difference in the trend of methane generation. Though there is no significant difference between the 
methane generation using average value for L0 and k due to the explanation above the methane 
generation obtained with value of L0 and k for MSW of different biodegradability could be considered 
more accurate. 

The biogas, or landfill gas, also contains water vapor near the saturation point corresponding to the cell 
temperature, plus small amounts of ammonia, hydrogen sulfide and other minor constituents. Therefore, 
in order for anaerobic reaction to continue, it is necessary to supply the principal reagent, water. The ratio 
of the molecular weights of the composite organic compound (MW = 146) and water (MW = 18) in 
Equation (4) indicates that each kilogram of water can react chemically with 5.4 kg of organics. Since on 
the average, MSW contains at least 20% moisture, there is just about sufficient moisture to react the 
contained biomass. However, the anaerobic bacteria thrive at water concentrations above 40%, so 
continuous addition of water is required (Themelis, et al., 2007). However according to table 2.2 the 
moisture content of MSW collected within the Western Province is between 40% and 45%. Therefore no 
additional water may be required for a bioreactor operating in the local scenario. Further the city of 
Colombo lies in the wet zone of the country which experiences a substantial rainfall at least six months of 
the year. Therefore the addition of water to expedite decomposition may not arise. However recirculation 
of leachate which carries nutrients for decomposition may be advantageous in increasing the gas yield. 
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6.2 Methane Generation from co-digesting of sewer and 
food waste 

The methane generation potential of sewer, alone or co-digested with food waste, is modeled using 
ADM1 built in AQUASIM 2.1f. Six different scenarios of varying combinations of sewer and food waste 
as shown in Table 5.10 were used as input data.  

6.2.1 Modelling results with ADM1 

In modeling with ADM1 there are six scenarios using different proportions of food waste added to the 
total volume of sewer to find out the optimum mix of sewer-food waste that will generate the highest 
yield of Methane. The six scenarios are given in Table 6-4. 

Table 6-4: Extract of the Table 5.10 

Input feed Scenario 
No 01 02 03 04 05   06 

Sewer(m3) 23,884 23,884 23,884 23,884 23,884 23,884 

Food Waste(ton) 0 1 5 10 25 50 

Food Waste(m3) 0 1.85 9.26 18.52 46.3 92.6 

Under each input scenario, simulation was performed and output data were obtained. The scenario one 
use only sewer as input feed. Total gas productions of each scenario are illustrated in Figure 6.3.  From 
scenario 02 to scenario 06 the   produced gas is with co-digestion with food waste of varying proportions.  

 

 
Figure 6-3: Total gas production rate Vs. Time 
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For all scenarios the total gas production rate started at a higher rate and then decreased gradually. The 
amount of gas production is significantly higher within the first 10 days. The gas production drop in day 
10 in Scenario 06 is 25% of that of day one and in Scenario 01 it is less than 15% and the others falling 
between these two extremes. After day 10 a stable gas production rate can be observed in each scenario. 
Beyond day 10 up to day 40, gas production rate decrease gradually and vary between 15% and 7% of the 
initial values. 

It is also observed that the total gas production rate is higher when increasing amount of food waste in 
the feed stream. Scenario 06, where the addition of food waste is highest, gives the highest gas 
production. The total gas production within the first 10 days of scenario 06 is approximately 3.25x105 m3 
and scenario 01 2.5x105 m3 the others varying between these two scenarios.  

Figure 6.4 shows methane gas composition in the reactor head space. The composition of methane 
increases with time in all scenarios.  Methane composition in all scenarios, as seen from Figure 6.4 is 
between 60 % and 80% of the total gas production. The variation of methane composition of all 
scenarios within the first 10 days is 6% before it diverges to around 10% after 40 days.  

 

 

 
Figure 6-4: CH4 gas composition Vs. Time 

 

Figure 6.5 describes carbon dioxide composition in biogas. When compared with Figure 6.4 it is observed 
that the carbon dioxide composition of the total gas production behaves completely opposite to that of 
methane composition. The carbon dioxide composition progressively decreases over time before it 
reaches a stable condition. The variation of carbon dioxide composition of all scenarios within the first 10 
days is 5%. The composition of carbon dioxide gradually decreased and then stable condition can be 
observed. The variation in carbon dioxide composition expands to 7.5% after 40 days. The CO2 % is 
highest when the amount of food waste is highest in the input feed. 
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Figure 6-5: CO2 gas composition Vs. Time 

 

 

The general chemical formula for generation of methane and carbon dioxide from various substances of 
food waste are given below. 

• Carbohydrates (General form): 

(C6H10O5) m + mH2O → 3mCH4 + 3mC     (Eq 6) 

• Fat( example tristearin) 

C3H5 (C17H35COO)3 + 26.5H2O → 40.75CH4 + 16.25CO2   (Eq 7) 

• Protein 

CH2NH2COOH + 1.5H2O → 0.75CH4 + 0.25 CO2 + NH4+ + HCO3 -  (Eq 8) 

 

From stoichiometric calculation using the above equations, it could be derived the composition of biogas 
due to degradation of carbohydrates, fat and protein.  Refer Table 6.5. 

 

Table 6-5: Theoretical Composition of Biogas from various substance of food waste 

Parameters Methane – CH4  (v/v)% Carbon Dioxide – CO2 (v/v) 

Carbohydrate 50 50 

Fat 68 32 

Protein 71 29 
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From the Table 6.5 it is observed that the highest volume of methane is produced from protein, followed 
by fats and the lowest from carbohydrates. Therefore if protein and lipid (fat) is higher in the sample of a 
substrate more methane can be generated.   

The methane gas production rate and carbon dioxide production rate are given in the Figures 6.6 and 6.7. 
Both Figures 6.6 and 6.7 are behaved similar way as Figure 6.3, total gas production.  The methane gas 
and carbon dioxide production start with highest rate and reduce gradually due to decrease in 
composition over time.  

 

 
Figure 6.6: CH4 gas production Vs. Time 

 

 
Figure 6.7: CO2 gas production Vs. Time 
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In all scenarios it appears that the methane yield is almost twice that of carbon dioxide. However what is 
useful is the total methane yield over a period of time. Table 6-6 describes the total methane yields of the 
two extreme scenarios for different time periods. Refer appendix I for details. The methane yields of 
other scenarios fall in between these values. 

Table 6-6: Comparative methane yields of Scenario 01 and Scenario 06 

Period (Days) 

CH4 Gas Production - m3 

Scenario 01 Scenario 06 

First 10 Days 259,000 307,000 

Next 30 Days 139,000 292,000 

Total for 40 Days 398,000 599,000 

 

6.2.2 Observations 

The scenario 06 is considered to calculate the annual methane yield since daily food and kitchen waste 
input can be easily collected from hotels, restaurants, caterers and retails premises and comparable waste 
from food processing plants in greater Colombo area. It is assumed that a year will have 300 plant 
operating days. Total methane production of scenario 06 for 40 days is 599,000 m3 and annual methane 
production is 4.49 x 106 m3. In the alternative if every 10 days the reactor is reactivated with a fresh load 
the annual methane yield per annum is 9.2 x 106 m3. This is twice more than the methane production of a 
single plant operating on a 40 day reactivation cycle.  
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7. Conclusions  

This study clearly shows that the current waste disposal practices in the Colombo city are causing severe 
environmental and social problems. There is a fair allocation of resources for the MSW and 
sewer/wastewater management processes, the efficiency of its use is debatable. 

The main environmental problem identified with the MSW disposal is the groundwater contamination 
associated with landfill leachate. Leaching of pollutants into groundwater is found to be a significant 
concern owing to the high use of groundwater for residential purposes. The pollution of waterways and 
the sea are the main environmental problems associated with sewer/wastewater. 

The foregoing study identified disposal of the MSW in a landfill bioreactor and co-digestion of sewer with 
food waste in CSTR as the appropriate bioconversion process which would besides overcoming the 
environmental hazards, that is sustainable by generating energy through methane. For MSW the methane 
generation using different values for differently degradable materials is considered more appropriate.  

A sustainable anaerobic digestion process involves sequential application of anaerobic degradation and 
aerobic decomposition. According to the results obtained from ADM1, on both waste streams there is a 
point at which the generation of methane declines. For MSW it appears a 10 year life cycle could optimize 
methane generation. Similarly for sewer/wastewater the optimum point appears to be 10 days. After these 
time limits it is suggested that the reactors should be reactivated. Then the reactors are ready for another 
batch of waste. Whether this time periods are economically viable has to be studied. 

The ADM1 model for co-digestion of sewer and food waste predicts 9.2 x 106 m3 of methane generation 
per annum on a 10 day reactor reactivation cycle. 

On the other hand from the landfill studies, the First Order Decay model for MSW predicts 21.3 x 106 m3 
per annum after ten years in a ten year reactor reactivation cycle. An option is to phase out the disposal of 
the annual collection of MSW in many smaller bioreactors which are kept open only for few months. 
With this the reactor activation time could be made shorter but still the total methane generation at 
acceptable level. 

Considering an average methane generation from MSW approximately 2.13 x 106 m3 per year, combining 
with the methane generation from the co-digestion of sewer and food waste the total methane generation 
for a year would be 1.13x 107 m3. Considering higher heating values of methane and diesel fuel as 37.78 
MJ/m3.and 36 MJ/l respectively, the total energy content of the predicted methane generation will be 
equivalent to 1.154 x 107 liters of diesel fuel. At 0.75 US$ per liter of diesel the value of methane is 
equivalent to US$ 8.65 M. If the actual methane generation is even 50% of the estimated capacity the 
equivalent saving in diesel is appreciable.  

The actual methane yield may differ from that of the predictions of the models. The reasons could be any 
or more of the following. 

• The predicted methane for MSW landfills and sewer/waste water co-digested with food waste are 
based on models. Therefore these are theoretical. 

• Most of the parameters used for the models were those derived from wastes of other countries. 
Except for the average quantities of waste, the physical characteristics of MSW and BOD and 
COD levels of sewer/waste water, all other parameters required for the model are obtained from 
literature.  

• The amount of waste disposed is a sensitive parameter. It is assumed that the quantity of waste 
available is relatively constant. However, if waste disposed is increasing over time, then there will 
be an increase in CH4 emissions and vise-a versa.  

• The composition and consistency of the characterization of waste is also considered to be 
constant over time. Any variation will result in the variation of the chemical composition. This 
will directly affect the other parameters used in prediction of the methane generation. 

• It is also assumed that the CH4 generated by the waste is released precisely according to the 
prediction of the model. The time between the placement of the waste and the bioconversion 
reaction to take place may differ due to various factors explained above.  
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A significant problem with landfills is simply due to their large numbers and the expanse of valuable real 
estate they occupy. The existing landfill sites are nearly exhausted and new landfill sites are hardly 
available because of the shortage of utilizable land and the objection of residents near the proposed 
landfill sites. This is a societal issue that needs considerable attention. 

A bioreactor landfill takes a considerable area of land. For a 5 year open bioreactor considering a density 
of waste 0.5 t/m3 (Guptha, et al., 2007), based on the MSW in India, the total volume of waste for 5 years 
at 700 tons per day will amount to 2.56 x 106 m3. Assuming a total height of 20 m the footprint of the 
landfill will be approximately 1.28 x 105 m2 which is 12.8 hectares or a land area of approximately 250 m x 
510 m.  

The CSTR reactor for the cogeneration of sewer with food waste will occupy a volume of in excess of 
30,000 m3. If a 20 m high reactor is considered the foot print of the reactor will be 1,500 m2 which is not 
practical. Therefore an option will be have series of manageable sized reactors working in parallel. 

The issues related to social impacts such as odour, breeding of pests and loss in property values of 
concern. Transport of the collected waste also appears to cause significant impacts owing to increased 
traffic flows and causing odour while transporting the waste. Whereas combating impacts such as 
pollution from leachate may require capital investments, some of the other identified problems can be 
easily avoided without much of a financial burden. 

In future, the best practicable environmental option will be deriving energy from waste. Energy recovery 
technologies include combustion of waste and anaerobic digestion. However, combustion of the wet 
stream of MSW does not provide efficient energy recovery. So the advantages offered by anaerobic 
digestion are worth exploring for the wet stream of MSW. 

 

7.1 Future Studies and Recommendations 

• If an accurate assessment is needed to predict the methane generation potential a 
properly planned experimental study has to be done to obtain the methane generation 
potential L 0 and the methane generation rate k for the MSW that is generated locally.  

• Further the physical characteristics of MSW are inadequate. A comprehensive analysis of 
this is required to identify the biodegradability of various wastes and the proportion of 
these components. 

• Gas production, composition data are calculated theoretically. All parameters were taken 
from literature based on studies done in other countries or from previous studies. 
Further studies and experiments are required to get much accurate results. 

• Biogas yield can be optimized by using modern technologies,  reactors and modem 
practices 

• Methane composition can be improved and the same time keeping the composition of 
carbon dioxide at lesser value by arranging the correct mixture of food waste and 
wastewater/sewer.  

• In this study, only one CSTR reactor for the cogeneration of sewer and food waste and 
one landfill bioreactor for MSW are considered. The foot prints of each of these reactors 
are beyond comprehension. A study on economical sizing of the reactors is needed as a 
priority.   

• The methane gas yield prediction is based on traditional landfills. For better predictions 
Modeling for a bioreactor type and Anaerobic Bioreactor Controlled Landfill is 
recommended. This new generation of landfills will eliminate the commonly encountered 
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problems of ground/surface water contamination and landfill gas emissions, as well as 
the need for new land for waste disposal and associated truck routing issues. 

• The importance of shortening the anaerobic digestion period is recently realized. Gas 
generation takes place over many decades in a relatively unpredictable fashion. There is a 
possibility that the bacterial breakdown and methane production being far less than full 
potential and ways and means to reduce the time of gestation needs to be looked at. 

• Economic viability of methane gas collection, storing, distribution and usage should also 
be studied. In this regard an important factor to consider is the optimum quantity of 
methane that could be generated. This would mean identifying the time a batch of waste 
need to be kept in the reactors before reactivation with a new batch. 

• The cost benefit analysis is a precursor to a viable methane collection from waste. In this 
regard apart from the direct cost of generation of methane, the societal and 
environmental costs too need careful consideration.  
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Appendices 
 

Appendix A - Recommended default methane generation constant values from  IPCC Source 
(Wangyao, et al., 2010) 

 

Component 
Moisture content by Weight 

Range Typical 

Food waste 50 - 80 70 

Paper 4 - 10 6 

Card Board 4 - 8 5 

Plastics 1 - 4 2 

Textiles 6 - 15 10 

Rubber 1 - 4 2 

Leather 8 - 12 10 

Graden trimmings 30 - 80 60 

Wood 15 - 40 20 

Misc. organics 10 - 60 25 

Glass 1 - 4 2 

Tin Cans 2 - 4 3 

Nonferrous metals 2 - 4 3 

Ferrous metals 2 - 6 2 

Dirt, Ash brick tec. 6 - 12 8 

MSW 15 - 40 20 
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Appendix  B -Computation of molecular formula of MSW 
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Appendix C - Computation of Methane generation in m3 for 20 years from landfill kept open for five years 

 
 

 

 

 

 

 

 

 

 

 

Daily MSw input Mt 700 No of  years open 5
No of days per year 340 L₀ 93
MSW input per year Rₓ 238000 k 0.04

Year 1 Year 2 Year 3 Year 4 Year 5

1 0.96078 850,636            850,636          
2 0.92311 817,285            850,636            1,667,921       
3 0.88692 785,243            817,285            850,636          2,453,164       
4 0.85214 754,451            785,243            817,285          850,636            3,207,615       
5 0.81873 724,871            754,451            785,243          817,285            850,636           3,932,486       

6 0.78662 696,442            724,871            754,451          785,243            817,285           3,778,292       
7 0.75578 669,137            696,442            724,871          754,451            785,243           3,630,144       
8 0.72614 642,895            669,137            696,442          724,871            754,451           3,487,796       
9 0.69767 617,689            642,895            669,137          696,442            724,871           3,351,034       

10 0.67032 593,475            617,689            642,895          669,137            696,442           3,219,638       

11 0.64403 570,198            593,475            617,689          642,895            669,137           3,093,395       
12 0.61878 547,843            570,198            593,475          617,689            642,895           2,972,100       
13 0.59452 526,364            547,843            570,198          593,475            617,689           2,855,569       
14 0.5712 505,718            526,364            547,843          570,198            593,475           2,743,598       
15 0.54881 485,894            505,718            526,364          547,843            570,198           2,636,018       

16 0.52729 466,841            485,894            505,718          526,364            547,843           2,532,661       
17 0.50661 448,532            466,841            485,894          505,718            526,364           2,433,350       
18 0.48675 430,949            448,532            466,841          485,894            505,718           2,337,935       
19 0.46766 414,047            430,949            448,532          466,841            485,894           2,246,265       
20 0.44932 397,810            414,047            430,949          448,532            466,841           2,158,180       

Year
Methane Gas generated m3 from Waste collected respective years

Total 
Methane 
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Appendix D - Recommended default methane generation rate constant values (yr-1) from IPCC –Source 
(Wangyao, et al., 2010) 

Type of Waste 

Climate Zone 

Boral and Temperate MAT ≤ 200C Tropical MAT > 200C 

Dry 

MAP/PET < 1 

Wet 

MAP / PET > 1 

Dry 

MAP < 1000 mm 

Moist and Wet 

MAP ≥1000 mm 

Default Range Default Range Default Range Default Range 

Slowly 
Degrading 
Waste 

Paper  
Textiles 
waste 

0.04 0.03 – 
0.05 0.06. 0.05 – 

0.07 0.045 0.04 – 
0.06 0.07 0.06 – 

0.085 

Wood 
Straw 
waste 

0.02 0.01 – 
0.03 0.03 0.02 – 

0.04 0.025 0.02 – 
0.04 0.035 0.03 – 

0.05 

Moderately 
degrading 
waste 

Other 
non-food 
Organic 
putrescible 
Garden 
and park 
waste 

0.05 0.04 – 
0.06 0.1 0.06 – 

0.1 0.065 0.05 – 
0.08 0.17 0.15 – 

0.2 

Rapidly 
degrading 
waste 

Food 
waste 
Sewage 
sludge 

0.06 0.05 – 
0.08 0.185 0.1 – 

0.2 0.085 0.07 – 
0.1 0.4 0.17 -

0.7 

Bulk Waste 0.05 0.04 – 
0.05 0.09 0.08 – 

0.1 0.065 0.05 – 
0.07 0.17 0.15 – 

0.2 

 

MAP – The mean annual precipitation 

PET – Potential evapotranspiration 
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Appendix E - Computation of methane generation in m3 from moderately biodegradable fraction of MSW in 
a conventional landfill kept open for five years 

 

 
 

 

 

 

 

Moderately Biodegradabl Fraction
Daily Gross MSW input 700
Fraction of Moderately Biodegradables 9.71%
Daily Moderately Degradable input Mt 67.97 No of  years open 5
No of days per year 340 L₀ 84
MSW input per year Rₓ Mg 23,109.80    k 0.2

Year 1 Year 2 Year 3 Year 4 Year5

1 0.84366 278,415          278,415              
2 0.71177 234,890          278,415          513,304              
3 0.60049 198,166          234,890          278,415          711,471              
4 0.5066 167,182          198,166          234,890          278,415          878,653              
5 0.42741 141,049          167,182          198,166          234,890          278,415          1,019,701           
6 0.36059 118,998          141,049          167,182          198,166          234,890          860,285              
7 0.30422 100,395          118,998          141,049          167,182          198,166          725,790              
8 0.2566 84,680            100,395          118,998          141,049          167,182          612,303              
9 0.2165 71,447            84,680            100,395          118,998          141,049          516,568              

10 0.1826 60,259            71,447            84,680            100,395          118,998          435,779              
11 0.1541 50,854            60,259            71,447            84,680            100,395          367,635              
12 0.13 42,901            50,854            60,259            71,447            84,680            310,141              
13 0.109 35,971            42,901            50,854            60,259            71,447            261,432              
14 0.09255 30,542            35,971            42,901            50,854            60,259            220,528              
15 0.07808 25,767            30,542            35,971            42,901            50,854            186,035              
16 0.06587 21,738            25,767            30,542            35,971            42,901            156,919              
17 0.05557 18,339            21,738            25,767            30,542            35,971            132,356              
18 0.04688 15,471            18,339            21,738            25,767            30,542            111,856              
19 0.039557 13,054            15,471            18,339            21,738            25,767            94,368                
20 0.03337 11,012            13,054            15,471            18,339            21,738            79,613                

Year
Methane Gas generated m3 from Waste collected 
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Appendix F - Computation of methane generation in m3 from slowly biodegradable fraction of MSW in a 
conventional landfill kept open for five years 

 

 
 

 

 

 

 

 

 

 

Slowly Degradable Fraction
Daily Gross MSW input 700 No of  years open 5
Fraction of slowly Biodegradables 0.4543 L₀ 42
Daily Moderately Degradable input Mt 318.01 k 0
No of days per year 340
MSW input per year Rₓ Mg 108,123     

Year 1 Year 2 Year 3 Year 4 Year5
1 0.96560 153,473.81        153,474    
2 0.93239 148,195.37        153,474    301,669    
3 0.90032 143,098.12        148,195    153,474        444,767    
4 0.86935 138,175.70        143,098    148,195        153,474     582,943    
5 0.83957 133,442.43        138,176    143,098        148,195     153,474          716,385    
6 0.81058 128,834.72        133,442    138,176        143,098     148,195          691,746    
7 0.78270 124,403.43        128,835    133,442        138,176     143,098          667,954    
8 0.75578 120,124.73        124,403    128,835        133,442     138,176          644,981    
9 0.72978 115,992.25        120,125    124,403        128,835     133,442          622,798    
10 0.70468 112,002.82        115,992    120,125        124,403     128,835          601,358    
11 0.68045 108,151.67        112,003    115,992        120,125     124,403          580,675    
12 0.65704 104,430.86        108,152    112,003        115,992     120,125          560,702    
13 0.63444 100,838.78        104,431    108,152        112,003     115,992          541,416    
14 0.61626 97,949.23          100,839    104,431        108,152     112,003          523,373    
15 0.59155 94,021.78          97,949      100,839        104,431     108,152          505,392    
16 0.57120 90,787.33          94,022      97,949          100,839     104,431          488,028    
17 0.55156 87,665.72          90,787      94,022          97,949       100,839          471,263    
18 0.53259 84,650.60          87,666      90,787          94,022       97,949            455,075    
19 0.51427 81,738.79          84,651      87,666          90,787       94,022            438,864    
20 0.49658 78,927.12          81,739      84,651          87,666       90,787            423,770    

Methane Gas generated m3 from Waste collected 
Year
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Appendix  G - Computation of methane generation in m3 from rapid biodegradable fraction of MSW in a 
conventional landfill kept open for five years 

 

 

 

 

 

 

 

 

 

 

 

 

Rapid Degradable Fraction
Daily Gross MSW input 700 No of  years open 5
Fraction of rapidly Biodegradables 0.3393 L₀ 30
Daily rapd Degradable input Mt 237.51 k 0.4
No of days per year 340
MSW input per year Rₓ 80,753.40   

Year Year 1 Year 2 Year 3 Year 4 Year5
1 0.67032 649,567            649,567        
2 0.449329 435,418            649,567         1,084,986     
3 0.3011942 291,869            435,418         649,567         1,376,855     
4 0.20189 195,640            291,869         435,418         649,567          1,572,495     
5 0.13533 131,140            195,640         291,869         435,418          649,567          1,703,635     
6 0.090717 87,908              131,140         195,640         291,869          435,418          1,141,976     
7 0.06081 58,927              87,908           131,140         195,640          291,869          765,485        
8 0.040706 39,446              58,927           87,908           131,140          195,640          513,062        
9 0.027323 26,477              39,446           58,927           87,908            131,140          343,899        
10 0.01831 17,743              26,477           39,446           58,927            87,908            230,502        
11 0.012277 11,897              17,743           26,477           39,446            58,927            154,490        
12 0.008229 7,974                11,897           17,743           26,477            39,446            103,537        
13 7,974             11,897           17,743            26,477            64,091          
14 7,974             11,897            17,743            37,614          
15 7,974              11,897            19,871          
16 7,974              7,974            

Methane Gas generated m3 from Waste collected 
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Appendix H - Sum total of methane generation from all fractions of biodegradables in MSW  

Year 
Methane Generation from Biodegradables in m3 

Rapid Slow Moderately Total 
1              649,567           153,474              278,415       1,081,456  
2          1,084,986           301,669              513,304       1,899,959  
3          1,376,855           444,767              711,471       2,533,093  
4          1,572,495           582,943              878,653       3,034,090  
5          1,703,635           716,385          1,019,701       3,439,722  
6          1,141,976           691,746              860,285       2,694,007  
7              765,485           667,954              725,790       2,159,229  
8              513,062           644,981              612,303       1,770,346  
9              343,899           622,798              516,568       1,483,265  

10              230,502           601,358              435,779       1,267,639  
11              154,490           580,675              367,635       1,102,801  
12              103,537           560,702              310,141           974,381  
13                64,091           541,416              261,432           866,940  
14                37,614           523,373              220,528           781,515  
15                19,871           505,392              186,035           711,299  
16                  7,974           488,028              156,919           652,921  
17                         -             471,263              132,356           603,619  
18                         -             455,075              111,856           566,931  
19                         -             438,864                94,368           533,232  
20            423,770                79,613           503,383  
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Appendix  I Methane Yield of the six scenarios of co-digestion of sewer and food waste  

 

Date 
CH4 Gas Production - (m3/day) 

Scenario 01 Scenario 02 Scenario 03 Scenario 04 Scenario 05 Scenario 06 

0 9.90E+04 9.90E+04 9.90E+04 9.90E+04 9.90E+04 9.90E+04 

1 2.97E+04 2.97E+04 2.97E+04 3.04E+04 3.17E+04 3.37E+04 

2 2.97E+04 2.97E+04 2.97E+04 3.04E+04 3.17E+04 3.38E+04 

3 2.38E+04 2.44E+04 2.44E+04 2.51E+04 2.60E+04 2.86E+04 

4 1.85E+04 1.85E+04 1.91E+04 1.98E+04 2.11E+04 2.34E+04 

5 1.47E+04 1.47E+04 1.47E+04 1.52E+04 1.65E+04 1.95E+04 

6 1.14E+04 1.14E+04 1.21E+04 1.27E+04 1.39E+04 1.63E+04 

7 9.52E+03 9.52E+03 1.02E+04 1.07E+04 1.21E+04 1.45E+04 

8 8.28E+03 8.16E+03 8.84E+03 9.52E+03 1.07E+04 1.32E+04 

9 7.59E+03 7.59E+03 7.59E+03 8.28E+03 1.02E+04 1.25E+04 

10 6.86E+03 6.93E+03 7.59E+03 7.59E+03 9.52E+03 1.21E+04 

11 6.37E+03 6.51E+03 6.93E+03 7.70E+03 8.84E+03 1.14E+04 

12 6.11E+03 6.25E+03 6.58E+03 7.00E+03 8.97E+03 1.14E+04 

13 5.82E+03 5.96E+03 6.39E+03 6.86E+03 8.28E+03 1.07E+04 

14 5.69E+03 5.83E+03 6.18E+03 6.75E+03 8.40E+03 1.09E+04 

15 5.54E+03 5.62E+03 6.05E+03 6.53E+03 8.40E+03 1.09E+04 

16 5.40E+03 5.55E+03 5.90E+03 6.48E+03 7.70E+03 1.09E+04 

17 5.26E+03 5.40E+03 5.84E+03 6.34E+03 7.70E+03 1.02E+04 

18 5.18E+03 5.26E+03 5.69E+03 6.19E+03 7.81E+03 1.02E+04 

19 5.03E+03 5.18E+03 5.55E+03 6.13E+03 7.81E+03 1.02E+04 

20 4.96E+03 5.03E+03 5.55E+03 5.99E+03 7.81E+03 1.04E+04 

21 4.88E+03 4.96E+03 5.40E+03 5.91E+03 7.10E+03 1.04E+04 

22 4.80E+03 4.88E+03 5.25E+03 5.85E+03 7.20E+03 1.04E+04 

23 4.65E+03 4.80E+03 5.25E+03 5.77E+03 7.20E+03 9.66E+03 

24 4.64E+03 4.73E+03 5.18E+03 5.62E+03 7.20E+03 9.66E+03 

25 4.56E+03 4.64E+03 5.03E+03 5.55E+03 7.13E+03 9.66E+03 

26 4.48E+03 4.56E+03 4.95E+03 5.55E+03 7.06E+03 9.66E+03 

27 4.33E+03 4.48E+03 4.94E+03 5.48E+03 6.91E+03 9.66E+03 

28 4.31E+03 4.41E+03 4.86E+03 5.33E+03 6.94E+03 9.66E+03 

29 4.24E+03 4.39E+03 4.79E+03 5.25E+03 6.86E+03 9.66E+03 

30 4.16E+03 4.31E+03 4.71E+03 5.18E+03 6.72E+03 8.97E+03 

31 4.08E+03 4.24E+03 4.64E+03 5.10E+03 6.64E+03 9.10E+03 

32 4.06E+03 4.16E+03 4.62E+03 5.09E+03 6.57E+03 9.10E+03 

33 3.98E+03 4.13E+03 4.54E+03 5.02E+03 6.50E+03 9.10E+03 

34 3.98E+03 4.13E+03 4.47E+03 4.94E+03 6.35E+03 9.10E+03 

35 3.90E+03 4.29E+03 4.39E+03 4.86E+03 6.28E+03 9.10E+03 

36 3.82E+03 4.06E+03 4.31E+03 4.79E+03 6.29E+03 8.40E+03 

37 3.74E+03 3.90E+03 4.24E+03 4.71E+03 6.22E+03 8.40E+03 

38 3.71E+03 3.82E+03 4.21E+03 4.70E+03 6.14E+03 8.40E+03 

39 3.63E+03 3.74E+03 4.13E+03 4.62E+03 5.99E+03 8.40E+03 

40 3.56E+03 3.71E+03 4.06E+03 4.54E+03 5.92E+03 8.40E+03 

Total 3.98E+05 4.03E+05 4.18E+05 4.39E+05 4.97E+05 5.99E+05 
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