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Abstract 
Sanitation is a recognized basic human right by World Health Organization nevertheless; 1.7 

billion people worldwide still lack access to latrines or other forms of basic sanitation. 

Additionally, it is a severe issue when fecal sludge is dumped in the open and released 

untreated into the environment, open fields, and aquatic bodies. Hence, there is a need to 

devise a solution that can assist individuals in accessing sanitation services effectively, while 

also exploring the potential of biogas production as a sustainable energy source in the 

process. To deal with this problem we set our focus to study anaerobic digestion of fecal sludge 

to provide a possible sustainable treatment method to improve sanitation conditions. The 

anaerobic digestion of fecal sludge was studied through Bio Methane Potential (BMP) test 

applied at different ratios i.e. 0.25, 0.5, 1, 2 and 4. Along with that BMP was operated for both 

Mono-digestion and Co-digestion of fecal sludge. In this study, biogas production and 

reduction of parameters of interest were analyzed for a period of 25 days. The fecal sludge 

samples were collected from pits connected to household and septic tanks connected to a 

restaurant to have a comparison of fecal sludge from domestic area and commercial area. 

The highest gas yield was observed for Substrate to Inoculum Ratio (SIR) 0.25 for both mono-

digestion of fecal sludge from pits and co-digestion of fecal sludge from pits with food waste 

with a value of 45.20 ± 1.13 ml/g VS of substrate and 121.09 ± 3.10 ml/g VS of substrate 

respectively. Mono-digestion of fecal sludge from septic tank has the highest biogas 

production in SIR 0.5 with a value of 104.7 ± 1.27 ml/g VS of substrate. This shows that the 

fecal sludge from the septic tanks (commercial vicinity) has more potential in terms of Biogas 

production. The co-digestion of fecal sludge from pits with food waste produced 1.5-3 times 

more gas as compared to the mono-digestion of fecal sludge from pits. The maximum removal 

of Total Solids (TS) and Volatile Solids (VS) was achieved at SIR 0.25 for mono-digestion and 

co-digestion of fecal sludge from pits but for mono-digestion of fecal sludge from septic tank, 

it was achieved at SIR 0.5. The maximum removal of Chemical Oxygen Demand (COD) was 

achieved at SIR 0.25 for mono and co-digestion of fecal sludge from pits and at SIR 0.5 for 

mono-digestion of fecal sludge from septic tanks. As other researchers have noted 

comparable tendencies, it is rather typical to detect differences in the generation of biogas and 

removal percentages of COD, sCOD, TS, VS, etc. in different substrates. 
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Chapter 1 

1 Introduction 

1.1 Sanitation 
Sanitation encompasses the provision of facilities and services aimed at safely disposing of 

human urine and feces. Inadequate sanitation stands as a significant global contributor to 

diseases, highlighting the critical importance of improving sanitation for better health outcomes 

both within households and communities. The term 'sanitation' also includes efforts to maintain 

hygienic conditions, like collection of garbage and wastewater disposal services (WHO, 2021). 

Unfortunately, unsafe sanitation is one of the most pressing health and environmental 

challenges, particularly affecting the most impoverished populationsInfectious disorders 

including cholera, diarrhoea, dysentery, hepatitis A, typhoid, and polio are greatly increased 

by a lack of access to basic sanitation (WHO, 2019). Addressing sanitation disparities is crucial 

to reducing disease burdens and promoting better living conditions for vulnerable communities 

worldwide. 

1.2 Global Sanitation Situation  
Improving global access to safe sanitation stands as the most cost-effective and impactful 

approach to enhancing public health and saving lives. Poor sanitation contributed to around 

775,000 premature deaths in 2017, or 1.4% of all deaths worldwide. Poor sanitation was the 

cause of 5% of fatalities in low-income countries (Ritchie & Roser, 2021). Shockingly, open 

defecation is still practiced by nearly 494 million people, with individuals defecating in open 

spaces like gutters, bushes, or open water bodies (WHO, 2022). 

Economic costs associated with inadequate sanitation services totaled US$222.9 billion 

worldwide in 2015. This sum represents a sizeable portion of the Gross Domestic Product 

(GDP) of all the nations with inadequate sanitation. The effect of poor sanitation is most 

prominent in the Asia-Pacific region, accounting for nearly 77% of the total economic impact 

(Giribabu et al., 2019). These statistics underscore the urgent need to address sanitation 

disparities worldwide, as it not only impacts public health and lives but also carries substantial 

economic consequences for communities and nations. 

1.3 Sanitation Situation in Pakistan 
The sanitation situation in Pakistan mirrors the global scenario, with approximately 79 million 

people lacking access to basic sanitation facilities (Water-Aid, 2021). Shockingly, around 25 

million people in Pakistan still practice open defecation (UNICEF, 2021), which has significant 

implications for public health. Poor water and sanitation conditions contribute to an alarming 

statistic, with approximately 53,000 Pakistani children under the age of five dying annually 

from diarrhea (UNICEF, 2021). 

Wastewater management and treatment systems are inadequate, exacerbating the sanitation 

challenges in the country. The World Bank has been actively involved in supporting sanitation 

projects in urban areas of Pakistan, with the aim of enhancing access to proper sanitation 

facilities and promoting safe wastewater disposal (World Bank, 2020). Rural areas are 

particularly affected, as around 52% of households lack any sanitation system, in stark 

contrast to only 8% in the urban areas (Khan, Fatima et al., 2021). This disparity further 

underscores the need for comprehensive and targeted efforts to address the sanitation needs 

of the population, especially in rural communities. 
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1.4 Sewer and Non Sewer Sanitation in Pakistan 
Decentralized fecal management, which includes septic tank and pit latrines, presents a viable 

solution for sanitation in areas without sewers. This method is popular in South Asia, Central 

Asia, and South Africa, where it is the predominant method of service delivery (WHO, UNICEF, 

2021). As a result of incorrect fecal sludge management, sanitation without sewers is typically 

inadequately managed, which causes environmental problems (Peal et al., 2020). 

Nevertheless, when properly managed, decentralized sanitation systems can be very effective 

in promoting public health and environmental well-being. 

Figure 1.1 (Maqbool, 2022) depicts the state of safe sanitation in bigger cities of Pakistan. The 

green portion of the bar represents the safely managed fecal sludge, while the red portion 

indicates the unsafely managed fecal sludge. 

 

Figure 1.1 Situation of safe sanitation in the major cities of Pakistan 

1.5 Non Sewer Sanitation in Pakistan 
The three basic kinds of toilets are Non-Flush, Flush, and No Toilet. Flush toilets are connected 

to a variety of systems, including sewage lines, septic tanks, pits, or open drains, and are 

thought of as an upgraded variant of the standard toilet. In Pakistan, 83% of households have 

access to flush toilets, compared to 27% who are sewer-connected, 21% who use septic 

tanks, 17% who use pit latrines, and 18% who use open drains (PBS, 2021). 

 

Figure 1.2 Type of flush connections in Pakistan 
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1.6 Fecal Sludge and Onsite Sanitation System   
Fecal sludge is the waste generated from on-site sanitation systems, where it is not conveyed 

through a sewer network. It can vary in its state, ranging from a slurry to a semi-solid 

consistency, and is produced as a result of collecting, storing, or treating blackwater, excreta, 

and sometimes grey water. Systems that produce fecal sludge include on-site sanitation 

methods such as pit latrines, open ablution blocks, aqua privies, septic tanks, and dry toilets. 

Fecal sludge management entails tasks such as waste storage, collection, transportation, 

treatment, and reuse or safe disposal. 

Fecal sludge exhibits significant variation in its consistency, quantity, and concentration 

(Strande & Brdjanovic, 2014). Municipal wastewater management often involves the use of 

Onsite Sanitation System (OSS) technologies like pit latrines and septic tanks. These facilities 

handle human waste, and in the case of pit latrines, natural decomposition takes place when 

the filtrate seeps into the groundwater and soil. In septic tanks, biomass is decomposed 

partially and the filtrate is further soaked with a drainage system. From a public health 

perspective, these containment systems help reduce the risk of pathogens over time, as they 

separate excrement from the household (Besamykina et al., 2021). 

1.7 Fecal sludge Management and its importance 
Fecal sludge management (FSM) refers to the collection and treatment of fecal sludge from 

non-sewered sanitation systems, such as pit latrines and septic tanks. These on-site sanitation 

systems are situated within or in close proximity to residential properties. In contrast, 

wastewater management mainly focuses on sewered sanitation systems (Eawag/Sandec, 

2008). 

Figure 1.2 indicates that 38% of flush toilets in Pakistan are connected to septic tanks and pit 

latrines, highlighting the need for an effective fecal sludge management system to address 

this issue. FSM encompasses several components (Hawkins & Muxímpua, 2015), aiming to 

ensure proper handling and treatment of fecal sludge for improved sanitation and 

environmental health. which are as follow; 

1.7.1 Capture and Storage 
The collection and storage of fecal sludge is the initial stage in a fecal sludge management 

system. The sludge is collected and stored in a pit, septic tank, or another onsite sanitation 

system. 

1.7.2 Collection/Emptying 
Fecal sludge from containment systems must be timely removed when they are full of sludge. 

Hand tools or other mechanical tools like vacuum trucks or other machinery can be used to 

empty this sludge manually or mechanically. 

1.7.3 Transportation 
Fecal sludge is then transported from the collection points to the treatment or disposal 

facilities. To reduce health risks, it's crucial to use safe vehicles and adhere to good hygiene 

practices while traveling. 

1.7.4 Treatment 
Faeces are treated using procedures to minimise volume, eliminate germs, and lessen 

environmental and health concerns. Anaerobic digestion, composting, drying beds, artificial 

wetlands, and other technologies are examples of treatment methods that can be used, 

depending on the resources that are available and the amount of treatment that is needed.. 
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1.7.5 Reuse or disposal 
The treated sludge can be safely disposed of in an environmentally friendly way after 

treatment, such as through land application or landfilling. Alternately, it may be treated further 

and used for advantageous functions like energy production or fertilizing crops, fish farming. 

Treated fecal sludge can be used for landscaping, land reclamation, or construction purposes, 

particularly in regions with limited access to other soil amendments. 

 

 

Figure 1.3 Process for Fecal Sludge Management 

1.8 Problem Statement 
Discharge of fecal sludge without any treatment into open fields and water bodies is a common 

practice in Pakistan and is huge risk to environment and public health. The problems this is 

causing are; 

• Direct discharge into water bodies results in water pollution and water borne diseases. 

• Open dumping near populated areas results in spread of different diseases such as 

diarrhea, cholera and typhoid. 

• A potential resource of affordable energy is being lost in the form of fecal sludge. 

1.9 Current Treatment Methods 
Fecal sludge can be treated using a variety of techniques ranging from simple, low-cost 

methods to more complex, costly ones. This includes composting, drying beds, constructed 

wetlands and anaerobic digestion. 
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Chapter 2 

2 Literature Review 

2.1 What is fecal sludge? 
 

Faecal sludge, often referred to as septage, is a mixture of semi-solid and liquid waste that 

builds up in onsite sanitation systems like septic tanks and pit latrines. It is created when mixed 

excreta and black water are collected, stored, or treated. Grey water may also be included, 

which results in raw or partially digested slurry. The main components of fecal sludge are 

sludge, effluent, and scum. It is characterized by an unpleasant odor, unattractive appearance, 

and contains various impurities like grease, grit, hair, debris, and pathogenic microorganisms. 

Currently, the management of onsite sanitation systems is largely based on inadequate local 

practices, with a lack of comprehensive septage management practices (Strande & 

Brdjanovic, 2014). As a result, there is a need for improved development and management of 

onsite sanitation systems to address the challenges posed by fecal sludge and ensure 

effective waste management and public health protection. 

2.2 Method utilized for Treatment of Fecal Sludge 

2.2.1 Composting 
Composting is a cost-effective and straightforward method for treating fecal sludge and 

organic waste, particularly in settings with limited resources. This approach promotes 

sustainability and circular economy principles by converting waste into a valuable product and 

organic fertilizer (Sun et al., 2017; Manga et al., 2017). The final compost product's quality, 

stability, and safety are crucial for composting to be successful. Compost quality may be 

impacted by a variety of composting conditions, with turning frequency playing a key role 

(Nakasaki et al., 2009). 

The frequency of turning significantly influences the composting process by affecting aeration 

conditions and oxygen supply, thus influencing the rate of biodegradation (Waqas et al., 2018). 

In low-resource settings where many composting facilities are operated manually, optimizing 

the turning frequency is particularly crucial. A common aeration technique is to modify the 

turning frequency according to the process stage (Ricardo et al., 2017). 

In order to investigate the effects of turning frequency and aeration rate on the process and 

pathogen inactivation, several studies on composting various organic wastes have been 

carried out. Contradictory findings have been found (Brito et al., 2008; Tirado et al., 2010). 

Despite these discrepancies, composting remains a promising and environmentally friendly 

approach for managing organic waste, as long as the process is carefully managed and 

adapted to local conditions. Table 2.1 provides a list of a few composting plants around the 

world. 
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Table 2.1: Composting Treatment Plants in the world 

S. 
No 

Plant 
Name 

City, 
Country 

Capacit
y 

Status  Reference 

1 Bio-En 
Power 

Ontario, 
Canada 

110,000 
tons-
per-
year 

Operational  http://www.bio-enpower.com/ 

2 Earnside 
Energy 
 

Glenfarg – 
Perth, 
Scotland 

30,000 
Tonnes 
per 
year 

Operational  https://bio-
capital.co.uk/portfolios/earnsid
e-energy/ 

3 Redstow 
Renewable
s 
 

Swaffham 
– Norfolk, 
England 

74,000 
Tonnes 
per 
year 

Operational  https://bio-
capital.co.uk/portfolios/redston
e-renewables/ 

2.2.2 Constructed Wetlands 
Constructed Wetlands (CW) are constructed systems that efficiently treat many types of 

wastewater by combining biological and physical processes. Fecal sludge (FS) treatment 

using them is affordable and simple, and treatment effectiveness is guaranteed 

(Panuvatvanich et al., 2009). Numerous studies (Hu et al., 2020; Kim et al., 2018; Magri et al., 

2016) have used CW for FS treatment and the resultant leachate for irrigation. Sludge 

treatment reed beds (STRB) are CW, particularly those that are reed-planted, that may be 

used as drying beds for sludge gathered from sources such as septic tanks, ASP, and ABR 

(Kim et al., 2018). These treatment systems greatly reduce the amount of water in the sludge 

and use the nutrients for plant development. Moreover, CW employs various mechanisms, 

including sedimentation, volatilization, sorption, biodegradation, and interception, to treat the 

leachate. The presence of plants in CW positively impacts microorganisms, resulting in 

enhanced degradation of organic compounds present in wastewater. (Jain et al, 2022). Table 

2.2 shows the list few Composting plants in the world. 
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Table 2.2: Constructed Wetlands Treatment Plants in the world 

S. 
N
o 

Plant 
Name 

City, 
Country 

Capacit
y 

Status  Reference 

1 Arcata 
Marsh & 
Wildlife 
Sanctuary 
 

California
, USA 

2.3 
million 
gallons 
per day 

Operational  https://www.cityofarcata.org/340
/Arcata-Marsh-Wildlife-
Sanctuary 

2 Western 
Treatment 
Plant 

Melbourn
e, 
Australia 

40 billion 
litres of 
recycled 
water 

Operational  https://www.melbournewater.co
m.au/water-and-
environment/water-
management/sewerage/western
-treatment-plant 

3 Ak-Chin 
Water 
Reclamati
on Facility 

Arizona, 
USA 

0.6 
million 
gallons 
per day 

Operational https://carollo.com/solutions/ak-
chin-indian-community-water-
and-wastewater-capital-
improvements-project/ 

2.2.3 Unplanted Drying Beds 
Unplanted sludge drying beds have an under-drain at the bottom to catch leachate. They are 

built with shallow filters filled with sand and gravel. Spreading the sludge over the bed's surface 

allows liquid to travel through the sand and gravel to the bottom when water evaporates from 

the sludge's top into the atmosphere during the dewatering process (Figure 7.1). As long as 

the sludge loading rate is properly chosen and the sludge deposition spots are well-planned, 

the drying bed's operation and design are very straightforward.  

According to fecal sludge's (FS) chemical composition, between 50 and 80 percent of its 

volume is discharged as liquid leachate. Before being released, this liquid has to be collected 

and treated (Tilley et al., 2014). The sludge can be removed from the bed manually or 

automatically after the necessary level of dryness has been reached. Depending on the 

desired end-use, extra processing can be needed to improve stabilization and further eliminate 

pathogens. 

Factors such as cost-effectiveness and ease of operation should be considered during the 

installation of a drying bed and should be weighed against its potential for odour generation 

and large footprint. (Strande & Brdjanovic, 2014). Table 2.3 shows the list few Composting 

plants in the world. 
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Table 2.3: Unplanted Drying Beds Treatment Plants in the world 

S. 
No 

Plant 
Name 

City, 
Country 

Capacity Status  Reference 

1 Cape 
Flats 
Wastewa
ter 
Treatme
nt Works 

Cape 
Town, 
South 
Africa 

150 M 
liters/day 

Operational  https://hero.epa.gov/hero/index
.cfm/reference/details/referenc
e_id/6904656 

2  
Los 
Angeles-
Glendale 
Water 
Reclama
tion 
Plant 
 

Los 
Angeles
, USA 

 20 million 
gallons of 
per day 

Operational  https://www.lacitysan.org/san/f
aces/home/portal/s-lsh-wwd/s-
lsh-wwd-cw/s-lsh-wwd-cw-p/s-
lsh-wwd-cw-p-lagwrp 

3 Newtown 
Creek 
Wastewa
ter 
Treatme
nt Plant 
 

New 
York, 
USA 

170 million 
US gallons 
per day 

Operational  https://en.wikipedia.org/wiki/Ne
wtown_Creek_Wastewater_Tre
atment_Plant 

2.2.4 Anaerobic digestion 
Absence of oxygen is the defining characteristic of anaerobic circumstances. Different faecal 

sludge management (FSM) systems, such as septic tanks, settling tanks, and anaerobic and 

facultative waste stabilisation ponds, where oxygen is reduced, include anaerobic digestion 

as a component.. Anaerobic fermentation is also used for sludge treatment. In addition to 

producing biogas, a useful energy source that is predominantly made up of methane (55-75%) 

and carbon dioxide (30-45%) (Arthur et al., 2011), anaerobic digesters are essential for 

stabilising fecal sludge. Anaerobic processes produce less sludge or microbial biomass than 

aerobic metabolisms because they are less energy-efficient (Strande & Brdjanovic, 2014). 

There are several advantages to using anaerobic digestion to handle organic waste and fecal 

sludge, making it an important strategy for managing fecal sludge. Table 2.4 shows the list few 

Composting plants in the world. 
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Table 2.4: Anaerobic Digestion Treatment Plants in the world 

S. 
No 

Plant 
Name 

City, 
Country 

Capacity Status  Reference 

1 Edmonton 
Waste 
Managem
ent Centre 

Edmonton, 
Canada 

40,000 
tonnes per 
year 

Operational  https://www.edmonton.ca/p
rograms_services/garbage
_waste/edmonton-
composting-facility 

2 Upper 
Blackstone 
clean 
water 

Massachus
etts, USA 

45 million 
gallons per 
day 

Operational  https://www.ubcleanwater.
org/ 

3 Basingstok
e 
Anaerobic 
Digestion 
Plant 

Basingstok
e, England 

50 MWh of 
electricity 
every day 

Operational  https://www.stantec.com/uk
/projects/b/basingstoke-
advanced-anaerobic-
digestion-facility 

4 La Farfana 
wastewate
r treatment 
plant 
 

Maipu , 
Chile 

8.8 m3/s Operational  https://www.suezwaterhan
dbook.com/case-
studies/wastewater-
treatment/La-Farfana-
wastewater-treatment-
plant-Chile 

2.2.1.1 Benefits 
There are certain benefits of using this treatment method (USEPA, 2023). 

Diversified Farm Revenue 
Anaerobic digestion of organic waste streams offers several benefits that can create additional 

revenue streams and contribute to sustainability.  

Firstly, anaerobic digestion facilities can receive "tipping fees" for managing non-farm organic 

waste, providing a direct source of income while also generating biogas for energy production.  

Second, the digested manure's liquid and solid by-products include beneficial organic nutrients 

that may be used as fertilizer. The digested solids can also be used to substitute peat moss 

or as bedding for animals.  

The creation of biogas, a sustainable energy source, as a result of the decomposition of 

manure is another noteworthy benefit. This biogas may be utilized locally to generate power, 

heat homes, and provide fuel, or it can be exported to the grid to support more environmentally 

friendly energy practices.  

Rural Economic Growth 
The effectiveness of anaerobic digestion systems depends on the availability of skilled 

professionals with expertise in various areas, including site work, concrete, plumbing, 

electrical work, permitting, and engineering. These experts are essential during the planning 

and construction stages of the system. skilled professionals in these fields ensures the smooth 

implementation of the facilities. Once operational, these systems require skilled labor to 

efficiently maintain and operate them. The production of valuable products like nutrients, 

manure solids, and renewable energy can give rise to businesses that capitalize on these 

resources, fostering growth in the market. Cooperative business models can be adopted to 

distribute risks and rewards among farms and private investors, promoting collaboration and 

sustainable practices. Additionally, anaerobic digestion can open doors for agro-tourism, 
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providing an opportunity to people to visit and learn about environmental improvements, and 

gain insight into the origin of their food. 

Conservation of Agricultural Land 
Anaerobic digestion offers significant benefits to soil health and local water resources. By 

changing  the nutrients in manure into a more readily available form for plants to use, 

anaerobic digestion enhances soil health and fertility. The process helps reduce nutrient run-

off, preventing the potential pollution of nearby water bodies, and also effectively destroys 

pathogens, contributing to a safer environment for both human and ecological health. Overall, 

anaerobic digestion plays a critical role in promoting sustainable agriculture practices and 

safeguarding water resources in the local area. 

Energy Independence 
Anaerobic digestion systems offer numerous advantages for on-farm energy needs and 

beyond. Biogas produced from the digestion process serves as a versatile source of energy 

that can be utilized to meet various on-farm requirements. It can produce electricity to light 

barns and houses, offer energy for cooling milk, provide heat for warming barns and on-site 

greenhouses and act as fuel for on-site vehicles. By relying on biogas, farmers can operate 

independently of traditional utilities, reducing their dependency on external energy sources 

and operating "off the grid." 

Reduction of greenhouse gas emissions 
Anaerobic digestion has a crucial role in reducing greenhouse gas emissions. It captures 

methane gas that would have been released into the atmosphere and  help mitigate its potent 

greenhouse effect. Moreover, the displacement of fossil fuel energy use with biogas 

contributes to the overall reduction of greenhouse gas emissions, making it an environmentally 

beneficial technology. 

Sustainable Food Production 
Anaerobic digestion offers numerous benefits for both animal and human health by reducing 

pathogens present in manure. Additionally, this process converts nutrients in manure to a more 

readily accessible form for plants, hence increasing crop productivity and yield on the farm. 

By recycling nutrients locally, anaerobic digestion contributes to a food production system that 

is sustainable economically and environmentally.  

Food Waste management 
Anaerobic digesters can deal with food waste from sources like restaurants and grocery 

stores, diverting such waste from landfills. This added benefit not only reduces food waste but 

also enhances the efficiency of the farm digesters.  

Odor Reduction 
The ability of anaerobic digestion to control and eliminate odors from domestic sludges was 

the driving force behind its development. Under anaerobic conditions, methane and carbon 

dioxide are typically the byproducts of microbial degradation of carbonaceous materials and 

have no odor. 

2.2.1.2 Drawbacks of using Anaerobic Digestion 
Along with all these advantages, there are also some drawbacks in using anaerobic 

digestion. 

Lower Biodegradation Efficiency 
The anaerobic digestion process may exhibit lower biodegradation efficiency, typically ranging 

from 30 to 50%. This means that a significant portion of the organic matter may not be 
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effectively degraded during the digestion process. Additionally, anaerobic digestion may 

require long hydraulic retention times going up to 30 days, to achieve the desired level of 

decomposition (Tanaka et al., 1997; Appels et al., 2008; Tyagi and Lo, 2011).  

Complex Sludge Matrix 
Complex sludge has physical and chemical barriers that prevent anaerobic enzymatic 

breakdown. Due to these obstacles, the rate of hydrolysis is slowed down, less biogas is 

produced, and the dewaterability of the sludge is poor. Consequently, the resulting biosolids 

fall under Class B category, which means they are pathogen subservient, i.e., they might 

contain pathogens that are inactive but can become active when conditions are favorable. 

(Tang et al., 2010; Tyagi and Lo, 2011; Anjum et al., 2016) 

Comparatively Low COD Removal 
Around 85% to 90% of organic pollutants may be efficiently reduced by anaerobic digestion. 

However, to achieve satisfactory removal of Chemical Oxygen Demand (COD), a second step 

is often necessary, typically involving aerobic treatment. In many cases, businesses pay local 

governments based on the volume and COD content of their waste. As a result, some 

manufacturers may opt to forgo the additional expense of secondary treatment and instead 

choose to pay higher fees (Stuart, 2006). 

Required Expertise 
Due to its complexity, anaerobic digestion cannot be considered a simple or "black-box" 

process. A thorough awareness of all the nuances involved in the process is necessary for 

successful functioning. This level of expertise might not always be readily available in 

developing regions. In developed countries, implementing anaerobic digestion systems may 

require hiring skilled personnel, which adds to both the initial investment and ongoing 

operational costs (Stuart, 2006). 

Capital Investment 
The main challenge in implementing aerobic digesters often lies in the significant development 

costs associated with their construction. Whether it is a large-scale industrial project or a 

smaller on-farm digester, the capital expenditure required for building aerobic digesters can 

be a potential deterrent (Stuart, 2006). The relatively high costs involved can sometimes 

hinder the widespread adoption of these systems. 

2.3 Anaerobic Digestion Process Description 
In the absence of oxygen, anaerobic digestion is a biological process that breaks down organic 

matter into simpler molecules. Methane, one of the primary byproducts of this process, is a 

renewable energy source that is also ecologically beneficial. For anaerobic fermentation to be 

effective, the substrate must have a moisture content of more than 90% (Vikhareva et al., 

2022). 

Hydrolysis, acidogenesis, acetogenesis, and methanogenesis are the four steps of anaerobic 

digestion (Vikhareva et al., 2022). Each stage's speed and efficiency depend on the 

consortium of microorganisms present, which exist in symbiotic relationships and occupy 

different ecological niches. These microorganisms work together to drive the overall process 

of anaerobic digestion. 

2.3.1 Hydrolysis 
Complex organic substances including polysaccharides, proteins, lipids, and nucleic acids are 

broken down into smaller, soluble components during the first stage of anaerobic fermentation. 

Microorganisms, such as amylase, lipase, cellulase, cellobiase, xylanase, and protease, 

secrete hydrolytic enzymes during this breakdown process, which are essential in breaking 
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down these complex materials into simpler ones. The process of using organic material 

anaerobically ends in hydrolysis. The majority of bacteria participating in anaerobic 

fermentation are strict anaerobes, including Bacteroides, Clostridia, and Bifidobacteria. 

Streptococci and Enterobacteriaceae are examples of facultative anaerobes. In the presence 

of oxygen, facultative anaerobes can switch between aerobic and anaerobic modes of 

metabolism, while strict anaerobes can only survive and function in oxygen-free environments. 

2.3.2 Acidogenesis 
Certain bacteria assist in the breakdown of more complex molecules during the second stage 

of anaerobic degradation, which results in the creation of organic acids and alcohols. These 

bacteria that produce acid are essential to the process. Volatile fatty acids are produced at 

this phase of anaerobic breakdown by the obligate acid-producing bacteria. 

2.3.3 Acetogenesis 
The third step of anaerobic decomposition of organic acids and alcohols results in significant 

volumes of acetic acid, carbon dioxide, and hydrogen being generated. At this stage, common 

bacteria like Acetobacterium woodii and Clostridium aceticum are active. The process of 

turning simple organic molecules into acetate, known as acetogenesis, can be inhibited by 

hydrogen gas buildup. Because of this, the partial pressure of hydrogen (H2) in the anaerobic 

mixture has a significant impact on the process as a whole. At this point, the efficiency and 

development of the anaerobic degradation process can be significantly impacted by the 

presence and concentration of hydrogen gas. 

2.3.4 Methanogenesis 
Methanogenesis, which produces both carbon dioxide (CO2) and methane (CH4), is the final 

stage in the bacterial breakdown of organic materials. There are two different kinds of bacteria 

engaged in this process. In the first, methane is produced by redox processes in which 

hydrogen serves as an electron donor and carbon dioxide as an acceptor. The second group 

utilizes acetate, a type of organic acid, to produce both carbon dioxide and methane. Both of 

these reactions occur simultaneously during methanogenesis. Figure 2.1 (Rea,J. 2014) shows 

all four steps of anaerobic digestion. 

 

Figure 2.1: Steps of Anaerobic Digestion 

2.4 Operational parameters 
There are different working boundaries that impact the biogas creation. Significant boundaries 

that truly influence the biogas age are temperature, pH, pace of natural burden, tumult, 
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molecule size, maintenance time and so on. Abrupt changes in these boundaries can hurtfully 

the biogas age (ALI et al., 2018). 

2.4.1 pH 
In anaerobic digestion, pH is important since it tells whether the substrates are acidic or 

alkaline. The development and activity of microorganisms during the anaerobic digestion 

process depend on maintaining an ideal pH range. The optimal pH range for improved 

microbial efficiency in the digester is between 6.0 and 8.0, according to (ALI et al., 2018). It is 

essential to keep the pH within the ideal range to guarantee the stability and effectiveness of 

anaerobic digestion. Regular monitoring and control of pH levels are essential to create a 

favorable environment for microorganisms and to maximize the biogas production process. 

(Dubrovskis et al.,2010). 

2.4.2 NH4
+-N 

During the digestion of protein-rich substrates, ammonia is produced, and its presence can 

slow down the digestion process and affect its effectiveness. High ammonia concentrations at 

elevated pH levels can be inhibitory to digestion, but certain manure systems can adapt to 

handle even higher ammonia levels, maintaining some level of functionality despite the 

ammonia presence. (Labatut, R. A., & Gooch, C. A.2014). 

2.4.3 Volatile solids (VS) 
Total volatile solids (VS) is a measurement that may be used to gauge the amount of organic 

material in the garbage. The amount of influent pumped into the system, as well as the 

proportion of waste that is VS, determine the organic loading rate of a digester, which is the 

influent mass per time. The difference in VS concentration between influent and effluent 

reveals how much waste has been stabilized (destroyed) through digestion. Assuming the 

influent parameters don't change, more VS stabilization is indicated by smaller particulates in 

the effluent and a larger reduction in odors. The physicochemical characteristics of the 

substrate and the design of the system have the most effects on the percentage of organic 

matter stabilization. In digesters that exclusively use manure, the VS stabilization typically 

ranges from 30 to 42 percent. For systems that digest manure along with additional high-

strength substrates, the amount of waste stabilization varies depending on the co-substrates 

used. (Labatut, R. A., & Gooch, C. A.2014). 

2.4.4 Chemical Oxygen Demand (COD) 
The amount of oxygen needed to chemically oxidise the organic molecules in a sample is 

known as the chemical oxygen demand (COD). COD is widely used to determine the organic 

content of wastewater or fodder for anaerobic digestion. Higher COD concentrations 

corresponding to higher organic content may benefit biogas production. The organic matter 

serves as a substrate for the anaerobic microorganisms, making it easier for them to break 

down organic compounds into biogas (Strande & Brdjanovic, 2014).  

2.4.5 Alkalinity  
The digester material's ability to act as a buffer determines how strongly absorption occurs in 

an anaerobic digester. An increased ability to withstand pH variations is indicated by a greater 

alkalinity value. An anaerobic digester's alkalinity value might range from 1500 to 5000 mg/L. 

(Saev et al., 2009). 

2.4.6 Volatile Fatty Acids 
As a key component of anaerobic digestion, methanogens are significantly impacted by the 

amount of volatile fatty acids (VFAs) in the reactor. VFAs are byproducts of anaerobic 

digestion, including acetic acid, propionic acid, butyric acid, and valeric acid. While 

methanogens are naturally produced during this process, excessive concentrations of VFAs 
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can negatively impact their growth, restricting and slowing down their development. This can 

lead to stress on the anaerobic digestion system, affecting its overall efficiency and 

performance. (Magdalena, 2019). 

2.4.7 Temperature 
The generation of biogas depends critically on the temperature within the digester. Three 

primary temperature ranges—psychrophilic (below 25 degrees C), mesophilic (25–45 °C), and 

thermophilic (50–70 °C)—generally have an impact on biogas production. Methane production 

occurs at these specific temperature ranges, and each range has its impact on the efficiency 

of the biogas production process. (Kayhanian & Masoud, 1994). 

2.5 Gas measurement techniques 

 

2.5.1 Syringe and needle measuring method 
To quantify the vaporous byproducts of a process, use a gas syringe. When using the gas 

syringe to measure gases, it is imperative to maintain it clear of flails. According to Henry's 

law, gases can decompose in fluids, particularly under subsequent tension, resulting in 

inaccurate estimates. The response's gas measurement in moles may be estimated using the 

volume of gas progressed under standard for known) pressure conditions (gas law, PV= nRT). 

Similarly to this, it is crucial that the syringe barrel slides freely inside the syringe chamber if 

the targeted gas has the same weight and temperature. (Haseler et al., 2011) 

2.5.2 Liquid Displacement Method 
On the continuous liquid replacement method (CLRM), the intermittent liquid replacement 

method, and syringes, there was less variation in the amount of gas that was measured by 

these setups. On the other hand, the intermittent liquid replacement method measured the 

maximum amount of biogas because continuous real time monitoring may have had some 

leakages, and the plunger on syringes was not withdrawn sufficiently to collect all of the gas. 

The difference, however, is not significant (Parajuli, 2011). 

2.5.3 Gas chromatography 
The well-known instrument gas chromatography (GC) has a few benefits, such as high aims, 

speed, great affectability, and excellent quantitative findings. For measuring the gas in contact 

with its fluid stage, GC is the best instrument available. After performing the predefined CO 

and CH arrangement rules, tests are immediately implanted into the GC. In anaerobic 

digesters, biogas levels typically range from 60 to 70 percent. However, the methane content 

may fluctuate if the system is disturbed (Parajuli, 2011). 
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Chapter 3 

3 Material and Methodology 

3.1 Designing of Sampler 
The sampler is made of acrylic pipes, which are used to take samples from pits and septic 

tanks. The main reason why this type of sampler was designed is because it would help to 

distinguish between the volume of liquid and solid sludge that is collected in the sampler.  

The material we selected for our sampler was acrylic pipes due to its transparency, durability, 

and strength. There was a steel rod to support the sampler and pull it out after it was filled. 

The design parameters of our sampler are as follow: 

Number of acrylic pipes used   = 5 

Length of each pipe = 2 ft. 

Internal Diameter of the pipe   = 40mm   

External Diameter of the pipe   = 50mm 

Total length of sampler   = 10 ft. 

Diameter of the steel rod   = 10mm 

Length of steel rod   = 11.5 ft

 

 

 

 

 

 

 

Figure 3.1 Picture of Sampler 
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3.2 Collection of Inoculum, Substrate and Co-Substrate 
The first and main component of the process of Bio-Methane Potential (BMP) test is the 

collection of samples, which includes inoculum, substrate, and co-substrate.  

3.2.1 Collection of Inoculum 
The inoculum that we selected was digested cow manure of a Biogas plant collected from a 

local farm situated in Fateh Jang city of district Attock, Punjab. Before storage at a temperature 

of 35 degrees Celsius in water bath, for removing any waste and big particles, it was sieved 

using a 5 mm sieve. The purpose of storing the inoculum in water bath is to maintain its 

temperature at around 35 degree Celsius. In this way, it provides working environment for 

microbes present in inoculum. Inoculum is the source of microbes. After collection of inoculum, 

the bottles lids were kept opened for few days for the purpose of degasification.  

The digester is BMP Bottle. The operating conditions for inoculum includes mesophilic 

temperature (35o) and pH of range 6.5-8.5.  

 

   

Figure 3.2 Collection of Inoculum 

3.2.2 Collection of Substrate 
The samples of fecal sludge utilized in this investigation were taken from septic tanks and pits 

located in Muslim colony and I-8 Markaz, Islamabad, respectively. Three collection sites were 

selected for both pits and septic tank and three samples were collected from each site. The 

samples from pits were sieved by using a 5mm sieve and then mixed. Similarly, samples from 

septic tanks were also sieved using 5 mm sieve and then mixed. The samples were then kept 

cooled, at a temperature of 4°C.  
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Figure 3.3 Collection of Fecal Sludge from pits and septic tanks 

3.2.3 Collection of Co-Substrate 
Food waste gathered from the mess of the hostels at the National University of Science and 

Technology (NUST) was the co-substrate used in the present study. This food waste is 

comprised of fruit and vegetable peels. The food waste was first grinded then sieved by using 

a 5 mm sieve and stored in refrigerator at 4o C. 

3.3 Characterization of Inoculum, Substrate and Co-Substrate 
The experiments listed below were carried out to characterize the samples and examine 

their behavior: 

3.3.1 Determination total solids and Volatile solids 

(TS, VS): 
Using the standard technique, total solids and volatile solids 

were determined. China dish and weighing balance (Model: 

Shimadzu UX6200) were used to measure the weight of the 

samples then dried in oven (Model:  WTC Binder) for 24 

hours at 105 Co and then ignited in Muffle furnace (Model: 

NEY M-525 Series 11) for 30 minutes at 550 Co. 

 

 
Figure 3.4 Oven for TS and VS 
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3.3.2 Determination of Chemical Oxygen Demand 

(COD): 
 The standard technique (Standard Methods for the 

Examination of Water and Wastewater, 23rd edition, 2017, 

technique 5220D) was used to calculate chemical oxygen 

demand (COD).The reagents which were used are potassium 

dichromate, sulfuric acid reagent and ferrous ammonium 

sulfate (FAS) solution and ferroin indicator solution. The 

sample involves simple digestion for 2 hours at 150Co. All 

samples were diluted 50 to 100 times but in the case of fecal 

sludge from pits it was diluted 200 times. The apparatus, 

which was used, is COD Reactor (Model: HACH USA 45600-

00) and COD closed Vessel.   

 

3.3.3 Determination of Soluble Chemical Oxygen Demand (SCOD): 
 The standard technique (Standard Methods for the 

Examination of Water and Wastewater, 23rd edition, 2017, 

technique 5220D) was used to calculate soluble chemical 

oxygen demand (COD). The reagents which were used are 

potassium dichromate, sulfuric acid reagent and ferrous 

ammonium sulfate (FAS) solution and ferroin indicator 

solution. The sample involves simple digestion for 2 hours at 

150Co. All samples were diluted 50 to 100 times. The 

apparatus, which was used, is COD Reactor (Model: HACH 

USA 45600-00) and COD closed Vessel.   

3.3.4 Determination of pH: 
The pH was determined using pH meter (model: Hannah HI 

8520). Two buffer solutions with established pH values—pH 4.0 and pH 7.0—were used to 

calibrate the pH metre, and results were given to two decimal places. 

3.3.5 Determination of Electrical Conductivity (EC): 
Using an EC metre (Model: Hannah HI 2003 EDGE), electrical conductivity was assessed. 

The conductivity meter was calibrated with two standard solutions of known conductivity and 

reported to 1 decimal place. 

3.3.6 Determination of Total Kjeldahl Nitrogen (TKN): 
 The standard technique (Standard Methods for the 

Examination of Water and Wastewater, 23rd edition, 2017, 

technique 4500-N org B.) was used to calculate the total 

kjeldahl nitrogen (TKN). The following reagents 20%Boric acid 

solution, standard solution of sulfuric acid, 30%NaOH solution 

and mixed indicator were used. Each sample was diluted 2 

times. TKN distillation assembly (Model: Velp UDK-149) and 

TKN Digestion assembly (Model: Velp DK-6) were used.  

 

Figure 3.5 COD Reactor 

Figure 3.6 COD and 
sCOD filled tubes 

Figure 3.7 TKN digestion assembly 
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3.3.7 Determination of Total Ammonia Nitrogen 

Concentration (TANC): 
The standard technique (Standard Methods for the Examination of 

Water and Wastewater, 23rd edition, 2017, technique 4500-NH3 

F.) was used to calculate the concentration of total ammonia 

nitrogen (TAN). The following reagents 20%Boric acid solution, 

standard solution of sulfuric acid and mixed indicator were used. 

Each sample was diluted 2 times. TKN distillation assembly 

(Model: Velp UDK-149) was used.  

 

3.3.8 Determination of Volatile Fatty acids 

(VFA): 
The standard technique (Standard Methods for the Examination of 

Water and Wastewater, 23rd edition, 2017, technique 5560B) was 

used to determine the amount of volatile fatty acids (VFA). The 

material was initially rotated in a centrifuge (Model: Hermle Z206A) 

for 15 minutes at 5000 rpm. Then supernatant was collected to 

perform further test. 

 

3.3.9 Determination of Alkalinity:  
The standard approach (Standard Methods for the Examination of Water and Wastewater, 

23rd edition, 2017, Method 2320B) was used to assess alkalinity. The material was initially 

rotated in a centrifuge (Model: Hermle Z206A) for 15 minutes at 5000 rpm. Then supernatant 

was collected to perform further test. 

3.4 Bio-methane Potential (BMP) test Setup 
We moved on to our second target, which was to set up and conduct the Bio Methane Potential 

(BMP) test for Mono and Co-digestion of fecal sludge, after characterizing all of the samples 

that had been collected. BMP bottles with a capacity of 250 ml were utilized for this 

investigation, but the bottles were only filled to 175 ml before being left with headspace. For 

25 days, the experiment was conducted in batch mode. It was decided to use the Substrate 

to Inoculum Ratios (SIRs) of 0.25, 0.5, 1, 2, and 4. The experiment was carried out in triplicates 

for each ratio with a fourth bottle for weekly analysis.  

3.4.1 Nitrogen Purging 
Nitrogen purging was performed using nitrogen cylinder, two needles and a pipe. On Sealed 

BMP bottles, two needles were inserted one for the removal of O2 and other for addition of N2 

connected with pipe which is carrier of N2 from nitrogen cylinder. To eliminate any oxygen, 

the BMP bottles were flushed with nitrogen gas for 90 seconds.  

Figure 3.8 TANC Distillation Apparatus 

Figure 3.9 Centrifuge 
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Figure 3.10 Nitrogen Purging using Nitrogen Cylinder 

3.4.2 Different Mixtures of samples for BMP Test  
These bottles were then submerged in a water bath that was heated to 35°C, or mesophilic 

temperature. BMP test was performed for following: 

i. Mono Digestion of fecal sludge from pits 

ii. Co-digestion of fecal sludge from pits with food waste 

iii. Mono digestion of fecal sludge from septic tanks 

Figure 3.13 Filled BMP Bottles 

 

The basic experimental setup of a BMP test is shown in the figure below. 

Figure 3.11 BMP Bottles in Water Bath 
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Figure 3.12 Experimental Setup for BMP 

 

3.5 Calculations of Mixing Ratio 
Based on the Volatile Solid (VS) content of the inoculum, fecal sludge, and food waste, the 

mixing ratios for these three experiments were determined. The BMP bottles' entire working 

capacity was 175 ml. The tables for the SI ratio calculations are given below. 

3.5.1 SIRs for Mono digestion of fecal sludge from pits 
 

 

Table 3.2 SIRs for Mono-digestion of fecal sludge from pits 

S/I 
rat
io 

VS(g) 
Inocul
um 

Volume 
Require
d ml 
(Inocul
um) 

VS(g) 
Substr
ate 

Volume 
Require
d ml 
(Substr
ate) 

Volum
e of 
Inocul
um in 
175 ml 
bottle 

Volum
e of 
Substr
ate in 
175 ml 
bottle 

1 1 11.62 1 16.26 72.94 102.06 

0.2
5 

1 11.62 0.25 4.07 129.60 45.40 

0.5 1 11.62 0.5 8.13 102.96 72.04 

2 1 11.62 2 32.52 46.07 128.93 

4 1 11.62 4 65.04 26.53 148.47 
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3.5.2 SIRs for Co-digestion of fecal sludge from pits with Food waste 
 

Table 3.3 SIRs for Co-digestion of fecal sludge from pits with food waste 

S/I 
rati
o 

VS(g) 
Inocul
um 

Volume 
Require
d ml 
(Inocul
um) 

VS(g) 
Substr
ate 

Volume 
Require
d ml 
(Substr
ate) 

VS(
g) 
FW 

Volum
e 
Requir
ed ml 
(FW) 

Volum
e of 
Inocul
um in 
175 ml 
bottle 

Volum
e of 
Substr
ate in 
175 ml 
bottle 

Volu
me of 
FW in 
175 
ml 
bottl
e 

1 1 15.29 0.5 11.13 0.5 5.68 83.36 60.68 30.97 

0.2
5 

1 15.29 0.125 2.7825 0.12
5 

1.42 137.27 24.98 12.75 

0.5 1 15.29 0.25 5.565 0.25 2.84 112.92 41.10 20.97 

2 1 15.29 1 22.26 1 11.36 54.71 79.65 40.65 

4 1 15.29 2 44.52 2 22.72 32.42 94.40 48.18 

3.5.3 SIRs for Mono digestion of fecal sludge from septic tanks 
 

Table 3.4 SIRs for Mono-digestion of fecal sludge from septic tanks 

S/I 
ratio 

VS(g) 
Inoculu
m 

Volume 
Required 
ml 
(Inoculum
) 

VS(g) 
Substrat
e 

Volume 
Required ml 
(Substrate) 

Volume of 
Inoculum in 
175 ml 
bottle 

Volume of 
Substrate 
in 175 ml 
bottle 

1 1 15.29 1 34 54.29 120.71 

0.25 1 15.29 0.25 8.5 112.47 62.53 

0.5 1 15.29 0.5 17 82.87 92.13 

2 1 15.29 2 68 32.13 142.87 

4 1 15.29 4 136 17.69 157.31 
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Chapter 4 

4 Results and Discussion 
 

4.1 Characteristics of Inoculum, Feed and Co Feed 
When compared to the feed (fecal sludge), the inoculum, cow dung, had a high Total Solid 

(TS) and Volatile Solid (VS) value. The fecal sludge from pits has a higher TS (6.25 ± 1.03) 

and VS (6.01± 0.7) as compared to the fecal sludge from septic tanks having a value of TS 

(4.15 ± 0.02) and VS (2.93 ± 0.1) as shown in Table 4.1. The values of pH of all the samples 

collected were in the suitable range of 6.5-7.5 except for the fecal sludge collected from the 

septic tanks having a pH of 6.45, which is slightly lower than the required. 

Table 4.1 Characterization of all Samples 

Sr. No. Tests Inoculum 
(cow manure) 

Fecal Sludge 
(Pits) 

Fecal Sludge 
(Septic 
Tanks) 

Food waste 

1 pH 7.12 7.38 6.45 6.95 

2 Total Solids(%) 10.60 ± 0.45 6.25 ± 1.03 4.15 ± 0.02 7.02± 0.89 

3 Volatile Solids(%) 8.55 ± 0.30 6.01 ± 0.7 2.93 ± 0.1 6.35± 1.1 

4 COD (mg/l) 27200 ± 3200 22400 ± 2100 19200 ± 2100 74600 ± 3200 

5 Soluble COD 
(mg/l) 

9600 ± 100 8100 ± 754 8533 ± 320 12260 ± 1508 

6 NH4
+-N 406.9 ± 17 1079.8 ± 54 280 ± 17 270.6 ± 19 

7 TKN (mg/l) 352.3 ± 65 950 ± 70 90 ± 12 119.3 ± 36 

4.2 Biogas production from anaerobic digestion at different substrate to 

inoculum ratio 
The Bio Methane Potential (BMP), which was operational for 25 days, was created for both 

mono- and co-digestion. The water displacement method was used each day to measure the 

amount of biogas generated. The results obtained are discussed below. 

4.2.1 Biogas production from Mono-digestion of fecal sludge from pits 
In this experiment, five different ratios were chosen to examine the generation of biogas. On 

the first day following incubation, biogas generation began instantly. The maximum biogas 

output was noticed in SIR 0.25 with a value of 45.20 ± 1.13 ml/g VS of the substrate, and the 

biogas production declined as the substrate-to-inoculum ratio (SIR) increased. The other ratios 

achieved a highest value of 35.56 ± 0.82, 29.46 ± 0.81, 25.37 ± 0.72, 26.76 ± 0.81 ml/g VS of 

substrate for SIR 0.5, 1, 2 and 4 respectively. As there are very limited studies on fecal sludge 

so this research article by Fagbohungbe et al, (2015) is particularly pertinent to our study as it 

also utilized fecal sludge as a substrate. We found that there was an inverse relation between 

biogas production and substrate-to-inoculum ratio (SIR) when different types of waste 

materials were digested e.g. rice straw by Zhou et al, (2017), Sheep paunch by Lawal et al, 

(2016) and fecal sludge by Fagbohungbe et al, (2015). The research done by Fagbohungbe 

et al. (2015) also showed a comparable trend in biogas generation, with the maximum amount 

produced at 0.5 SIR being 254.4 ±12.6 ml g/VS. With a value of 110 ±1.3 ml g/VS, the 4.0 

SIR's maximum organic loading, however, had the lowest methane production. According to 

Zhou et al. (2017), the study they conducted, the highest methane yield was attained at a 

lower substrate-to-inoculum ratio of 4, with a methane production of 193.4 0.4 ml CH4/gVS, 

and the lowest methane yield was at a higher S/I ratio of 10, with a methane production of 

36.7 ±  5.5 ml/gVS. Lawal et al.'s (2016) study also revealed that the largest biogas generation 
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occurred at a lower S/I ratio or 1.46784 Nm3/kg VS, and the lowest at the highest S/I ratio, or 

0.57195 Nm3/kg VS. 

Indeed, based on the findings of this project and supported by Zhou et al. (2017), it is evident 

that lower SIR (substrate to inoculum ratio) results in higher biogas production compared to 

higher SIR. In lower S/I ratios, there is less competition among microbial populations for 

nutrients and space, promoting better microbial growth and activity. This improved microbial 

activity leads to more efficient hydrolysis and methane production. Additionally, lower S/I ratios 

provide a higher liquid phase (inoculum) relative to the solid phase (substrate), which 

enhances the mass transfer of nutrients and metabolites. The enhanced mass transfer allows 

microorganisms better access to the substrate, further contributing to increased methane 

production. As a result, the methane production is more significant in lower SIR conditions. 

According to (Zhou et al., 2011), the most efficient SIRs for AD operation and methanogenesis 

were those between 0.3 and 1. The quantities of methane generated under the 0.5 and 1 SIR 

conditions were equivalent to those reported by them. The cumulative gas production over the 

period of 25 days for all the SIRs used is given in the Figure 4.1.  

 

Figure 4.1 Biogas of Mono-digestion of pits 

4.2.2 Biogas production from Co-digestion of fecal sludge from pits with food 

waste 
On the first day following incubation, biogas generation began instantly. SIR 0.25 produced 

the highest biogas, with a value of 121.09 3.10 ml/g VS of substrate. The other ratios achieved 

a highest value of 86.34 ± 1.50, 90.25 ± 2.91, 40.44 ± 1.10, 41.5 ± 1.04 ml for SIR 0.5, 1, 2 

and 4 respectively. The cumulative gas production over the period of 25 days for all the SIRs 

used is given in the Figure 4.2. Co-digestion increased biogas generation by 1.5 to 3 times 

when compared to mono-digestion of pit fecal sludge. The same thing was noted by Burka et 

al. in 2021. Co-digestion of fecal sludge has been proven to considerably enhance biogas 

output when compared to fecal sludge of mono-digestion, according to Burka et al. (2021). 

According to the study, co-digestion with additional organic matter such as sewage sludge, 

cow manure, and poultry manure increased the biogas generation by 1.2 to 2 times. The 
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biogas output from the mono-digestion of fecal sludge alone was 13 ml/g VS in 14 days. 

However, the biogas generation rose to 18 ml/g VS after 14 days when these extra organic 

elements were introduced to the fecal sludge. The highest biogas yield of 28 ml/g VS in 14 

days was achieved when only poultry manure was added to the fecal sludge. This 

demonstrates the significant positive impact of co-digestion on biogas production. 

According to Cucina et al. (2021), co-digestion is a process that harnesses the synergistic 

effects of combining different substrates in anaerobic digestion. This combination of diverse 

organic compositions leads to an improved biomethane potential and more efficient 

degradation of organic matter, resulting in enhanced biogas production. Co-digestion helps in 

maintaining a balanced nutrient composition within the digester. The inclusion of various 

substrates like brewery trub (BT), fruit waste (FW), fecal sludge (FS), and slaughterhouse 

waste (SW) enhances microbial activity in the digester. These substrates contain exo-cellular 

enzymes and abundant microbial populations that contribute to the breakdown of complex 

organic matter, leading to higher biogas yields. Overall, the co-digestion process enhances 

the stability of anaerobic digestion, improves nutrient balance, and promotes a consistent and 

increased production of biogas (Afifah & Priadi, 2017). 

 

Figure 4.2 Biogas of Co-digestion of pits 

4.2.3 Biogas production from Mono-digestion of fecal sludge from septic tanks 
This BMP test was performed to have a comparison of biogas production for different type of 

fecal sludge having different characteristic and composition. The fecal sludge was removed 

from a septic tank in a commercial area, such as a restaurant. On the first day, following 

incubation, biogas generation began promptly, as in the prior two studies. The SIR 0.5 

dominated and produced maximum biogas with a value of 104.7 ± 1.27 ml/g VS of substrate. 

The other ratios achieved a highest value of 64.3 ± 1.14, 83.96 ± 1.19, 12.06 ± 0.32, 18.86 ± 

0.64 ml/g VS of substrate for SIR 0.25, 1, 2 and 4 respectively. Similarly, Fagbohungbe et al, 

(2015), observed maximum biogas production for SIR 0.5 anaerobic mono-digestion process. 

According to Raposo et al. (2009), among the factors that affect how much inoculum affects 

biogas output are the type of biomass and the inoculum-to-substrate ratio. To overcome 
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digester inhibition and accelerate the start of active methanogenesis, the addition of inoculum 

must be done correctly (Raposo et al., 2009). The amount of volatile fatty acids (VFA) present 

and each substrate's capacity to buffer the accumulated VFAs during digestion define the 

appropriate S/I (substrate-to-inoculum) ratio. Lower S/I ratios can help with the generation of 

enzymes necessary for anaerobic digestion, but higher ratios can be harmful (Feng et al., 

2013). Lower SIR produces more biogas than greater SIR, as was previously described in 

section 4.2.1. Figure No. 4.3 shows the total gas output for all of the SIRs utilized throughout 

a 25-day timeframe. 

 

Figure 4.3 Biogas of Mono-digestion of Septic Tank 

4.3 Process Performance 
To analyze biodegradation during anaerobic condition, weekly analysis of BMP bottles sample 

was also performed for six parameters.  

The following parameters were measured on the weekly basis to check their trend as the BMP 

test proceeded. 

i. Total Solids (TS) 

ii. Volatile Solids (VS) 

iii. Chemical Oxygen Demand (COD) 

iv. Soluble Chemical Oxygen Demand (sCOD) 

v. NH4
+-N 

vi. pH 

vii. Electrical Conductivity 

The following two parameters were checked at the start and completion of BMP test in each 

case. 

i. Volatile Fatty Acids (VFA) 
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ii. Alkalinity 

4.3.1 Total and Volatile Solids 
The Total solids and Volatile solids showed decreasing trend as the days passed in all the 

three BMP tests performed. The maximum removal of TS and VS in mono-digestion of fecal 

sludge from pits was observed for SIR 0.25 as 39 % and 39 % respectively. In the co-digestion 

of fecal sludge from pits with food waste, the highest removal of TS and VS was reported for 

SIR 0.25 with values of 45% and 52%. Similarly, maximum removal of TS and VS in mono-

digestion of fecal sludge from septic tank was observed for SIR 0.5 as 32 % and 60 % 

respectively. Kilucha et al. (2022) similarly noted a higher removal of VS compared to TS 

during the anaerobic digestion of fecal sludge, which they speculated was due to a greater 

absorption rate of the organic part of TS by methanogenic bacteria. As in this study, it was 

observed that max biogas production was on those SIR than max removal of TS and VS. 

Maximum biogas production was observed on that ratio which had higher removal rate of TS 

and VS as studied by Deepanraj et al, (2021). As higher removal means more organic content  

is being converted into methane so more production of methane in anaerobic digestion occur. 

4.3.2 COD and sCOD 
The COD and sCOD also showed decreasing trend as the days passed period in all the three 

BMP tests performed. The maximum removal of COD and sCOD in mono-digestion of fecal 

sludge from pits was observed for SIR 0.25 as 69.99 % and 81.82 % respectively. The 

maximum removal of COD was observed in co-digestion process having fecal sludge and food 

waste for SIR 0.25 as 35.48 % and maximum removal of sCOD was observed for SIR 1 as 

73.71 %. But the maximum biogas yield was obtained for SIR 0.25. Similarly, maximum 

removal of COD in mono-digestion of fecal sludge from septic tank was 71.43 % at SIR 0.5 

and maximum removal of sCOD was 80.01 % at SIR 2. Maximum biogas production was 

observed on that ratio which had higher removal rate of COD as studied by Deepanraj et al, 

(2021). As COD indicates that total organic content but sCOD indicates only soluble organic 

content. As in this project, max biogas is produced on those SIRs, which have max removal 

of COD but not sCOD.  As sCOD is portion of COD, which might have less soluble organic 

content on those SIRs, which have max biogas production. Therefore, it can be suggested 

that it does not have major impact on the generation of biogas (Jimenez et al, 2005).   

This demonstrates that lower SIR results in greater COD removal and increased biogas 

output. Similar findings were reported (Kilucha et al., 2022) where the decrease varied from 

41.7% to 66.9%. The COD elimination varies from 35.48% to 71.43%. 

4.5 Effect of VFA and NH4
+-N  on biogas Production 

More than 70% of the methane produced during anaerobic digestion comes from VFAs 

(volatile fatty acids), which serve as important intermediate products. However, VFAs have a 

tendency to rise and may inhibit methanogenesis at greater organic loading levels. The study 

assessed residual VFAs and NH4-N along with COD, SCOD, and other operational 

parameters in order to evaluate the stability of anaerobic digestion under various SIRs (Solid-

Inoculum Ratios) (Table 4.2c and d). All SIR AD systems had VFA values < 500 mg/L, 

according to the results, which are consistent with those of prior research by Li et al. (2013). 

All SIR AD systems have low residual VFA concentrations, which means that VFA generation 

is below their consumption rate and that biogas production is not inhibited by VFA 

concentrations. 

With an increase in organic loading, the NH4
+-N concentration also rises. According to a study 

by Liu and Sung (2002), elevated ammonium concentrations often lead to inhibition of 

aceticlastic methanogens, which are responsible for 70% of methane production. While 
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ammonium concentrations above 10,000 mg/L have been found to limit methanogenic activity 

(Katukiza et al., 2012), methanogens can adapt to greater ammonium concentrations in 

certain situations. However, in all three cases studied here, the NH4+-N concentration remains 

below 10,000 mg/L, indicating that there is no inhibition of methanogenesis due to NH4
+-N 

concentration. 

4.6 Effect of EC and pH on Biogas Production 
As organic loading rate increases along with SIR, the pH decrease due to accumulation or 

increase of VFA as VFA increment causes acidogenesis in the process which decreases the 

pH (Münch & Greenfield, 1998). As indicated in Table 4.2(e), a rise in pH has no adverse 

effects on the generation of biogas since VFA buildup is within the permissible range. 

According to Tanko et al. (2018), as shown in Table 4.2 (d), electrical conductivity (EC) rises 

when organic matter is broken down during anaerobic digestion because this process 

produces different ions that raise EC. 

Table 4.2: (a): Removal percentage of parameters BMP Test 

  Cum Biogas (ml/gVS)   TS VS 

 S/I 0.25 0.5 1 2 4   0.25 0.5 1 2 4 0.25 0.5 1 2 4 

M.P 45 36 29 25 27 Week 0 10.5 8.39 8.35 5.85 9.06 4.52 4.97 4.92 4.45 4.64 

Week 4 6.41 6.24 7.1 4.18 7.74 2.76 3.11 4 3.14 3.03 

Removal 39 26 15 29 15 39 37 19 29 35 

M.S 64 105 84 12 19 Week 0 8.02 7.03 6.99 4.96 8.41 5.08 3.33 3.9 4.38 3.95 

Week 4 6.36 4.79 4.92 3.36 6.87 3.25 1.32 1.78 2.96 2.17 

Removal 21 32 30 31 18 36 60 54 32 45 

C.P 121 86 90 40 42 Week 0 11.4 9.76 10.8 9.73 9.79 8.39 7.72 8.35 8.66 8.32 

Week 4 6.27 6.12 7.2 6.52 6.16 4.01 3.84 4.82 5.49 4.04 

Removal 45 37 33 33 37 52 50 42 37 51 

 

Table 4.2: (b): Removal percentage of parameters BMP Test 

 
Cum Biogas (ml/gVS) COD(mg/L) SCOD(mg/L) 

S/I 0.25 0.5 1 2 4 0.25 0.5 1 2 4 0.25 0.5 1 2 4 

M.P 45 36 29 25 27 21333 25600 36266 29866 23466 11733 9600 12800 7466 8533 

6400 8533 14933 17066 12800 2133 2133 3200 4266 3200 

70 67 59 43 45 82 78 75 43 62 

M.S 64 105 84 12 19 17066 14933 29866 23466 17066 8533 4266 6450 5333 5333 

8533 4266 12800 8533 6400 4266 2133 2133 1066 1066 

50 71 57 64 62 50 50 67 80 80 

C.P 121 86 90 40 42 66133 68266 72533 68266 76800 11733 12800 16000 13866 14933 

42667 46933 49066 51200 55466 5333 6400 4206 5333 7466 

35 31 32 25 28 55 50 74 62 50 
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Table 4.2: (c): Removal percentage of parameters BMP Test 
 

Cum Biogas (ml/gVS) VFA Alkalinity 

S/I 0.25 0.5 1 2 4 0.25 0.5 1 2 4 0.25 0.5 1 2 4 

M.P 45 36 29 25 27 40 53 83 46 60 986 1110 1653 1400 1196 

23 36 60 26 43 843 966 1506 1206 1076 

43 32 28 43 28 15 13 9 14 10 

M.S 64 105 84 12 19 536 573 646 676 713 1713 1833 1923 1960 2026 

410 453 496 580 620 1526 1680 1673 1810 1846 

24 21 23 14 13 11 8 13 8 9 

C.P 121 86 90 40 42 163 196 136 233 246 1233 1360 1740 1623 1533 

106 93 63 173 190 1016 1116 1473 1440 1363 

35 53 54 26 23 18 18 15 11 11 

 

Table 4.2: (d): Removal percentage of parameters BMP Test 

 
Cum Biogas (ml/gVS) NH4

+-N(mg/L) EC(mS/cm) 

S/I 0.25 0.5 1 2 4 0.25 0.5 1 2 4 0.25 0.5 1 2 4 

M.P 45 36 29 25 27 364 532 714 518 640 4.73 4.73 5.17 5.28 5.31 

420 462 546 644 1288 5.12 5.31 5.69 5.45 6.23 

-15 13 24 -24 -101 -8 -12 -10 -3 -17 

M.S 64 105 84 12 19 280 406 448 686 728 2.78 2.69 3.12 3.27 3.22 

238 294 434 490 574 3.49 3.17 3.21 3.86 3.23 

15 28 3 29 21 -26 -18 -3 -18 0 

C.P 121 86 90 40 42 546 630 700 1106 1470 5.21 5.11 5.43 5.47 5.53 

462 420 336 1134 1302 4.62 4.35 3.82 4.11 5.27 

15 33 52 -3 11 11 15 30 25 5 
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4.7 VFA/Alkalinity Ratio 
The VFA (volatile fatty acids) to alkalinity ratio, which is divided into three essential values by 

Feng et al. (2013), is used to assess the stability of anaerobic digestion. The process is 

regarded as stable when the ratio is lower than 0.4. There may be some instability between 

0.4 and 0.8. However, there is a major danger of instability in the anaerobic digestion process 

if the ratio is more than 0.8. In all three cases, anaerobic digestion is in stability level. 

Comparing M.P and C.P, M.P has less VFA/Alkalinity ratio, which means having less VFA 

concentration; biogas production would be less than C.P, which have more VFA concentration. 

However, in both cases, ratio is less than 0.4, which indicates that there will be production of 

biogas unless it crosses stability level then inhibition would start (Filer et al, 2019). 

Table 4.3 VFA/Alkalinity ratio 

S/I  0.25 0.5 1 2 4 

M.P Week 0 0.04 0.05 0.05 0.03 0.05 

Week 4 0.03 0.04 0.04 0.02 0.04 

M.S Week 0 0.31 0.31 0.34 0.34 0.35 

Week 4 0.27 0.27 0.29 0.32 0.34 

C.P Week 0 0.13 0.14 0.07 0.14 0.16 

Week 4 0.10 0.08 0.04 0.12 0.14 

4.8 Comparison of Biogas Production in all Three BMP tests 
In order to investigate the variations in gas output between sludge from domestic pit latrines 

and sludge from commercial septic tanks, the study first compared the biogas generation 

through mono-digestion of fecal sludge derived from pits and septic tanks. The findings 

showed that mono-digestion of septic tank sludge produced 1.4–2.9 times more biogas than 

mono-digestion of pit sludge at lower substrate-to-inoculum ratios (SIRs) of 0.25, 0.5, and 1. 

The SIRs of 2 and 4 in pit sludge mono-digestion showed slightly higher gas production, but 

the difference was not significant. This indicates that sludge from septic tanks yields more 

biogas and is more suitable for anaerobic digestion. The findings suggest that septic tanks 

have greater biogas production potential during mono-digestion, highlighting the need for 

studying co-digestion of fecal sludge from septic tanks for further comparison. 
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Figure 4.4 Biogas Comparison (Residential vs Commercial) 

The process of anaerobic digestion depends critically on the source of the fecal sludge. 

Household fecal sludge tends to have a higher solid content, whereas restaurant fecal sludge 

primarily consists of food waste that is abundant in protein, lipids, and carbohydrates 

(Prabhudessai et al., 2014). This composition can significantly impact the overall digestibility 

and potential for biogas production. Food waste is abundant in organic matter, making it simple 

for anaerobic processes to convert it to methane.. However, it often lacks essential minerals, 

micronutrients, and macronutrients (Esteves & Devlin, 2010). On the other hand, 

residential fecal sludge, which is mostly made up of fecal matter, has lower amounts of 

biodegradable organic matter but is richer in nitrogen and trace elements (Lee et al., 2013; 

Kim et al., 2011). Due to this, residential fecal sludge often has less potential to produce biogas 

than fecal sludge from restaurants. 

 

Secondly, to further understand the differences between anaerobic mono and co-digestion, 

the study compared the generation of biogas from pit sludge of mono-digestion with pit sludge 

and food waste of co-digestion, as illustrated in Figure 4.5. Comparing mono-digestion of pit 

sludge alone to co-digestion of pit sludge with food waste, roughly 1.5–3 times more biogas 

was produced. These findings are also supported by the study paper by Matheri et al. (2017), 

which shows that co-digestion enhances biogas generation by stabilising digestion process 

variables such the carbon-to-nitrogen ratio, nutrients, pH, and hazardous substances.. This 

suggests that co-digestion enhances biogas yield and offers potential benefits for anaerobic 

digestion systems. 
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Figure 4.5 Biogas Comparison (Mono vs Co-digestion) 
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Chapter 5  

5 Conclusion 
This research was done to examine the biomethane potential of fecal sludge and determine 

how the Substrate to Inoculum Ratio (SIR) affects the generation of biogas. Some key findings 

of this study are as follow; 

 Using a correct SIR is very important in anaerobic digestion to achieve optimum results 

and biogas production. 

 The yield of biogas decreased with increase in SIR. Mono and co-digestion of fecal 

sludge from pits has the highest yield at 0.25 SIR with value of 45.20 ± 1.13 ml/g VS 

of substrate and 121.09 ± 3.10 ml/g VS of substrate respectively. Mono-digestion of 

fecal sludge from septic tank has the highest biogas production in SIR 0.5 with a value 

of 104.7 ± 1.27 ml/g VS of substrate. This means more amount of inoculum is required 

for good anaerobic digestion. 

 Co-digestion is more suitable to digest and stabilize fecal sludge because it produced 

about 1.5-3 times more biogas as compared to mono-digestion of fecal sludge from 

pits. 

 Fecal sludge from septic tanks (commercial) has a better potential to produce biogas 

as compared to fecal sludge from pits (residential) because it produced a highest value 

of 104.7±1.27 ml/g VS as compared to the pits which produced only 45.2±1.13 ml/g 

VS. 
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Chapter 6 

6 Recommendations 
A proper and well-planned Fecal Sludge Management (FSM) is of great significance in 

achieving the sanitation requirements so it should be highlighted at the national level to 

develop policies. In this way Pakistan will be able to meet the Sustainable Development Goals 

and will achieve financial benefits due to improved public health. Treatment methods like 

anaerobic digestion can bridge the existing gap in the current fecal sludge management 

system. 

Now if we talk about this study and especially BMP test; 

 Co-digestion of fecal sludge from septic tanks should be studied as it showed a better 

potential in mono-digestion as compared to mono-digestion of pits. 

 Fecal sludge is relatively a new substrate in the field of anaerobic digestion so more 

studies should be carried out regarding effect of its different parameters like COD, 

sCOD, TS, VS, VFA and Alkalinity on the Biogas Production.  

 The next step after these studies should be the prototype scale anaerobic digestion. 

 Cost benefit analysis should be done so that it can be analyzed whether it can be 

implemented on industrial or not.  

 Perform continuous lab scale study before implementing AD at community level. 
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