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Abstract 

The global energy sector is seeing an ever-increasing demand for renewable alternatives to 

fossil fuels to meet current and future energy demands. One of the most versatile alternatives to 

fossil fuels, such as natural gas, is biogas, which is a by-product of the decomposition of organic 

matter known as anaerobic digestion (AD). Biogas is produced by specialized methane-producing 

microorganisms known as methanogens. It constitutes a carbon-neutral energy source with a 

similar composition to natural gas at about 60% methane and 40% carbon dioxide. One of the 

biggest challenges that biogas production faces are the start-up lag phase, as biogas output can take 

up to twelve weeks to achieve a steady yield. Understanding the effects that temperature, pH, 

bioaugmentation, microbial composition and the use of sensor and electrode technology have on 

biogas production under start-up operations could provide a better understanding of the underlying 

causes affecting start-up and how it could be improved to reach optimal biogas production. The 

results from this research showed that temperature has a significant role in biogas production by 

driving the biogas process. The effect of thermophilic temperatures caused a decrease in the 

methanogenic microbial diversity of sludge. pH control only offers a limited effect on overall 

biogas yield within a 6.5-7.5 range. Novel technological approaches such as sensors and electrode 

enhanced AD (MEC-AD) can provide a stabilizing effect during AD under start-up operation, 

MEC-AD provided a six-fold increase in biogas yield compared to conventional AD. Microbial 

activity tracking was attempted using bio-impedance with promising results and the effects of 

bioaugmentation and toxic shock in MEC-AD digesters showed that bioaugmentation potential 

benefits are only significant in the absence of inhibitory conditions. Overall, the characterization 

of the AD processes in a bench-scale system could provide valuable insight for large-scale systems 

aiming to optimize and update their operational procedures. 
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Chapter 1 Introduction 

1.1  Introduction 

Fossil fuels are currently the most used source of energy worldwide, with global 

consumption over 4,400 million tons of oil in 2019 [1]. According to the United States (U.S.) 

Energy Information Administration, China has become the second largest oil consumer in the 

world, while the U.S leads the global oil exportation and consumption market [2]. As explained 

by the Intergovernmental Panel on Climate Change (IPCC) fifth assessment report in 2014, there 

is a 95% probability that human-produced greenhouse gas (GHG) emissions have caused the 

earth’s average temperature to rise in the past 50 years [3]. GHG emissions such as methane (CH4) 

and carbon dioxide (CO2) are atmospheric gases capable of trapping solar irradiation as heat in 

the Earth’s atmosphere, however, an unbalanced increment in atmospheric GHGs concentration, 

such as CO2 in particular, has been found to be one of the triggers for Earth’s temperature increase, 

which according to climate models threatens to affect global climate systems [4]. CO2 emissions 

have increased to alarming levels since the industrial revolution due to human activities [5]. One 

of the most potentially harming GHG is CH4. Compared to CO2, CH4 possesses 21 times more 

heat retention capacity. It is also the main component of natural gas, which can be composed of 

up to 98% CH4, and is often a cleaner alternative to traditional fuels like oil and coal. CH4 is a 

potent GHG, contributing to 15% of the overall GHG emissions in Canada (i.e. landfills, 

agriculture and oil and gas industry) and about 25% worldwide [6]. 

Canada alone produces about 5% of the world supply of natural gas, positioning the 

country as the 4th largest global producer [7]. Natural gas consumption in Canada totalled 2,518 

petajoules (PJ) in 2016, with industrial and residential consumption reaching 53.5% and 24.4% 
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of the total nation-wide use, respectively [8]. The residential sector in Canada accounted for 13% 

of the total energy consumption [9]. Within the residential sector 81% of the energy used 

corresponded to space heating (62%) and water heating (19%) from the total residential heating 

energy use [9] [10]. It is estimated that the energy sector in Canada is responsible for 

approximately 82% of GHG emissions country-wide, mainly due to extreme winter conditions, 

vast landscape, and low-density population centres. Meanwhile the waste sector which includes 

landfills and wastewater treatment plants only accounts for roughly 2.5% of total GHG emissions 

[11]. In 2017, over CAD 3.3 billion was invested in clean energy projects adding to the existing 

energy capacity, with over 82% from carbon-free sources [10]. Since 2016, Under the Pan-

Canadian Framework on Clean Growth and Climate Change, Canada aims to meet their Paris 

Agreement GHG emissions by 2030 by decreasing emissions to 30% below 2005 levels [12].  

The Paris agreement was the result of the United Nations Framework Convention on 

Climate Change’s (UNFCCC), adopted in December of 2015. The legally binding international 

treaty created a commitment for 196 nations to combat climate change by reducing GHG 

emissions and limiting the global temperature increase to 2 degrees Celsius above pre-industrial 

levels by 2100 [13].  

One of the energy sources to potentially reduce GHG emissions is biogas from anaerobic 

digestion. Biogas is produced from microorganisms called methanogens and is also known as 

biomethane. It can be recovered through the anaerobic digestion (AD) of organic wastes  and 

residuals from wastewater treatment plant (WWTP) processes [14] [15]. The biogas production 

process can be located with existing wastewater treatment facilities, which can then use it as a 

source of heat and power, contributing to reduce the carbon footprint of WWTP and decrease 

their operational energy costs. AD degrades organic matter and produces CH4 in the same system, 
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allowing biogas to be captured in both small, municipal applications, and large, industrial scale 

applications for solid waste management [16].  

According to the Canadian Biogas Association in Canada, biogas alone could supply 3% 

of the annual natural gas demand in the country or roughly 2,420 million m3, which represents 

approximately 1.3% of the Canadian electricity demand. This could potentially reduce annual 

GHG emissions by 37.5 million metric tons of CO2 or about 5% of the total annual GHG 

emissions in Canada [17]. 

Biogas could become a potential energy source in every settlement with existing 

wastewater treatment infrastructure with an estimated 180 Mm3/year of renewable natural gas 

(RNG) production potential. If biogas production and utilization were implemented at WWTP 

across Canada, the additional capture could result in 2.8 million tonnes of CO2 equivalent per 

year, the overall carbon savings from biogas alone could reduce GHG emissions by 6% [9] [17] 

Such reductions could help Canada to reach the Paris agreement goal of 511 Mt CO2 eq. by 2030 

from 730 Mt CO2 eq. in 2019 [18] [19].  

As such, studying and optimizing the production and capture of biogas in wastewater 

treatment facilities is a field of opportunity since large portion could be captured and used to meet 

the energetic demands of the Canadian society and achieve its Paris Agreement targets.  

1.2 Background 

In 1868 the French scientist Béchamp discovered that CH4 is a by-product of 

microorganisms [15]. Biogas production from the AD of solid waste was reported in ancient 

China [20]. However, the widespread applications of harnessed biogas from AD did not start until 

the 19th century. In Germany the first public gas supply from wastewater treatment biogas started 

in 1920 and the first agricultural biogas plant initiated operations in 1950, but it was not until the 
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1970s that high oil prices encouraged more research and development into non-fossil fuel 

dependent energy sources such as biogas [21].  Biogas has been adopted in many countries across 

the world, especially developing countries in Asia, Africa or Latin America where biogas fuels 

stoves, replaced solid biomass like firewood and expensive fossil fuels like natural gas [22]. Due 

to its versatile use for energy production, biogas is also an optimal fuel for electric generators 

across the developing world and rural areas [21].  

1.2.1 Municipal Wastewater and Wastewater Treatment Plants  

Municipal wastewater includes all used water originating from residential, commercial, 

and industrial settings, that drains into the sewer system. It may contain sanitary sewage, 

stormwater and/or runoff [23].  

Municipal wastewater is one of the largest contributors of surface water pollution across 

Canada. According to Statistics Canada, in 2016, there were an estimated 1,259 wastewater 

treatment facilities in Canada [24]. It is estimated that between 2013 and 2017 Canada discharged 

approximately 6,074 million m3 of wastewater at a treatment rate of up to 96% before discharge 

such percentage accounts for the fraction of wastewater along with stormwater runoff released 

into the environment without any treatment [25].  

Wastewater treatment can be categorized into no treatment, primary treatment, secondary 

treatment, and tertiary treatment. Primary treatment focuses on removing suspended particulates 

and organic matter from the effluent. While secondary treatment aims to remove organic matter 

and suspended particulates through biological treatment processes such as denitrification and 

anaerobic digestion, tertiary treatment only aims to improve the wastewater quality for its 

discharge in the environment as part of the final treatment process [25].  



 

5 

 

1.2.2 Ravensview Wastewater Treatment Facility  

The Ravensview Wastewater Treatment Facility is in the eastern part of Kingston, 

Ontario. It provides chemical, physical, and biological treatment of the wastewater produced by 

the City of Kingston. It was originally built in 1957 and was the first sewage treatment plant to 

remove solids in the Kingston area using primary treatment. And it underwent various upgrades 

in 1974, 1993, and, the most recent, a CAD $115 million upgrade in 2006-2009 to its anaerobic 

digesters [26].  

The Ravensview’s AD system for solids management consists of three primary digesters 

and one secondary digester. The system can operate in both mesophilic and thermophilic mode. 

Each primary digester has a volume of 2,465 m3 and is 19.8 m in diameter.  

 

Figure 1.1. Simplified Digester Complex Flow Diagram [23] 
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While the secondary digester has a diameter of 24.4 m and is able to process 3,700 m3[27]. 

It is estimated that up to 25% of the energy needs of the facility are met through cogeneration, 

where a generator is through in-situ biogas production [26]. A simplified flow diagram is shown 

in Figure 1.1. 

 

1.2.3 Anaerobic Digestion (AD) 

AD is currently one of the main technologies used for the reduction of organic load in 

wastewater effluents across developed nations. AD processes can be found in pulp and paper 

mills, fermentation facilities, and wastewater treatment plants (WWTP) for the processing of 

wastewater sludge. This, coupled with the production of biogas for heat/power, and the production 

of biosolids as an organic and local source of fertilizer means that biogas production holds a 

bigger potential to create strong circular economic activities than fossil fuels [14]. The 

optimization of AD systems represents a crucial step for wastewater treatment facilities and could 

provide a reduction of carbon emissions to enable developed countries to reach their carbon 

emission goals by 2030.  

Before these AD can be implemented at a scale large enough to offset carbon emissions, 

two major challenges must be resolved. They include the long start-up lag phase and the lack of 

real-time monitoring of the conditions inside the reactor [28] [29]. Such challenges have a direct 

impact on the biogas production of the reactor and the overall performance of the AD system. 

Improving start-up lag times can increase the economic feasibility of AD in wastewater treatment 

facilities and promote the use of renewable energy sources across Canada. This research project 

explored the potential solution to both challenges under bench-scale conditions.   
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1.3 Project Description and Scope 

This project was conducted in collaboration with Utilities Kingston and the Beaty Water 

Research Centre and will focus on identifying the optimal start-up conditions to achieve the 

largest biogas output under start-up operation. 

This research aims to identify the possible causes of the start-up lag phase and its effects 

on the biogas output from anaerobic digesters. The scope of the project is divided in two primary 

studies. First, understanding the effects of pH, temperature and bioaugmentation on biogas output 

and their impacts on the microbial population diversity. Second, identifying whether near-real 

time technology and electrode-assisted AD could be applied effectively on anaerobic digesters 

and whether the correction of potentially disrupting conditions can improve the total biogas 

volume produced during start-up.  

1.4 Research Objectives 

To address these challenges, the specific objectives of this thesis are threefold: 

1. Understand how pH, temperature and bioaugmentation can affect the overall performance 

and biogas output of AD systems during start-up operations. 

2. Evaluate whether a real-time monitoring device and the application of electrode assisted 

AD can reduce challenges with start-up to prevent significant loss of biogas production 

through the tracking of microbial activity. 

3. Study the effects of mesophilic and thermophilic operation along with bioaugmentation 

on the anaerobic microbial population diversity during start-up conditions. 
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1.5 Thesis Organization 

This thesis document is organized into five chapters, written in manuscript format. Chapter 1 

provides an overview the topic, scope of the project and research objectives. Chapter 2 comprises 

a state-of-the-art literature review for anaerobic digestion and related processes that occur during 

the degradation of wastewater sludge into biogas. Chapter 3 explores the effects of temperature, 

pH and bioaugmentation on biogas productivity during a ten-day digestion process to further 

understand start-up conditions and the effects of such conditions on the microbial population. 

Chapter 4 provides a novel use for commercial sensors and their potential applications for 

enhancing biogas production by creating a microbial electrolysis cell as well as real-time 

microbial activity monitoring during an eight-day digestion process. Chapter 5 summarizes the 

main conclusions, provides recommendations for the future research, and presents the engineering 

contributions to the AD field because of the research presented in this thesis. 
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Chapter 2 Literature Review  

2.1 INTRODUCTION 

According to The International Energy Agency (IEA) in 2019, fossil fuels represented the 

most widely used energy source worldwide with over 4,400 million tons of oil consumed [1]. In 

comparison, by 2020, renewable energy accounted for only 30% despite being the most resilient 

energy source during the 2020 COVID-19 lockdown, with an estimated overall 1% growth 

compared to 2019 data [2].  Bioenergy from solid biomass alone represented 8% of the total 

renewable generation in 2019 [3]. One of the most used fossil fuels is natural gas, composed of 

up to 98% of methane (CH4), which is considered a potent greenhouse gas (GHG), with 21 times 

more heat retention capacity than carbon dioxide (CO2), contributing 15% to overall GHG 

emissions in Canada and about 25% worldwide [4]. Canada supplies about 5% of the global 

natural gas [5]. Bioenergy can be produced from solid biomass and waste material such as forestry 

materials, municipal and industrial wastewater sludges, providing a more local-based energy 

supply. Out of the available biofuels, biogas from anaerobic digestion (AD) is considered an ideal 

substitute for natural gas. A push for greener fuels such as biogas in developed countries has 

increased interest in biogas due to its environmental benefits along with greater energy security, 

foreign exchange savings and development of rural and agricultural areas among its main benefits 

when compared to fossil fuels [6] [7].  

 The advantage of biogas as an energy source is its versatility to produce heat and power, 

and its transformation into biomethane, thus, making biogas able to supply natural gas vehicles 

or the natural gas grid itself. Furthermore, one of the key advantages that biogas energy could 

offer is the ability to stabilize the electrical grid for intermittent renewable energy sources such 
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as wind and solar, since it could readily replace fossil energy carriers through the power to gas 

systems or biogas reforming into hydrogen [8] [9].  

2.2 WASTEWATER TREATMENT 

Municipal wastewater includes all used and often polluted water from residential, commercial, 

and industrial sources. It is collected into the city or town sewer systems and it may be combined 

with stormwater or runoff [10].  

Wastewater treatment is a common approach to manage water pollution from human activities 

and is categorized as no treatment, primary treatment, secondary treatment, and tertiary treatment. 

Approximately 60% of all suspended particulates, organic matter and other debris are removed 

through primary treatment which includes bar screening, grit aeration tanks and settling tanks. 

Secondary treatment removes up to 90% of the organic matter found in wastewater through 

biological processes such as a biological aerated filter, AD, and denitrification. Tertiary treatment 

often involves the sterilization of biosolids (inactivation of pathogens) from AD processes and 

disinfection of the water prior to discharge into receiving environments [11] [12]. According to 

Statistics Canada, in 2016 there were an estimated 1,259 wastewater treatment facilities across 

the provinces and territories [13]. The main goal of treating wastewater effluent is to prevent 

health hazards for the population by removing pathogens and other diseases causing agents from 

the water. Other reasons include the protection of freshwater and aquatic flora and fauna [14]. 

However, across Canada, municipal wastewater effluent is one of the largest water pollution 

sources, with an estimated discharge of 6,074 million m3. Wastewater treatment in Canada 

reaches a 96% treatment rate by 2017[11].  
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2.3 ANAEROBIC DIGESTION 

The reduction of organic matter or sludge from wastewater treatment can be achieved through 

AD and is commonly found among pulp and paper mills, fermentation facilities and wastewater 

treatment plants (WWTP). One of the main goals of AD systems is the production of biogas, 

which can be coupled to cogeneration (heat/power) systems to satisfy in-situ energy demands or 

decrease the need for external energy carriers such as natural gas [15]. AD can also be 

advantageous for the overall management of wastewater as it requires a low energy demand and 

leads to a low sludge yield [16] [17] [18]. 

Anaerobic digestion is considered one of the most complex biological processes found 

across the biosphere [19]. AD is composed by three distinct features; microbiological, operational 

and chemical [20]. Biogas production and AD are inter-linked processes derived from the 

degradation of complex organic molecules in the absence of oxygen [21]. However, like many 

other technologies, AD faces several challenges including the start-up lag phase, low biogas 

production and a general lack of real-time monitoring [22]. These challenges impede AD from 

being implemented more broadly across developed and developing nations aiming to reduce their 

carbon footprint and reach GHG emissions goals by 2030 [23] [24]. Biogas production 

implementation across Canada hold the potential to capture 2.8 million tonnes of CO2 equivalent 

per year [25].  Thus, optimization of AD processes, especially during start-up is crucial for a 

consistent biogas production and overall performance of AD systems. Reducing start-up lag times 

could increase the economic feasibility of AD in existing WWTP and promote its use as a 

renewable energy source across Canada, turning AD into a more attractive technology to be 

included in future WWTP infrastructure projects. 
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2.4 BIOGAS 

Biogas is produced by the decomposition of organic matter in the absence of oxygen, this 

process is known as AD and is commonly found in industrial and municipal wastewater treatment 

systems [26]. Biogas is mainly composed of CH4 (60%) and CO2 (40%) along with traces of 

impurities such as hydrogen sulphide (H2S) and siloxanes. It is produced by strict anaerobes called 

methanogens [22]. Due to its relatively high CH4 content, biogas is an ideal candidate to replace 

natural gas as a fuel [27]. However, its main impurities, CO2 and H2S, represent a challenge for 

the use of biogas as an energy carrier. CO2 is known to lower the calorific value of combustible 

gas and cause corrosion in gas engines. H2S, corrodes and affects equipment and piping systems 

alike, thus, requiring an H2S upper limit of 0.05 by vol%. [28]. Biogas can be obtained from all 

types of biomasses or any type of organic waste if they contain macronutrients i.e., carbohydrates, 

proteins, fats as principal constituents. Cellulose and hemicellulose can also be used as substrates, 

however; their lignin content may slow their degradation rate [28] [29].  

2.4.1 Biochemical reaction 

Methane formation from biomass sources follows Equation 2.1 (conversion of biomass into 

CH4) [28]: 

𝐶𝑐 𝐻ℎ 𝑂𝑜 𝑁𝑛 𝑆𝑠 +  𝑦 𝐻2𝑂 →  𝑥 𝐶𝐻4   +  𝑛 𝑁𝐻3  +  𝑠 𝐻2𝑆  +  (𝑐 − 𝑥)𝐶𝑂2   Eq. 2.1  

𝑥 =  1
8⁄ ∗ (4𝑐 +  ℎ − 20 − 3𝑛 − 2𝑠) 

𝑦 =  1
4⁄ ∗ (4𝑐 − ℎ − 20 + 3𝑛 + 3𝑠) 
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The stoichiometric equations for each macronutrient i.e. fats, proteins and carbohydrates are 

shown in Equations 2.2-2.4 (conversion of organic molecules into CH4) [28].  

𝐿𝑖𝑝𝑖𝑑𝑠: 𝐶12𝐻24𝑂6  + 3𝐻2𝑂 →  4.5 𝐶𝑂2 + 7.5𝐶𝐻4  Eq. 2.2 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛𝑠: 𝐶13𝐻25𝑂7_𝑁3𝑆 + 6𝐻2𝑂 →  6.5𝐶𝑂2  +  6.5𝐶𝐻4 +  3𝑁𝐻3  +  𝐻2𝑆  Eq. 2.3 

𝐶𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑠: 𝐶6𝐻12𝑂6 →  3𝐶𝑂2 + 3𝐶𝐻4  Eq. 2.4 

 Since the amino acids found in proteins contain sulphur and nitrogen [30], they have the 

highest potential for impurities in biogas production, thus, fats and carbohydrates are the most 

recommended biomass sources to produce biogas with a higher quality output [29].  

2.5 MICROBIOLOGICAL ASPECTS 

2.5.1 Anaerobic microorganisms 

A typical AD system contains bacteria on the order of 1016 cells/mL. A diverse consortium of 

microorganisms is needed for the different processes involved in the AD process and such 

anaerobes are typically found in naturally occurring anaerobic environments such as lakes and 

marine sediments, rumen digestive track and permafrost [21]. The composition of anaerobes 

within AD systems consists of a mixture of bacteria and archaea [31]. The process of converting 

organic matter into biogas follows four distinct steps: hydrolysis, acidogenesis, acetogenesis and 

methanogenesis [20] [32] [33].  
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2.5.2 Hydrolyzing microorganisms 

The AD process begins with a fermentation process known as hydrolysis, where the available 

organic matter is hydrolyzed into simpler molecules easier to absorb by the microorganisms [34] 

[35]. Some hydrolytic bacteria that degrade large molecules such as carbohydrates, fats and 

proteins by the action of extracellular enzymes include Clostridium sp., Bacteroides sp. and 

Vibrio sp. [20] [29]. 

2.5.3 Acidogenic microorganisms 

Acidogenesis is the second phase of AD  and controlled by the activity of acidogenic bacteria 

i.e. Lactobacillus sp., Pseudomonas sp., acidogenic bacteria are known to thrive in lower pH 

environments and higher temperatures when compared to methanogens which are more sensitive 

to their surroundings[32].   

2.5.4 Acetogenic microorganisms 

The third phase in AD is called acetogenesis. During this step, obligate hydrogen-

producing acetogenic bacteria metabolize volatile fatty acids (VFA), propionate and butyrate into 

acetate, hydrogen (H2), formate, and CO2. 

Acetogenic bacteria, more specifically VFA-degrading bacteria, require a low partial 

hydrogen pressure to maintain their metabolism thermodynamically favourable for hydrogen 

production, this creates a syntrophic relationship with hydrogen-consuming methanogens [22]. 

However, the growth rate of methanogens (µmax=0.04 h-1), is only a fraction of the growth rate 

for acetogenic bacteria such as Smithella propionica or Clostridium aceticum, which can increase 

their population biomass in a significantly shorter amount of time (µmax=1 h-1) [36].  
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2.5.5 Methanogenic microorganisms  

Methanogenesis is the last step in biogas production from AD, during this process the 

products from the acetogenic bacteria, i.e. acetate and hydrogen, are used by two main types of 

methanogens, acetate-consuming and hydrogen-consuming such as Methanosaeta concilii and M. 

thermophilicum, which typically develop a syntrophic interaction with acetogenic bacteria to keep 

a constant supply of hydrogen in the AD system [37]. A direct hydrogen transfer between 

methanogens and acetogenic bacteria facilitates hydrogen uptake and prevents competition from 

other hydrogen-consuming bacteria such as sulphate-reducing bacteria (SRB), which are known 

to cause inhibition of methanogenesis in AD systems [38] [39] [40] [41].  

 

SRB are not known to be able to degrade biopolymers such as proteins or lipids hence 

their need for syntrophic relationships with fermenting bacteria [42]. However, 

thermodynamically, H2-oxidizing SRB could out-compete hydrogen-consuming methanogens 

within AD systems [43]. This could explain that, despite hydrogen-consuming methanogenesis 

being preferred by methanogens, since it is more thermodynamically favourable compared to 

acetate degradation [44], it only accounts for up to 30% of the CH4 produced during 

methanogenesis [31]. As the studies conducted by Rinzema et al. and Visser et al. show, H2 

oxidation is almost exclusively performed by SRB in AD systems [45] [46] [47]. 

 

Table 2.1 shows the most common methanogenic species along with their optimal growth 

conditions. As seen, methanogenic bacteria are more typically adapted for mesophilic conditions 

(35-40°C) rather than thermophilic temperatures (>50°C). 
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Table 2.1 Characteristics of common methanogens found in anaerobic digesters [20]. 

Substrates Products Typical species pH Temperature (°C) 

Acetate CH4, CO2 Methanothrix soehngenii 7.4-7.8 35-40 

Methanosaeta concilii 7.1-7.5 35-40 

Methanosarcina acetivorans 6.5-7.5 35-40 

H2, CO2 CH4 Methanobacterium bryantii 6.9-7.2 37-39 

M. thermoautotrophicum 7.2-7.6 65-70 

Methanobrevibacter arboriphilus 7.8-8.0 30-37 

Methanococcus janmaschii 5.0-7.0 85 

Methanolacinia paynteri 6.6-7.2 40 

Methanospirillum hungatii ------- 30-37 

M. olentangyi ------ 30-40 

Methanothermus fervidus 6.5 83 

Formate, 

H2, CO2 

CH4, CO2 Methanobacterium formicicum 6.6-7.8 37-45 

Methanobrevibacter smithii 7.0 37-39 

M. ruminantium 7.0 37-39 

Methanococcus voltae 6.5-8.0 35-40 

M. thermolithoautotrophicus 6.5-8.0 65 

M. thermophilicum 6.5-7.2 55-60 
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2.5.6 Bioaugmentation 

Bioaugmentation is a technique consisting of the addition of cultured microorganisms to a 

specific system to enhance microbial activity [48] [49]. The application of bioaugmentation for 

aerobic systems in wastewater treatment is known to improve bacteria populations after pH 

changes, toxic shocks or temperature fluctuations [50] [51]. Other applications of 

bioaugmentation include bioremediation of contaminated soil and groundwater systems [48] [52].  

For anaerobic conditions, the application of bioaugmentation has been focused on improving 

start-up conditions for anaerobic digesters [53], with research exploring odour reduction [54], 

organic overload recovery [55] and increased CH4 production during AD [56]. Bioaugmentation 

could also provide a way to assist in the recovery of anaerobic digesters after the accumulation of 

acids (e.g. acidification) during AD, which typically causes a drop in pH and inhibition of the 

biogas-producing anaerobic microbiota as proposed by Schauer-Gimenez et al. and Tale et al. 

[49] [57]. 

2.5.7 Biofilm 

A biofilm is an assemblage of microorganisms that attach themselves to any exposed surface 

and is protected from their environment through an extracellular polymeric substance (EPS) that 

creates a matrix and functions as a cooperative microbial consortium [58]. Biofilms can represent 

a challenge for some industries such as the food industry since biofilms can contribute pathogenic 

infections in processed foods [59]. However, the retention of anaerobes in AD systems by using 

biofilm carriers has shown increased CH4 production and a higher organic matter removal 

efficiency [60]. Thus, biofilms in AD can function as a tool instead of a nuisance and contribute 

towards the optimization of AD systems under start-up [61].  
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2.5.8 Microbial Community Genetic Composition 

The efficiency and stability of AD processes depend on a crucial component, the microbial 

community inside the AD system. Worldwide, AD is considered the most successful bioenergy 

technology available [62]. However, AD systems are reliant on lengthy culture techniques to 

provide an insight into the microbiota found inside the anaerobic digester. While such techniques 

have provided tools for the identification of the main populations involved in the AD process, it 

is known that most microorganisms, especially strict anaerobes such as methanogens have not yet 

been cultivated [63] [64].  

Since AD relies on the microorganisms involved, it seems imperative that the microbial 

community should be characterized in every AD system to adjust and update biogas production 

procedures that fail to address the native microbiota found in the AD system.   

Moreover, in recent years, culture-independent techniques for exploring microbial 

communities have been developed, especially in the field of molecular biology. Such 

advancements in biotechnology provide new insights into the structure and function that each 

microorganism may have in natural and engineered environments [65]. 

One of the technologies most frequently employed for the determination of microbial 

community composition is polymerase chain reaction (PCR) amplification and conserved marker 

genes, more precisely 16S ribosomal RNA (rRNA) gene, is widely used and hosts the most 

extensive reference databases [64] [66]. Despite the early drawbacks from molecular techniques 

(i.e. time-consuming and costly) [67]. Recent advances in 16S rDNA sequencing, include a more 

reliable sequencing technology, a wider database (i.e. Illumina sequencing platform) [68] and the 

ability to process a large number of samples have unlocked a more in-depth and detailed 

perspective of the complex AD microbiome in full-scale anaerobic digesters [65] [69].  
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Previous literature has explored microbial population diversity based on 16S rRNA to 

understand the impact of temperature on the microbial community such as Hugoni et al. [70] [71]. 

However, any AD system in operation does not benefit solely from RNA-based microbial 

composition analysis as RNA molecules possess shorter molecular stability when compared to 

DNA [72]. Thus, 16S rDNA testing for a customized microbial community analysis could result 

in an optimized AD operational procedure that can have an impact on overall biogas productivity 

by understanding the optimal growth conditions for the key microorganisms present in large-scale 

AD systems. 

2.5.9 Bio-impedance 

Electrical current is comprised of four different factors: current, oscillation frequency, 

impedance, and potential. The opposition of an electrical circuit to the flow of electrons is known 

as impedance and is measured in Ohm [73] [74].  

 The concept of impedance can be applied to biological conductors. The membranes found 

in cells can behave as an insulating agent, with the particular property to store and discharge 

electrical charge also known as capacitors. This relationship between electrical impedance and 

biology is called bio-impedance [73] [75] [76]. Therefore, bio-impedance involves complex 

relationships between the resistance caused by ions, water concentration within cell membranes 

and the capacitance of the cell membrane. Moreover, capacitance is defined as the ability of an 

electrical insulator (i.e. dielectric material) to store electrical charges, and this ability is equal to 

the ratio between potential and current passing through the object, in biological terms cells can 

store electrical charge by changing the concentration in ions (i.e. sodium-potassium pump) [74] 

[77].  
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 The applications of bio-impedance for detecting microbial activity and provide near real-

time monitoring using sensors was proposed by Choi et al. (2009), where bio-impedance was able 

to provide microbial activity tracking with specially designed sensors [78]. As technology 

advances such as capacitive soil moisture sensors that measure moisture content in soil by 

interpreting the changes in the dielectric resistance of the soil [79].  The potential benefits of 

applying the relationship between capacitance, potential and current, could transfer novel 

technologies to the AD industry regarding microbial activity in near-real-time.  

2.6 OPERATIONAL ASPECTS 

De Vrieze et al. noted that “Thermodynamics govern, but do not drive the AD process” thus, 

operational conditions (e.g. temperature and organic loading) do play a critical role in the overall 

performance of the AD system [80]. The temperature, for instance either mesophilic (35-40°C) 

or thermophilic (>50°C), has a direct impact on the microbial community and its composition. 

Thus, can drive the rate of methanogenic activity [81].  

 Some operational aspects during AD can affect its performance. (i.e., temperature 

conditions), which are known to be linked to several important microbiological traits. 

Thermophilic AD is an example since it is particularly challenged with a lack of microbial 

diversity, low bacterial growth, and a higher sensitivity to environmental changes such as 

temperature fluctuations when compared to mesophilic AD. While mesophilic methanogens can 

thrive even when exposed to temperatures changes of up to 2-3°C per day, the higher sensitivity 

of thermophilic anaerobes allows for fluctuations of less than 1°C per day [20] [31]. Another key 

challenge that AD faces as part of the operational aspects, is the start-up lag phase. A restart in 

operability after maintenance or any expected problem during the AD process is called start-up 

and is followed by a period of up to twelve weeks when biogas production is highly unstable [20]. 
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The success of any restarting AD system is related to microbial growth during the initial mode of 

operation [82]. The start-up conditions, can influence the performance of any given AD system, 

any challenge during the establishment of the methanogenic community inside the digesters has 

a direct impact on biogas production [83].  

2.6.1 Start-Up  

One of the most typically encountered issues with AD is the start-up lag phase. Given its 

correlation to overall biogas production it may be one of the biggest challenges in the sector. 

Methanogenic microorganisms take up to twelve weeks to reach biogas stability after restart of 

regular AD operations [84]. However, due to the sensibility of methanogens to their 

environmental conditions, any type of affectations (i.e. temperature fluctuations, pH or toxicity 

levels) to their growth rate and ability to uptake available energy sources can extend the start-up 

period [85].  

The appropriate start-up temperature has been shown to have a direct impact on the overall 

efficiency of AD systems [86]. The most critical parameters that influence the successful 

operation of the AD system include the source of the microbial population, the inoculum (e.g., 

size) and the initial mode of operation. According to Lopes et al., these three factors determine 

the success of an AD system under start-up, since start-up is considered a restart of the anaerobic 

digester, the proper selection of each parameter is linked to achieving a stable biogas production 

[82]. According to the literature [28] [82] [85] start-up operation could represent a crucial step 

for biogas production, especially when it involves the selection of the correct inoculum, or in the 

case of municipal wastewater treatment, the correct sludge source. Primary sludge is known to 

host a wide diversity of methanogens and a high amount of organic particulates, while secondary 

sludge is able to sustain a highly concentrated population of facultative microorganisms, 
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including fermentative and acetogenic bacteria [20]. By carefully understanding the different 

variables involved in a successful start-up procedure, biogas yield could be optimized for AD. 

2.6.2 Temperature 

Arguably the most critical inputs for a successful AD operation include temperature and pH 

[87]. Moreover, typical anaerobic digesters found in WWTP operate under either mesophilic (35-

40°C) or thermophilic (<50°C) conditions [88]. However, each temperature condition may 

provide different challenges during the AD process. Major degradation of organic compounds 

occurring at both temperatures, the metabolic pathways of the anaerobic microorganisms seem to 

correlate to temperature, impacting degradation rates as well [89]. Temperature fluctuation should 

be minimized to prevent any potential inhibition of the anaerobes, specifically less than between 

2-3°C per day in the case of mesophiles and <1°C per day for thermophiles [31]. 

 

2.6.2.1 Mesophilic digestion 

Mesophilic operations (35-40°C) are the most commonly used in WWTP [90], Most 

methanogenic species found in primary sludge possess optimal growth conditions located within 

the mesophilic temperature range[20]. Mesophilic anaerobic digestion is known for better 

stabilization of the digesters and cheaper dewatering of wastewater sludge when compared to 

thermophilic due to lower energy requirements to keep the digester temperature at optimal levels 

[91]. Furthermore, mesophilic digestion can withstand stress factors (i.e. high ammonia 

concentrations and temperature fluctuations)easier than thermophilic digestion, turning 

mesophilic conditions into the dominating operation mode due to its higher reliability and lesser 

plant management drawbacks [92] [93] [94]. 
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2.6.2.2 Thermophilic digestion 

Thermophilic digestion is not as widespread in WWTP when compared to mesophilic 

digestion. However, it boasts several advantages as a result of higher digestion temperatures 

(<50°C), such as faster organic load reduction and higher CH4 yield along with shorter retention 

times, regardless of a potentially unstable biogas output [95]. According to Ge et al., temperature 

has a robust influence during the first stage of AD (e.g. hydrolysis), exhibiting an increase in the 

processing speed, about 1.5 times for each 10°C of temperature rise [35].  

Since temperature can drive AD processes when comparing mesophilic digestion to 

thermophilic conditions, by accelerating the kinetics involved in biogas production, thermophilic 

temperatures offer a potential 22% increase in CH4 yield at a hydraulic retention time (HRT) of 

16 days [96]. As noted by Khemkhao et al., improvements in biogas yield can be obtained from 

a thermal pre-treatment, translated into an increase between 20% and 30% in biogas yield due to 

the thermophilic treatment of the substrate prior to mesophilic digestion [97]. However, it is still 

not well understood how the interaction (e.g. syntrophic relationships) between the microbial 

populations native to AD systems perform under a temperature gradient and how they may be 

driven by the temperature itself [72]. 

 

 Overall the applications of thermophilic digestion in AD are broad,  and while it may 

represent higher maintenance and energy input, heating and infrastructure costs, thermophilic 

digestion offers potential incentives such as a shorter HRT and higher CH4 content during biogas 

production [98]. Hence understating the impact that thermophilic conditions have on start-up 

conditions of AD could improve potential operational problems and benefit utility companies in 

need of more accurate and updated AD procedures guidelines.  
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2.6.3 Organic Loading Rate 

The organic loading rate (OLR) is the ratio of volatile solids introduced into the anaerobic 

digester measured in grams (g) per day (g VS fed d-1) [99] and its maximum value is determined 

by the reactor design, the wastewater characteristics and microbial activity [100]. Sudden 

fluctuations in OLR in AD systems can disrupt the microbial activity between acidogenic bacteria 

and methanogens causing a pH drop during biogas production. Typically an anaerobic digester 

with a stable biogas performance may be more susceptible to acidification at high OLR than 

poorly performing digesters due to different conditions (i.e. low microbial diversity, less 

competing bacteria) [20] [101]. 

2.6.4 Hydraulic Retention Time 

A key operational aspect, often overlooked, is the hydraulic retention time (HRT). This 

parameter ensures a stable AD operation as long as it is approximately two times greater than the 

growth rate for the slowest microorganism in the system, i.e. methanogens [20]. However, HRT 

is not constant and it may depend on the feedstock, the operating temperature or the weather 

conditions according to Buekens [102], thus the optimal HRT cannot be defined as it depends on 

the specific sludge and local conditions.   

2.6.5 Granular flotation 

Granular flotation is a common nuisance during the operation of AD systems. It occurs when 

microbial activity creates gas bubbles inside the sludge that attach to the sludge particulates and 

raise them to the surface of the anaerobic digester by decreasing the sludge density [103]. Such a 

particular phenomenon is typically found in up-flow anaerobic sludge bed (UASB) reactors and 

batch reactors. However, granular flotation represents a technical issue for AD operations. Sludge 
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can be washed out of the system during effluent release, thus leading to a loss of microbial 

biomass, which is crucial for the AD process, especially during start-up conditions [104] [105].  

Despite the issues associated with granular flotation, granulation of anaerobic sludge, has 

been reported as a promising technology [106] and, as reported in previous studies, it can increase 

the efficiency by which COD is removed up to 70%,  as well as increase the organic load rate 

above 50 kgCODm-3d-1 [107] [108]. Overall, granulation can be a tool to create more resilient 

anaerobic populations able to adapt quickly to sudden operational changes. However, to date, 

granular flotation is known as an operational issue in AD systems. 

2.7 CHEMICAL ASPECTS 

2.7.1 pH and Alkalinity 

pH monitoring, more specifically certain alkalinity levels, are required for the successful 

operation of an AD system. Extreme pH fluctuations are known to cause inhibition of the 

microbial population [47]. The microorganisms responsible for biogas production (e.g. 

methanogens) are strict anaerobes characterized by a slow growth rate [28]. When a disruption in 

the balance between fermentative bacteria and methanogens occur, pH tends to decrease due to 

the build-up of VFA and causes acidification of the anaerobic digesters and, thus, inhibition of 

the methanogens. The main strategies to prevent acidification of AD operation are controlling the 

organic loading rate to balance VFA concentrations and increasing the pH by adding alkaline 

compounds such as CaCO3 or NaOH. CaCO3 is a common buffering agent, given how weak acids 

promote the dissolution of calcium carbonate by reacting with the carbonate anion, thus producing 

a bicarbonate solution in the system, capable of reacting with the CO2 for a constant carbonic acid 

concentration in the water phase, regulating the pH within the anaerobic digester [20] [109]. 
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The optimal pH level has an impact on BOD removal, according to Hwang et al. for each mg 

of BOD 7 mg of CaCO3 are needed or between 1000-3000 mg/L as CaCO3. However, their results 

showed that, while fluctuating pH levels (i.e. 4.0-8.5) affect fermentative microorganisms to a 

lesser degree than methanogens, hydrogen-consuming methanogenic bacteria seem to be more 

tolerant to weak acidic pH conditions (e.g. pH 5.0) [110].  

pH control during the AD process could offer potential benefits such as a higher CH4 yield. 

According to a study by Zhai et al. changing the initial pH during AD has a direct impact on 

biogas quality (e.g., CH4 concentration). The authors argued that when AD is performed with a 

pH of 7.5, CH4 yields reach their optimal potential, even after the digester experienced a lag phase 

of 32.6 days before reaching peak CH4 production [109]. Such results could offer an insight into 

the impact that initial pH has on biogas production during start-up operations.  

2.7.2 Toxicity and Inhibition 

AD processes are not exempt from inhibition conditions. Several compounds are known to 

inhibit biogas production in AD processes (i.e. ammonia, sulphate, heavy metals) by disrupting 

the activity of the microbial population and thus, causing cascading effects such as low hydrogen 

production, acidification or accumulation of VFA [47].  

2.7.2.1 Ammonia Inhibition 

Ammonia inhibition is a common nuisance during AD operations due to the natural presence 

of ammonium (NH4
+-N) the ionized cation of ammonia (NH3) in wastewater. NH4

+-N has the 

potential to inhibit methanogenesis during AD when converted into ammonia due to sudden 

fluctuation in pH [85] [111] [112]. The primary factor that determines the proportion of ammonia 

or ammonium in water is pH. During events when pH fluctuates, NH4
+ is converted into NH3 due 
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to a high pH (i.e., 9.0). Unfortunately, NH3 is more toxic than the ionized form [113]. 

Methanogens are known to support concentrations up to 1800 mgL-1  of total ammonia-

ammonium (TAN) during mesophilic digestion before experiencing total inhibition [114]. 

However, by controlling the operating pH, the NH4
+-N conversion into NH3 can be stopped. As 

noted by Tian et al. the bioaugmentation of AD systems with hydrogenotrophic methanogens can 

decrease NH3 inhibition under thermophilic conditions [115].  

2.7.3 Microbial Electrolysis Cell 

A novel approach to typical AD biogas systems is the use of microbial electrolysis cells 

(MEC). A MEC is a device capable of convert organic material (i.e. wastewater organics) into 

CO2 and hydrogen (H+), along with free electrons, by the action of electrochemically active 

microorganisms [116] [117]. The application of a theoretical potential over 0.14 V should be able 

to surpass any resistance (e.g. cathode over-potential) and drive H+ production inside the MEC 

under biological conditions [118]. MEC technology offers several potential benefits to the AD 

industry such as improved biogas production, enhanced biogas quality and faster degradation 

rates [119] [120] [121].  

MEC implementation in existing AD infrastructure is rather inexpensive and could result in a 

shorter start-up lag phase. Rozendal et al. proposed the enhancement of AD systems through the 

use of graphite felt electrodes, along with a selected consortium of electrochemically active 

microorganisms, to create a hydrogen-producing biofilm, thus avoiding the use of expensive 

platinum cathodes [122]. One of the key components of MEC in AD is the use of 

hydrogenotrophic methanogens such as Methanosarcina barkeri. This versatile species can 

produce CH4 by converting CO2 and hydrogen instead of relying on acetate-driven biogas 

production like other known methanogens [112] [123]. M. barkeri is specially qualified to be used 
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in MEC systems due to its ability to perform direct electron transfer with other species in an 

electrochemically active environment [124]. The approach proposed by Rozendal et al. is based 

on prioritizing CH4 production instead of H+ by biological driven electromethanogenesis [125] 

[126]. Recent advances in sensors and electrodes (i.e. capacitive sensing and graphene sensors) 

[79] [127] [128] [129] could replace traditional graphite electrodes for MEC [130] and aid such 

technologies to be implemented in large scale AD systems as it may provide enough benefits 

during start-up to justify their employment. 

2.8 CHALLENGES, ADVANTAGES AND DISADVANTAGES 

AD systems face several challenges to achieve a stable biogas production (i.e. start-up lag 

phase, acidification, low biogas output) [22]. When it comes to the microbiological aspect, AD 

suffers from an unreliable way to inoculate large-scale systems and a low growth rate from 

methanogens and fermenting bacteria responsible for biogas production [85]. Furthermore, the 

relative lack of microbial community mapping or analysis along with microbial activity tracking 

fails to provide valuable insight that could affect operational procedures in WWTP (i.e. SRB 

competition, microbiota genetic composition, microbial diversity) [40] [41] [63] [64]. 

Among the operational challenges, the start-up lag phase constitutes the single most critical 

step for biogas production  [28] [82] [85]. Temperature alone has been shown to have a direct 

impact on the overall efficiency of AD systems during start-up [86]. Since start-up appears to be 

dependent on a few parameters such as the inoculum and the initial mode of operation (i.e., 

temperature and pH) [82], AD systems could suffer from a poorly executed restart if their 

operational procedures have not been updated to appropriately reflect the environment inside the 

anaerobic digester.  
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Concerning the chemical challenges in AD operation, NH3 inhibition and pH fluctuations have 

a direct impact on overall biogas production [47].  

However, each one of the main factors affecting AD performance such as microbiological, 

operational and chemical [20] may hold potential solutions. Recent advancements in MEC 

technology could provide potential benefits to overcome the start-up lag phase [122] and 

breakthroughs in molecular biology offer valuable tools (e.g. 16S rRNA) [70] [71] to understand 

the anaerobic microorganisms inside the AD system and more effectively match their optimal 

growth conditions to enhance biogas production in large scale systems. 

2.9 CONCLUSIONS 

Biogas production from AD offers a potential renewable energy source to reduce carbon 

footprint and natural gas dependency in existing infrastructure. Besides, biogas production 

represents an effective and proven technology for the treatment of wastewater sludges. 

Furthermore, biogas production from the AD of wastewater sludge faces several challenges 

such as a long start-up lag phase, low microbial growth, low biogas output among others. Recent 

advancements in molecular biology offer the possibility for AD systems to allow for an in-depth 

analysis of the anaerobic environment microbiota and thus, optimize operational procedures and 

protocols to consider the native anaerobes within the system.  

Moreover, the use of novel technologies such as MEC or electrode-assisted AD, along with 

sensor technology for microbial activity tracking could represent the next step for AD systems. 

The enhancement of biogas production and overcoming operational challenges during start-

up operation may require the use or implementation of more than one of the technologies. 

However, as the AD industry embraces the results from recent research, the optimization of biogas 
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production under start-up operation may become a more manageable step instead of the single 

most critical step during AD operation.  
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Chapter 3 Temperature as A Driver for Methanogenesis During Start-Up 

Conditions for The Anaerobic Digestion of Waste Activated Sludge from 

Municipal Wastewater  

3.1  ABSTRACT 

The anaerobic digestion (AD) start-up lag phase is a common problem encountered in municipal 

wastewater treatment facilities. An up to twelve-week lag period in biogas production can 

decrease the overall biogas yield and increase operating costs for utility companies and industrial-

scale AD systems. This study explored alternatives to improve the stability of AD systems during 

start-up operation by analysing the performance of biogas production under varying pH 

conditions, bioaugmentation and different temperature profiles such as mesophilic, thermophilic 

and two-stage mesophilic-thermophilic AD in a batch-fed bench-scale AD system. The analysis 

showed the effects of temperature in biogas production and the microbial community 

composition. The study found that thermophilic operation of an anaerobic digester prevents the 

occurrence of granular flotation but hinders biogas production when compared to mesophilic 

systems and it decreased the diversity of methanogenic species found in the sludge after the 

digestion process. After a ten-day digestion, AD operating at 35°C was the most productive 

overall, the results showed that temperature has a statistically significant effect on biogas 

production during the start-up phase of AD when compared to the effects of pH and 

bioaugmentation, where pH control did not show any significant effect on biogas production if 

the pH remained above 6.5 and under 7.5. Furthermore, analysis of the methanogenic diversity 

under different temperature profiles was performed by 16S ribosomal DNA and polymerase chain 

reaction (PCR) and subsequent Ilumina® DNA sequencing from digested sludge samples. The 
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results indicated a change in the microbial population composition and a 42% decrease in 

methanogenic archaea when thermophilic digestion samples were compared to samples from 

primary sludge, mesophilic digesters, and mesophilic bioaugmented digesters. Ultimately, 

understanding the optimal conditions for AD during start-up, especially with sludge 

characterization (i.e., optimal temperature, microbial composition) could provide a more critical 

role in predicting biogas productivity and achieve a faster biogas stability.  

3.2 INTRODUCTION 

Biogas is a by-product of anaerobic digestion (AD) and is a proven technology for 

reducing organic solids resulting from the treatment of wastewaters from industrial and municipal 

sources [1]. The degradation of organic matter into a highly combustible gas, comprised of 60% 

methane (CH4) and 40% carbon dioxide (CO2), is catalyzed by anaerobic microorganisms [2]. 

The versatility of biogas is a major appeal for municipalities since it can reduce the overall cost 

of wastewater treatment and resource recovery facilities by reducing natural gas dependency [3].  

Despite the benefits of AD, there are drawbacks to utilizing this process for large-scale 

production of biogas such as the 12-week lag phase required for the biogas production to reach a 

steady output [4]. Therefore, understanding AD performance as part of the wastewater treatment 

train by analysing the effects of temperature, pH and cultured anaerobic microorganism is 

necessary to improve overall process productivity [5]. 
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3.2.1 Temperature  

Temperature and pH are considered the most critical inputs for a successful AD system [6]. 

Typical anaerobic reactors in wastewater treatment plants (WWTP) operate under mesophilic 

(35°C-40°C) or thermophilic (>50°C) conditions [7]. Despite significant degradation of organic 

compounds occurring at both temperatures, the metabolic pathways of the anaerobic 

microorganisms appear to be correlated to temperature, impacting degradation rates as well [8]. 

Temperature fluctuation should be minimized to prevent potential inhibition of the anaerobes, 

specifically between 2-3°C per day in the case of mesophiles and <1°C per day for thermophiles 

[9]. 

3.2.1.1 Mesophilic conditions 

Mesophilic operations (35°C-40°C) are the most commonly used in WWTP worldwide [10], 

providing optimal temperatures for most methanogenic species. Mesophilic AD is known for 

better stabilization of digesters and cheaper dewatering of wastewater sludge compared to 

thermophilic due to lower energy requirements to maintain digester temperatures at optimal levels 

[11].  

3.2.1.2 Thermophilic conditions 

Thermophilic digestion has several advantages, including faster organic load reduction, 

regardless of a potentially unstable biogas output [12]. Ge et al. reported that temperature has a 

strong influence in hydrolysis, one of the four stages of AD, resulting in an increase of hydrolysis 

process speed approximately 1.5 times for each 10°C increase in temperature [13]. By 

accelerating the kinetics involved in AD biogas production thermophilic temperatures can offer 

a potential 22% increase in CH4 yield compared to mesophilic digestion for a hydraulic retention 

time (HRT) of 16 days [14]. In a study performed by Khemkhao et al., a thermal pre-treatment 
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lead to 20% to 30% increase in biogas yield by treating the substrate at thermophilic temperatures 

prior to mesophilic digestion [15].  

The applications of thermophilic digestion in AD are broad, from shorter HRT (<10 days), a 

higher efficiency for degradation, improved reduction of pathogens up to improved biogas 

production [16]. Hence understanding the impact that thermophilic conditions have on start-up 

conditions of AD could improve potential operation problems.  

3.2.2 pH 

Extreme pH fluctuations can cause inhibition during an AD process, thus, pH should be kept 

within operational levels (6.5-7.5) [17]. According to a study performed by Hwang et al., for an 

optimal pH level and BOD removal, approximately 1000-3000 mg/L as CaCO3 are needed or 7 

mg of CaCO3 for each mg of BOD by using CaCO3. The use of CaCO3 as a pH buffer to neutralize 

weak acids accumulating in the system is useful to prevent acidification in the AD system [18]. 

Furthermore, pH plays a crucial role in AD since the methanogens (methane-producing bacteria) 

are known for their slow growth rates and sensibility to environmental factors (i.e. temperature, 

pH, organic load) [19], especially compared to fermentative bacteria. Fermentative bacteria can 

cause acid accumulation in AD digesters lowering the pH from the necessary range for 

methanogenesis to occur. The main strategies to prevent acidification of AD operation is 

controlling the organic loading rate (OLR) to balance volatile fatty acids (VFA) concentrations 

which are produced by acidogenic bacteria. When the VFA production rate overcomes the VFA 

degradation rate inside the AD system, pH decreases and causes acidification, thus the need for 

increasing the pH by adding alkaline compounds such as CaCO3 or NaOH to balance the pH 

towards neutrality and prevent inhibition of anaerobes (i.e. acetogens and methanogens) [20] [21]. 
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However, unlike the extremely sensitive methanogens, fermentative microorganisms that 

perform during the first stages of AD are generally less sensitive to pH levels and can work under 

a pH between 4.0 and 8.5. Therefore, achieving an optimal pH level for BOD removal by 

increasing alkalinity with CaCO3 could result in inhibition of methanogens if its performed during 

active methanogenesis rather than the previous AD stages [18]. One of the most important factors 

related to biogas production is determining the pH at which anaerobic digesters can achieve the 

highest CH4 yield. The study performed by Zhai et al. assessed the effects of changing initial pH 

on biogas CH4 concentration. Zhai et al. argued that a pH of 7.5 was optimal for CH4 yield, despite 

the fact that the digester experienced a lag phase of 32.6 days before peak CH4 yields were 

achieved [21]. Liu et al. argued that optimal pH for AD falls within the range of 6.5-7.5 [17]. 

These results suggest that initial pH can have a direct impact on biogas production during start-

up operations.  

3.2.3 Granular flotation and granulation  

Another issue that AD systems face is granular flotation, which occurs when sludge rises to 

the surface of the liquid contained in the digesters, due to a sludge density decrease, and the 

formation of gas bubbles that attach to the substrate, raising it to the surface [22]. This is a 

particularly common technical issue for up-flow anaerobic sludge bed (UASB) reactors and batch 

reactors. When this occurs, sludge can be washed out of the system during effluent release, 

leading to a loss of the microbial biomass that is crucial for the AD process [23] [24]. Despite the 

issues associated with granular flotation, the granulation of anaerobic sludge in contrast is seen 

as a promising technology [25]. Granulation can increase the efficiency by which COD is 

removed by up to 70%,  as well as increase the OLR to above 50kgCODm-3d-1 [26] [27]. Overall, 

granulation can be employed to generate more resilient anaerobic populations able to adapt more 
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rapidly to sudden operation changes while granular flotation is a technical operation nuisance in 

most AD systems.  

3.2.4 Hydraulic retention time (HRT) 

To ensure a stable AD operation, it is recommended that the hydraulic retention time (HRT) 

be maintained an estimated twofold greater than the growth rate for the slowest microorganism 

in the system, i.e. methanogens [20]. However, as shown by Buekens, the HRT is not constant 

and it may shift according to feedstock, temperature and weather conditions, thus the optimal 

HRT cannot be defined as a single value as it depends on the specific sludge and local conditions 

[28].  

3.2.5 Start-up lag phase 

A common problem among AD systems is the start-up lag phase, which is largely due to the 

sensitivity of methanogenic microorganisms to their environment. Any impacts to the 

methanogens growth rate or ability to uptake their available energy sources delays biogas 

production and organics degradation [29], biogas stability is often the period during which biogas 

output remains steady. However, this period is typically achieved after up to twelve weeks 

afterward the initial operation  [30].  

The selection of the appropriate start-up temperature can directly impact the overall 

efficiency of the AD system [31]. Start-up operations are often considered as a restart of the 

digester system, and thus a critical step. The successful operation of the AD system is determined 

by the source of the microbial population, the size of the inoculum and the initial mode of 

operation[4]. Based on the literature  [4] [19] [29] it can be inferred that the start-up operation is 

crucial for biogas production, especially when it comes to selecting the appropriate inoculum. 

Secondary sludge is highly concentrated with facultative microorganisms, but primary sludge is 
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richer in strict anaerobes, including methanogens and organic particles [20]. By carefully 

understanding the effects of different operating variables involved in a successful start-up 

procedure, biogas yield can be optimized for AD under start-up.  

This study investigates the effect of different start-up conditions including different 

temperature profiles, pH, and inoculum during batch mode AD. Specifically, this study examines 

the correlations between 1) temperature and biogas production, 2) pH and biogas yield, 3) 

granular flotation and biogas output and 4) temperature and microbial population composition.  

3.2.6 Anaerobic microorganisms 

Anaerobic systems possess an abundance of bacteria, often above 1016 cells/mL. The 

composition of anaerobic bacteria in AD usually consists of saccharolytic bacteria, proteolytic 

bacteria, lipolytic bacteria and methanogens [9], The process of converting organic matter into 

biogas, also known as AD follows four distinct sequential phases: hydrolysis, acidogenesis, 

acetogenesis and methanogenesis [20] [32] [33].  

The first phase in AD corresponds to a fermentation process known as hydrolysis, where 

the available organic matter is hydrolyzed into simple monomers [13] [34]. Some hydrolytic 

bacteria include Clostridium sp., Bacteroides sp. and Vibrio sp. [20]. The predominant species 

during the second phase of AD are acidogenic bacteria such as Lactobacillus sp. and 

Pseudomonas sp. They exhibit a high growth rate, especially when compared to methanogens, 

and are known to survive less hospitable conditions such as low pH, extremely high temperatures 

and a higher OLR [32].  Acetogenesis is the third phase in AD and is the stage where VFA and 

alcohols are converted into acetate, hydrogen (H2), formate and CO2, all of which constitute the 

basic constituents required for the methanogenic metabolic pathways to produce biogas. When 

the growth rate of methanogens (µmax=0.04 h-1), is compared to the growth rate for acetogenic 
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bacteria such as Smithella propionica or Clostridium aceticum, acetogenic bacteria exhibit a much 

faster growth rate (µmax=1 h-1)[35].  

The last phase of AD is controlled by methanogenesis, at this stage methanogens (i.e. 

Methanosaeta concilii and M. thermophilicum) can develop a syntrophic interaction with 

acetogenic bacteria [36]. Meaning that methanogens can uptake acetate and H2 directly from 

acetogens to produce biogas. These direct H2- transfer interactions with acetogenic bacteria help 

regulate the internal AD system by reducing the partial H2 pressure and acetate concentration that 

could cause inhibition for acetogenic bacteria [37] [38].  

Hydrogen-consuming methanogenesis is more thermodynamically favourable than acetate 

degradation [39]. However, it only accounts for up to 30% of the CH4 produced during biogas 

production [9]. This is caused by a wider availability within the AD systems of acetate compared 

to H2 since methanogens face competition with other hydrogen-consuming bacteria such as 

sulphate-reducing bacteria (SRB) [40]. Previous studies by Rinzema et al. and Visser et al. proved 

that H2 oxidation is dominated by SRB in AD systems [41] [42]. 

 

Table 3.1 presents the most common methanogenic species along with their optimal growth 

conditions. As can be seen, methanogenic bacteria are more typically adapted for mesophilic 

conditions (35°C-40°C) rather than thermophilic temperatures (>50°C). 
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Table 3.1 Common methanogens found in anaerobic digesters and their optimal growth conditions 

[20]. 

Substrates Products Typical species pH Temperature (°C) 

Acetate CH4, CO2 Methanothrix soehngenii 7.4-7.8 35-40 

Methanosaeta concilii 7.1-7.5 35-40 

Methanosarcina acetivorans 6.5-7.5 35-40 

 

H2, CO2 CH4 Methanobacterium bryantii 6.9-7.2 37-39 

M. thermoautotrophicum 7.2-7.6 65-70 

M. alcaliphilum 8.1-9.1 327 

Methanobrevibacter arboriphilus 7.8-8.0 30-37 

Methanococcus janmaschii 5.0-7.0 85 

Methanolacinia paynteri 6.6-7.2 40 

Methanospirillum hungatii ------- 30-37 

Methanoplanus endosymbiosus 6.6-7.2 40 

M. olentangyi ------ 30-40 

Methanothermus fervidus 6.5 83 

Formate, 

H2, CO2 

CH4, CO2 Methanobacterium formicicum 6.6-7.8 37-45 

Methanobrevibacter smithii 7.0 37-39 

M. ruminantium 7.0 37-39 

Methanococcus voltae 6.5-8.0 35-40 

M. thermolithoautotrophicus 6.5-8.0 65 

M. thermophilicum 6.5-7.2 55-60 
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3.2.1 Operational Conditions  

Temperature has a large impact on microbial community composition and dictates the rate 

of methanogenic activity. AD can take place under mesophilic (35°C-40°C) and thermophilic 

(>50°C) conditions. Thermophilic reactors often exhibit a higher level of instability during the 

AD process, particularly during start-up conditions [43]. Another challenge is that several 

important microbiological traits of methanogens such as a lack of diversity, low bacterial growth, 

and a higher sensitivity to rapid changes in temperature, may affect AD performance under 

thermophilic conditions. Mesophilic methanogens can sustain a change of up to 2-3°C per day, 

while thermophilic anaerobes can only withstand a change of less than 1°C per day [9] [20]. 

As part of the AD process, a start-up period can be experienced after either maintenance 

or a restart of the operation of an anaerobic digester. Restarting AD reactors are highly influenced 

by the inoculation received during the initial mode of operation [4]. As such, the failure to achieve 

a diverse population of methanogens within the microbial community under start-up could have 

a direct impact on biogas production [44].  

The successful operation of AD systems generally depends on operating parameters such 

as temperature and pH to ensure stable biogas production [5]. However, the microbial 

composition and interactions within this microbial population native to AD systems under 

different temperature profiles are not fully explored in the literature [45]. Previous literature has 

explored microbial population diversity based on 16S rRNA analysis to better understand the 

impact of temperature on the microbial community [46] [47] [48] [49].  

However, RNA-based microbial composition analysis suffer from the short molecular 

stability of RNA molecules, especially compared to DNA molecules in AD systems since DNA 

has a better durability at higher temperatures [45].  
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Therefore, this study used 16S rDNA testing to better understand the shifts in the 

microbial composition of the sludge under different temperature regimes without the drawbacks 

from RNA-based technology.  

A more detailed analysis of the microbial population involved in the AD process and the 

effects of temperature and pH on this population could enhance the performance, overall 

efficiency and operation of the anaerobic digester [50]. By ensuring the appropriate conditions 

and optimal temperature during start-up, the overall efficiency of AD reactors is expected to 

increase [31]. 

3.3 MATERIALS AND METHODS 

3.3.1 Feedstock preparation 

The substrate used for this research was wastewater treatment sludge from the Ravensview 

wastewater treatment plant (WWTP) located in Kingston, Ontario[51], a city with an estimated 

population of 117,660 inhabitants according to the 2016 census [52] on lake Ontario shores and 

the St. Lawrence River as shown in Figure 3.1. Primary sludge was collected and stored in a 

hermetic HDPE container at 4°C in the Beaty Water Research Centre (BWRC) facilities until use.  

 

 

 

 

 

 

Figure 3.1. Satellite image of Kingston, Ontario [51]. 
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3.3.2 Experimental approach   

The experiment consisted of six different types of batch-fed anaerobic digester conditions 

recreating the operational settings found at Ravensview WWTP with their primary mesophilic 

and thermophilic digester, along with their secondary mesophilic-thermophilic digester (run in 

triplicates).  Each digester consisted of a 100 mL butyl rubber stopper bottle placed in a deionized 

water (DI) bath (Gyrotory® Water Bath Shaker, Model G76). Each reactor contained 100 mL of 

wastewater sludge and was sparged with nitrogen (N2) to remove headspace oxygen (O2) for 2 

minutes, then sealed, ensuring anaerobic conditions. Biogas volume was measured through water 

displacement, where two butyl rubber stopper bottles were connected to each reactor with 

polyethylene tubing and 20-gauge syringe needles to collect the biogas produced and capture the 

water displaced by the gas [53].  

 

The water in the displacement system contained resazurin at a 1 mgL-1 concentration to 

indicate any O2 contamination. The HRT was ten days to simulate early start-up operations. As a 

control, each batch had the same set-up filled with DI water and running in parallel at each batch 

specific operating conditions (i.e., temperature, pH). Each digester condition was operated under 

different temperatures, pH, inoculation and bioaugmentation conditions, as seen in Table 3.2. 
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Table 3.2 Operating conditions for each batch of anaerobic digesters during a 10-day experiment 

under varying temperature, pH and bioaugmentation conditions. 

Batch Initial 

Temperature (°C) 

Final 

Temperature 

(°C) 

Initial 

pH 

Final 

pH 

pH 

Adjusted 

Bioaugmentation 

#1 35 35 N/A N/A NO NO 

#2 37 37 N/A N/A NO NO 

#3 35 50 6.5 7.5 YES NO 

#4 35 50 N/A N/A NO YES 

#5 35 50 6.5 7.5 YES YES 

#6 50 50 N/A N/A NO NO 

3.3.2.1 Temperature conditions 

The study assessed different temperature conditions to yield the highest biogas production 

for the sludge based on the operational setting found in Ravensview WWTP, which includes a 

mesophilic anaerobic digester, a thermophilic digester, and a secondary mesophilic-thermophilic 

digester. Batch #1 functioned as a mesophilic baseline running at 35°C during the entire 

experiment. Batch #2 was determined at 37°C as the optimal bacterial growth conditions [7]. 

Following recommendations by Gerardi in “The Microbiology of Anaerobic Digesters”, Batch #3 

followed a gradual temperature increase regime, going from mesophilic AD at 35°C to 

thermophilic AD at 50°C at 1.5°C/day, to observe the effects of a slow temperature increases on 

biogas production [31]. Batch #4 and Batch #5 were operated as two-phase digestion processes, 

starting at mesophilic conditions (35°C) to improve stability for five days [11] and run under 

thermophilic conditions (50 °C) during five days, to increase the rate of degradation [13]. Batch 

#6 was operated under thermophilic conditions (50°C) during the entire experiment. Temperature 

was monitored using a ThermoPro TP-17 Dual Probe Digital Thermometer.  
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3.3.2.2 pH Monitoring 

pH monitoring was used to understand its changes and effects on AD biogas yield. The 

mesophilic AD at 35°C (Batch #1) and the mesophilic AD at 37°C (Batch #2) had no pH 

adjustments during the experiment. Batches #3 and #5 required pH monitoring to minimize pH 

fluctuations outside the stable methanogenic range (6.5-7.5), however, Batch #3 had adjustments 

to reach a pH closer to 7.5 compared to Batch #5 which only was kept within range (6.5-7.5) [54]. 

Samples were taken daily; the pH was monitored with litmus paper. For the purpose of pH 

adjustments, 0.2mL of 1N HCl solution or 0.2 mL of 5N NaOH solution [21] were added, when 

necessary, to correct pH.  Final pH was measured with an Orion Versa Star Pro pH/ISE benchtop 

multiparameter meter. To prevent possible O2 contamination inside the digesters, the study 

followed a modification of the Hungate technique widely employed for the handling of anaerobic 

cultures under aerobic conditions [55]. The Hungate technique consists of using syringes and O2-

free gases like N2 to collect or add material from an anaerobic culture, or anaerobically sealed 

container. The pressure inside the vessel is increased by adding N2 gas through the syringe at the 

same volume of the desired sample. Positive pressure prevents O2 from entering the vessel when 

the sample and when adding any volume to the sample. Anaerobic conditions were ensured by 

using a constant flow of anoxic gas.  
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3.3.2.3 Inoculum enrichment  

Sludge was centrifuged at 1300 rpm for one hour to collect the supernatant. Thioglycolate 

broth was used as the enrichment medium, which contained (per litre of deionized water) 15g of 

Pancreatic digest of casein, 5g of dextrose, 5g of yeast extract, 2.5g of NaCl, 0.75g of agar, 0.5g 

of L-cysteine, 0.5g of sodium thioglycolate and 1 mg of resazurin. The medium was prepared by 

adding all compounds together, except the thioglycolate and resazurin, mixing thoroughly and 

heating to a boil and allowing the solution to reach equilibrium with N2 by constant bubbling for 

one hour, then the thioglycolate was added along with the resazurin. The medium was distributed 

into butyl rubber stopper bottles at 50% capacity, sealed and autoclaved at 121°C for 30 minutes 

[56] [57] [58] [59]. 5mL of clear sludge fluid (supernatant) was added to the enrichment medium 

and incubated for 24 h at 37°C before use. Only Batch #4 and Batch #5 received 2.5 mL each of 

the inoculated enrichment media after incubation at the beginning of their respective batch-run.  

3.3.2.4 Sample Collection and Preparation for 16S rDNA Analysis 

 For the 16S rDNA analysis and subsequent metagenomics Illumina® sequencing sludge 

samples were collected from: undigested primary sludge at 4°C as a control for microbial 

population unchanged by temperature, digestate from the mesophilic AD at 35°C (Batch #1), the 

two-step mesophilic-thermophilic AD w/bioaugmentation (Batch #4) and the thermophilic AD at 

50°C (Batch #6). Each sample was collected by mixing the digestate from each batch triplicates 

into a 500 mL beaker inside an O2-free glove box and then poured into a Falcon 50mL conical 

centrifuge tube (Fisher Scientific) and then it was centrifuged at 1300 rpm for 20 min. Except 

from the primary sludge sample which was poured into the Falcon 50mL conical centrifuge tube 

inside the glove box from a single container and not triplicates. The samples were then stored at 

4°C for 24 hours prior to shipping for DNA extraction to Diversigen (600 County Road D, West, 
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Suite 8. New Brighton, MN) Each sample DNA extraction result was then sequenced by running 

the DNA extraction data through the reference sequencing 2018 database (Ilumina ® 16S 

metagenomics).  

3.3.3 Analytical methods 

3.3.3.1 Sludge characterization 

The sludge characterization provided an insight into the nutrient levels within the sludge. 

Hach kits, with a spectrophotometer model DR 2800, were used for the determination of the 

nitrate (NO3-N) and nitrite (NO2-N) concentrations following the chronotropic acid [method 

10020] and the diazotization methods [method 10019], respectively whereas, total phosphorous 

(PO4
3-P) and chemical oxygen demand (COD) concentrations were also measured with Hach kits 

following the US EPA method 8190 and US EPA reactor digestion method (5220 D), 

respectively. pH was determined with litmus paper and with an Orion Versa Star Pro pH/ISE 

benchtop multiparameter meter. The standard methods for the examination of water and 

wastewater were used for the analysis of the biological oxygen demand (BOD) [5210] and the 

determination of volatile and fixed solids [2540] within the sludge sample [60]. 

3.3.3.2 Statistical methods 

The results presented are the mean values ± standard deviation from independent triplicate 

experiments. For biogas production, pH and granular flotation after the ten-day digestion process, 

a one-way analysis of variance (ANOVA) with a 95% confidence interval and Pearson’s 

correlation was performed using the statistical program Statgraphics Centurion XVII. The degree 

of significance was P < 0.05. 
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3.4 RESULTS AND DISCUSSION  

3.4.1 Sludge characterization 

As seen below, Table 3.3 shows the results from the chemical and biological test performed 

on the sludge sample. While the results obtained during the chemical analysis for the sludge might 

suggest that COD is above average when compared to typical wastewater (463±133 mg/L-1) [61], 

When compared to characterized waste-activated sludge, COD might appear below average ( 

18300 ± 11700 mg/L-1) [62] which exemplifies how wastewater sludge cannot be considered as a 

homogenous substrate for AD. Thus, in-situ characterization is recommended.  

Table 3.3 Sampled Sludge Chemical and Biological Test Results 

Test Value Standard Deviation Unit 

pH 6.2 0  

Nitrate (NO3) 15 0 mg L-1 

Nitrite (NO2) 0.05 0.02 mg L-1 

Total Phosphorous (PO4
3-P) 165.7 46.4 mg L-1 

Chemical Oxygen Demand (COD) 6200 81.7 mg L-1 

Biological Oxygen Demand (BOD) 242 11.6 mgO2L
-1 

Moisture Content 89 0 % w/w 

Fixed Solids 58,800 1800 mg L-1 

Volatile Solids 19,800 1400 mg L-1 
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3.4.1 Effect of temperature in biogas production 

The mesophilic AD at 35°C (Batch #1) experienced the highest average biogas yield at 149.9 

mL (v/v) after the ten-day AD process. The mesophilic AD at 37°C (Batch #2) had the third-

highest average biogas yield at 83.7 mL at the end of the experiment. The gradual temperature 

increase AD (Batch #3) presented the second-lowest biogas output at an average volume of only 

42.3 mL at the end of the study. The gradual temperature increase AD (Batch #3) was initiated at 

35°C and experienced a 1.5°C/day temperature increase until it reached 50°C at the end of the 9th 

day. The two-step mesophilic-thermophilic AD (Batch #4) and the two-step mesophilic-

thermophilic AD with pH control (Batch #5) had a final biogas average volume of 99.3 mL and 

77.0 mL, respectively. They were operated under mesophilic digestion (35°C) for five days and 

then thermophilic digestion (50ׄ°C) for the next five days. The thermophilic AD at 50°C (Batch 

#6) experienced the lowest biogas production with only 24.0 mL of biogas after the tenth day.  

 

Figure 3.2. shows the average biogas volume per batch in millilitres at the end of the ten-day 

digestion process and the average temperature during the experiment. 
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Figure 3.2 Biogas production decreased under increasingly thermophilic conditions during a ten-day 

anaerobic digestion process under start-up. Batch #1 (mesophilic at 35°C), Batch #2 (mesophilic at 37°C), 

Batch #3 (gradual temperature increase from 35°C to 50°C at 1.5°C/day), Batch #4 (two-step mesophilic-

thermophilic AD w/o pH control), Batch #5 (two-step mesophilic-thermophilic AD w/ pH control), Batch 

#6 (Thermophilic at 50°C). Values are the mean (SD). Statistical analysis by one-way ANOVA (biogas 

yield, average temperature), p= 0.0031. The study was conducted in triplicates with qualitatively similar 

results in each replicate. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

All digesters that reached at temperature of 40°C experienced a decrease in biogas output 

when compared to Batch #1 that performed under mesophilic conditions at 35°C throughout the 

entire experiment. 

A one-way ANOVA statistical analysis showed that the mean operational temperature was 

statistically significantly different (p<0.05) between the three identified homogeneous groups in 

the study (mesophilic, combined, and thermophilic) showing that temperature plays a crucial role 

in regulating AD and biogas production. According to the statistical analysis the difference in 

biogas output from the mesophilic AD at 35°C (Batch #1) and the mesophilic AD at 37°C (Batch 

#2) is significant (p<0.05), an unexpected result given their relatively close temperatures, showing 



 

63 

 

that temperature can have a significant impact in biogas production with a difference as small as 

2°C. Furthermore, the difference between Batch #1 (mesophilic at 35°C) in biogas volume and 

the digesters that reached thermophilic conditions (50°C) was also significant (p<0.05). A strong 

negative correlation coefficient (r= -0.629) was noted between the biogas production and the 

operating temperature, specifically between the mesophilic AD at 35°C (Batch #1) and the 

thermophilic AD at 50°C (Batch #6), with a six-fold reduction in biogas yield between them at 

the end of the experiment, suggesting that temperature was inversely proportional to biogas 

production in the batch-fed AD of municipal sludge. In contrast, the two-step mesophilic-

thermophilic AD (Batch #4) and the two-step mesophilic-thermophilic AD with pH control 

(Batch #5) shared the same operational temperature profile. However, their respective biogas 

production was different. This discrepancy between both Batch #4 and Batch #5 could be 

explained by other parameters (i.e., pH, toxicity) unrelated to the effect of temperature under start-

up conditions.  

Several studies have reported that mesophilic temperatures are optimal for AD under start-

up [6] [12] [63]. However, the effects of using thermophilic conditions during start-up are less 

understood, although instability has been observed in thermophilic operations undergoing start-

up. Moset et al. estimated that thermophilic digestion can improve biogas production by 22% 

when compared to mesophilic conditions.  

 However, the study focused on AD when the HRT increased from sixteen to twenty days 

while this study analyzed an HRT of ten days (start-up). According to Moset et al. results, 

mesophilic conditions beyond start-up do not seem to outperform thermophilic AD in CH4 yield 

but the evidence found in this study suggest that start-up conditions benefit from mesophilic 
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temperatures compared to thermophilic, with a strong support towards 35°C to achieve the most 

optimal biogas output [14]. 

During start-up conditions, the present study showed a biogas production 600% higher under 

mesophilic conditions compared to thermophilic, thus agreeing with the results presented by 

Moset et al. Thermophilic digestion has also been proposed to accelerate hydrolysis during AD 

as a function of temperature, which could be as high as 1.5 times per 10°C according  

to Ge et al. [13]. Donoso-Bravo et al. argues that metabolic activity of the anaerobes during AD, 

appears to be correlated to the temperature, impacting degradation rates as well, [8]. Following 

the results shown in Figure 3.3. it seems that thermophilic temperatures do promote a higher 

volatile solids (VS) degradation, but only when coupled with mesophilic digestion, since the 

mesophilic AD at 35°C (Batch #1) had a significantly better performance than the thermophilic 

AD at 50°C (Batch #6) in decreasing VS yet the gradual temperature increase AD (Batch #3) 

exhibited the higher degradation during the ten-day study.  
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Figure 3.3 Volatile solids in digestate after a ten-day anaerobic digestion process during start-up 

performed better under mesophilic conditions. Control (raw sludge), Batch #1 (mesophilic at 35°C), 

Batch #2 (mesophilic at 37°C), Batch #3 (gradual temperature increase from 35°C to 50°C at 1.5°C/day), 

Batch #4 (two-step mesophilic-thermophilic AD w/o pH control), Batch #5 (two-step mesophilic-

thermophilic AD w/ pH control), Batch #6 (Thermophilic at 50°C). Values are the mean (SD). Statistical 

analysis by one-way ANOVA test (biogas yield, volatile solids), p= 0.1309. The study was conducted in 

triplicates with qualitatively similar results in each replicate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Despite the literature supporting thermophilic digestion for an improved biogas production 

and organic load degradation, the results from the study as seen in Figure 3.3. show that biogas 

production is more productive in mesophilic digestion at 35°C (Batch #1) during start-up than in 

thermophilic digestion at 50°C (Batch #6), and as shown in Figure 3.3. degradation rates do 

appear higher in thermophilic temperatures despite the lower biogas production agreeing with 

Donoso-Bravo findings. A one-way ANOVA test indicated that the biogas production and the 

degradation rate during start-up are not significant from each other (p>0.05). However, the results 

from Batch #3 (gradual temperature increase) in VS degradation supports the idea that the 
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anaerobes sensitivity to their environmental conditions (i.e., temperature) is crucial in 

determining the optimal AD conditions for batch-fed anaerobic digesters.  

The sludge samples studied from the Ravensview WWTP located in Kingston seem to 

perform better during mesophilic digestion if biogas yield is the primary goal but could benefit 

from a gradual temperature increase (1.5°C/day) towards thermophilic digestion if reducing the 

VS load is the main objective for the AD system.  

3.4.2 Effect of pH with biogas production 

The experimental results showed that the mesophilic AD at 35°C (Batch #1) had the 

highest biogas productivity and a final pH of 6.7, the mesophilic AD at 37°C (Batch #2) finished 

the experiment with a pH of 6.9, the gradual temperature increase AD (Batch #3) reported a final 

pH of 7.3, the two-step mesophilic-thermophilic AD w/o pH control (Batch #4) had a final pH of  

6.8 along with the two-step mesophilic-thermophilic AD with pH control (Batch #5) while the 

thermophilic AD at 50°C (Batch #6) exhibited the lowest yield with a final pH of 6.0. No pH 

control was employed in Batch #1 (35°C), Batch #2 (37°C), Batch #4 (two-step AD w/o pH 

control) or Batch #6 (50°C) during the digestion process.  

The gradual temperature increase AD (Batch #3) was monitored during the ten-day AD 

with small pH adjustments to maintain the pH closer to the optimal for CH4 yield (7.5) during the 

experiment as suggested by Zhai et al. [21]. While the two-step mesophilic-thermophilic with pH 

control (Batch #5) was only designed to stay within optimal pH range (6.5-7.5) according to Liu 

et al. [17]. 

Both Batch #3 and Batch #5 started with an adjusted pH of 6.5 and ended the experiment 

with an average pH of 7.3 and 6.8, respectively. Figure 3.4. shows the mean biogas yield in 

millilitres after a ten-day AD and the final pH of each batch. 
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Figure 3.4 Biogas production decreased under lower pH levels in thermophilic conditions during a ten-day 

anaerobic digestion process under start-up. Batch #1 (mesophilic at 35°C), Batch #2 (mesophilic at 37°C), 

Batch #3 (gradual temperature increase from 35°C to 50°C at 1.5°C/day), Batch #4 (two-step mesophilic-

thermophilic AD w/o pH control), Batch #5 (two-step mesophilic-thermophilic AD w/ pH control), Batch 

#6 (Thermophilic at 50°C). Values are the mean (SD). Statistical analysis by one-way ANOVA (biogas 

yield, average final pH), p= 0.0054. The study was conducted in triplicates with qualitatively similar results 

in each replicate. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Comparing the results from the two-step mesophilic-thermophilic AD with pH control 

(Batch #5) and the two-step mesophilic-thermophilic AD w/o pH control (Batch #4), both batches 

went through the same operating temperature profile and bioaugmentation, and coincidentally 

exhibited the same final pH (6.8), although Batch #4 experienced a biogas production 29% higher 

than Batch #5 this result could be explained by the fact that methanogens are sensitive to 

environmental changes such as pH fluctuations.  

Potentially inhibitory agents such as NH3 are determined by pH in water, NH4
+-N is 

noticeably less toxic than NH3 and is more commonly found at low to neutral pH levels compared 

to its non-ionized form (NH3) predominant at pH levels higher than 9. A sudden pH shift as the 
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one experienced by the two-step mesophilic-thermophilic AD w/pH control (Batch #5) could 

cause a temporary increase in the presence of NH3 causing inhibition. Thus, explaining the 

decrease in biogas yield compared to Batch #4 and agreeing with the findings proposed by Hwang 

et al. [18]. The differences in biogas production from both two-step AD batches also supports the 

findings by Lopes et al. who proposed that the successful operation of the AD system under start-

up is determined by the source of the microbial population, the size of the inoculum and the initial 

mode of operation [4].    

Therefore, pH does not seem to be the driver of the methanogenic process compared to 

temperature despite a significant correlation between the biogas production and the final pH, with 

anaerobes supporting biogas production under the same conditions.  

Although the final pH was significantly different among the six different batches tested in 

this experiment (p<0.05), along with a correlation coefficient of 0.1729, such findings indicate a 

positive correlation between biogas production and the pH. Despite the findings by Zhai et al., 

which suggested an optimal pH for the highest CH4 production at 7.5 [21], the results from this 

study would indicate that a pH 6.73 yielded the highest biogas production, thus, more closely 

resembling the results from Liu et al. where it was proposed that pH should be within the 6.5-7.5 

range for optimal pH levels in AD.  

A pH level between 6.5-7.5 during start-up might prevent the conversion of NH4
+-N into 

NH3, which could cause inhibition in the system, before the anaerobes have achieved a stable 

biogas yield [17]. These results are consistent with the study by Hwang et al. who proposed 

expanding tolerable pH levels for anaerobes to between 4.0 and 8.5 [18], which would also 

support the results from Zhai et al., Yang et al. and Montañés et al. that suggest slightly more 

alkaline conditions for optimal AD [21] [64] [65].  
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3.4.3 Biogas production and granular sludge flotation 

In this study, gas bubbles were observed in all the batches at their respective bench-scale run 

after 24 hours, indicating the establishment of microbial activity. The gas bubbles most likely 

corresponded to the generation of CH4, CO2 and other by-products resulting from the AD of 

sludge. Also, phase separation of the sludge was observed, a phenomenon known as granular 

sludge flotation [27] [66]. The total volume of biogas produced by each reactor in milliliters after 

the ten-day AD process and the number of days where granular flotation was observed can be 

seen in Figure 3.5.  
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Figure 3.5 Biogas production showed an apparent correlation to granular flotation during a ten-day 

anaerobic digestion process under start-up. Batch #1 (mesophilic at 35°C), Batch #2 (mesophilic at 

37°C), Batch #3 (gradual temperature increase from 35°C to 50°C at 1.5°C/day), Batch #4 (two-step 

mesophilic-thermophilic AD w/o pH control), Batch #5 (two-step mesophilic-thermophilic AD w/ pH 

control), Batch #6 (Thermophilic at 50°C). Values are the mean (SD). Statistical analysis by one-way 

ANOVA with Spearman correlation (biogas yield, granular flotation days), p= 0.0029 and p= 0.0010. The 

study was conducted in triplicates with qualitatively similar results in each replicate. 
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The number of days experiencing granular flotation were measured by observing the vessels 

used for the anaerobic digesters against a white background and determining whether the sludge 

liquid and solid phase had separated within the vessel.  

The thermophilic AD at 50°C (Batch #6) and the mesophilic AD at 35°C (Batch #1) exhibited 

the fastest granular flotation after just one day. However, unlike the mesophilic AD at 35°C 

(Batch #1), the thermophilic AD at 50°C (Batch #6) stopped experiencing granular flotation after 

36 hours.  

The mesophilic AD at 37°C (Batch #2) exhibited granular flotation during the entire length 

of the experiment. The gradual temperature increase AD (Batch #3), the two-step mesophilic 

thermophilic AD (Batch #4) and the two-step mesophilic-thermophilic AD with pH control 

(Batch #5), stopped experiencing granular flotation once the temperature reached 40°C.  

Granular flotation was measured and analyzed to provide a small insight into how granular 

flotation, most found during start-up, could affect or enhance the biogas production under 

different temperature profiles.  

A one-way ANOVA of the results from the experiment indicated that biogas production 

showed a statistically significant difference (p<0.05) between the mean biogas yield between 

batch conditions, which was correlated to the number of days that granular flotation was observed. 

The highest biogas yield was noted in the mesophilic AD at 35°C (Batch #1), which also presented 

the longest flotation period.  

The data shows a positive correlation relationship (r= 0.7317) between the number of days 

with flotation and the mean biogas volume per batch after the ten-day digestion period, suggesting 

that granular flotation allowed for increased biogas production during start-up under mesophilic 
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conditions. This, however, is not consistent with other studies by Wang et al., Li et al. and Franco 

et al. that commented on the operational downside of granular flotation.  

 

The study also showed that the mesophilic AD at 37°C (Batch #2) experienced the same 

amount of granular flotation as the mesophilic AD at 35°C (Batch #1), but nearly 50% less biogas 

production despite not being significantly different (p>0.05). The results imply that granular 

flotation cannot be used to accurately forecast biogas production compared to other parameters 

(i.e., temperature, pH) and it could only represent an indicator of an established methanogenic 

activity inside the digester. This can be seen from the data gathered from the two-step mesophilic-

thermophilic AD (Batch #4) and the two-step mesophilic-thermophilic AD with pH control 

(Batch #5) that experienced the same number of days with granular flotation, however, their 

respective biogas production was not equal, which could also be attributed to the pH fluctuations 

experienced by Batch #5. Furthermore, there is a gap in the literature related to the analysis of  

granular flotation and its impact or possible correlation to enhanced biogas production during 

start-up operations [22] [23] [24].  

 The results from the study also challenge those presented by Campos et al., which stated 

that mesophilic temperatures (35°C-40°C) were suitable to prevent flotation in methanogenic 

UASB-type reactors [66]. The results from the ten-day AD experiment showed that thermophilic 

temperatures appeared to provide a better buffer against the occurrence of granular flotation in 

batch-fed anaerobic digesters given that all digesters that reached 40°C stopped experiencing 

granular flotation. Any claim in favor of granular flotation for the AD of sludge under mesophilic 

or thermophilic conditions despite the weak statistical significance that granular flotation provides 

towards estimating biogas production during start-up operations should be analyzed. The data 
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collected during the study supports the claims of Wang et al., Li et al. and Franco et al. regarding 

the active prevention of granular flotation for AD operations as more beneficial than the effects 

that granular flotation could provide towards biogas production by itself.  

 

3.4.1 Effects of temperature on bacterial population composition of AD reactors 

After a ten-day digestion process, the samples the mesophilic AD at 35°C (Batch #1), the two-

step mesophilic-thermophilic AD w/bioaugmentation (Batch #4) and the thermophilic AD at 

50°C (Batch #6) along with an undigested primary sludge sample (control) were sequenced 

through 16S rDNA. Based on the 16S Ilumina® Metagenomics report, the results indicated 

similar bacterial population compositions for the mesophilic AD at 35°C (Batch #1), the two-step 

mesophilic-thermophilic AD w/bioaugmentation (Batch #4) and the undigested primary sludge 

sample (control). However, the thermophilic AD at 50°C (Batch #6) showed a different bacterial 

population composition after going through thermophilic conditions. These results confirmed that 

temperature can act as a key parameter to determine the microbial composition of AD systems. 

Figure 3.6 displays the bacterial composition from each of the selected samples and their 

respective detection percentage of the total population analyzed. 
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Figure 3.6 Bacterial composition changed after thermophilic conditions during a ten-day anaerobic digestion 

process under start-up followed by 16s rDNA test and an Ilumina® 16s metagenomics sequencing. Control 

(primary sludge), Batch #1 (mesophilic at 35°C), Batch #4 (two-step mesophilic-thermophilic AD w/o pH 

control), Batch #6 (Thermophilic at 50°C). The study was conducted in triplicates with qualitatively similar 

results in each replicate. 
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As seen in Figure 3.6, the undigested primary sludge sample (control) population 

composition detected by the 16S rDNA test remained relatively constant among the compared 

samples from the mesophilic AD at 35°C (Batch #1) and), the two-step mesophilic-thermophilic 

AD w/bioaugmentation (Batch #4). Among the tested samples, 15 species constituted around 60% 

of all the biomass within the samples except for the thermophilic at 50°C (Batch #6) where 15 

species comprised roughly 70% of all biomasses. For the mesophilic AD at 35°C (Batch #1), the 

two-step mesophilic-thermophilic AD w/bioaugmentation (Batch #4) and the primary sludge 

sample (control), the microbial composition consisted of Proponivibrio militaris ~14%, 

Pseudomonas caeni ~8% and Cloacimonas acidaminovorans ~6.5% of all species detected. 

For the thermophilic AD at 50°C (Batch #6) the largest populations of bacteria were 

comprised of ~15% unidentified Pseudomonas sp., ~14% unidentified Polaromonas sp. and 

~13% Porphyromonadaceae bacterium. In addition, overall, the thermophilic sample showed a 

lower microbial diversity with the top 15 detected species constituting over 70% of all detected 

microorganisms. Biogas production relies on syntrophic interaction between bacteria and archaea 

during the AD process [67]. De la Rubia et al. previously examined the development of a stable 

thermophilic inoculum, arguing that the optimum thermophilic temperature is 55°C [68]. 

Temperatures between 40-50°C were considered unfavorable to the development of the 

appropriate microbiota [68]. This was consistent with the findings of this study, where the 

microbial population composition among mesophilic samples and the undigested control 

compared to the thermophilic sample at 50°C exhibited a noticeable shift in the predominant 

bacterial species. It should also be noted that the final pH for the thermophilic AD at 50°C (Batch 

#6) was 6.0 compared to the mesophilic AD at 35°C (Batch #1) with a pH of 6.7 or the two-step 

mesophilic-thermophilic AD w/bioaugmentation (Batch #4) with a pH of 6.8 thus, suggesting that 
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acidification conditions were established at this temperature. To achieve acidification in the 

system without external factors, an imbalance between the production rate of VFA and the 

degradation rate of VFA must be present. Since fermentative-bacteria can thrive at low pH levels, 

the accumulation of VFA and subsequent pH drop fails to stop the VFA production, unlike the 

VFA-degrading microorganism typically more sensitive to low pH. The results from this study, 

support the idea that a change in proportion between acid-producing bacteria and acid-consuming 

archaea, which are predominantly mesophilic, could result in acidification, thus inhibiting the 

biogas production [69]. These results would support the conclusion that the establishment of 

thermophilic digestion conditions (50°C) during start-up would be less likely to support the proper 

development of a biogas producing thermophilic microbial community during AD.  

3.4.2 Effects of temperature on archaea population composition of AD reactors 

Overall, the sample collected from the thermophilic AD at 50°C (Batch #6) only contained 9 

archaea species linked to CH4 production, while samples from the mesophilic AD at 35°C (Batch 

#1), the two-step mesophilic-thermophilic AD w/bioaugmentation (Batch #4) and the primary 

sludge sample (control) contained 21 archaea species, which represented a 42% decrease in 

methanogenic species diversity under thermophilic conditions during the start-up phase compared 

to the undigested control sample (primary sludge). Figure 3.7 shows the distribution of anaerobic 

archaea detected in each sample after a ten-day digestion process in Batch #1, Batch #4, and Batch 

#6 samples along with the primary sludge sample (control). 
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Figure 3.7 Archaea composition changed after thermophilic conditions during a ten-day anaerobic digestion 

process under start-up followed by 16s rDNA test and an Ilumina® 16s metagenomics sequencing. Control 

(primary sludge), Batch #1 (mesophilic at 35°C), Batch #4 (two-step mesophilic-thermophilic AD w/o pH 

control), Batch #6 (Thermophilic at 50°C). The study was conducted in triplicates with qualitatively similar 

results in each replicate. 
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As seen in Figure 3.7, the thermophilic AD at 50°C (Batch #6) did not exhibit the presence 

of an unidentified Methanospirillum, unlike the undigested primary sludge sample (control) and 

other two samples (Batch #1 & Batch #4) where it comprises 9% of the archaea biomass. This 

was most likely due to the ability for Methanospirillum to thrive under mesophilic rather than 

thermophilic conditions [20]. Methanosaeta concilii and Methanosphaerula palustris consisted 

of 14% and 18% of the population in the thermophilic AD at 50°C (Batch #6), respectively. This 

was larger than the populations of the same species found in the samples from the mesophilic AD 

at 35°C (Batch #1), the two-step mesophilic-thermophilic AD w/bioaugmentation (Batch #4) and 

the primary sludge sample (control) at 7% and 5%, respectively, despite M. concilii having an 

optimum growth rate at mesophilic temperatures of 35°C, according to Steinhaus et al. [70] is 

possible that a HRT of ten days might be too short for any significant increase in microbial 

biomass. suggesting that the start-up lag phase could be originated by the slow growth rate of 

methanogens.  

The unidentified Methanothermobacter population was also slightly larger (4%) in the 

thermophilic AD at 50°C (Batch #6) compared to the control and mesophilic samples (2%). 

According to Zeikus et al. and Martin et al. growth can be expected within the 40-70°C 

temperature range (optimum 65°C) [42] [71] [72], thus, providing a rational for 

Methanothermobacter population being  slightly larger in the thermophilic AD at 50°C (Batch 

#6). The presence of Methanobacterium paludis was only found in the thermophilic AD at 50°C 

(Batch #6) and accounted for 4% of the archaea biomass. M. paludis is an acidophilic methanogen 

that grows under low pH conditions (4.8-6.6) as those found in the thermophilic AD at 50°C 

(Batch #6) that experienced a 6.0 pH [73].  
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The two-step mesophilic-thermophilic AD w/bioaugmentation (Batch #4) consisted of the 

same archaeon species as the mesophilic AD at 35°C (Batch #1) and the undigested primary 

sludge sample (control). However, the population composition in the two-step mesophilic-

thermophilic AD w/bioaugmentation (Batch #4) was slightly different with Methanolinea tarda 

at 50%, unidentified Methanospirillum at 11% and Methanosaeta concilii at 8% of the total 

population, compared to the 56%, 9% and 7%, respectively, noted in the Batch #1 and the primary 

sludge sample (control).  

Bacteria comprised 99.24% of all detected microorganisms with only 0.68% pertaining to 

archaea in the samples from the mesophilic AD at 35°C (Batch #1), the two-step mesophilic-

thermophilic AD w/bioaugmentation (Batch #4) and the undigested primary sludge sample 

(control). For the thermophilic AD at 50°C (Batch #6), bacteria accounted for 99.86% of all 

species with archaea only comprising 0.09%, a notable reduction when compared to the other 

samples.  

  The results from the study were not consistent with those reported in the literature. For 

example, Wirth et al. and Jang et al. reported that archaea populations in biogas producing 

digesters can account for roughly 10% of the total microbial population [74][75]. However, in 

these studies Jang et al. [75] used high-strength wastewater from the food industry under 

mesophilic conditions (35°C) for a HRT of 204 days and Wirth et al. [74]  study operated with 

animal manure and green plant biomass as feedstock rather than municipal wastewater sludge 

under mesophilic conditions (37°C ±1°C) for a HRT of 60 days. It should also be noted that, both 

Jang et al. and Wirth et al. microbial community compositions were reported for relatively stable 

systems at steady state rather than under start-up, as was the case in this study.  
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The results in this study show that  bacteria and archaea appeared to be more diverse in 

the digesters under mesophilic conditions and the undigested control sample than in the digester 

operated at thermophilic conditions, consistent with the  results from Kim et al. where digesters 

under thermophilic conditions indeed showed less diversity than those operated under mesophilic 

temperatures [76]. From this study, it can be concluded that thermophilic digestion during start-

up may not provide the optimal growth conditions for the anaerobic microbiota and, thus, could 

hamper the stability of biogas production systems aiming to establish a resilient and productive 

microbial community inside the AD system.  

3.5 CONCLUSION  

Upon considering all the results from the study it seems that temperature appeared to play a 

critical role in biogas production. Mesophilic temperatures were 600% more productive during 

start-up operation for methanogenesis than thermophilic conditions. In addition, a negative 

correlation was noted between biogas production and temperature during start-up. Gradual 

temperature increases and two-step AD (35°C-50°C) processes during the experiment performed 

better than thermophilic conditions alone. 

AD operating constantly at 35°C (mesophilic) was the most productive overall. Thus, 

temperature might constitute a more critical role in predicting biogas productivity than pH and 

thermophilic operation should be discouraged for start-up conditions unless the characterization 

of the sludge used during the AD process suggests otherwise.  

The final pH was not found to be significantly different between the batches. When 

conditions shifted the pH below 6.5 or above 6.73, biogas production was notably affected. 

Bioaugmentation had a more noticeable impact on biogas output than pH adjustment, as seen for 

the two batches that followed a two-step AD process under the same temperature profile and had 
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same final average pH despite only one of them receiving pH adjustments during the experiment. 

This would suggest that the successful operation of the AD system under start-up is determined 

by the microbial population. 

Despite granular flotation being a technical issue for AD during start-up, results from this 

study suggested a possible positive correlation between granular flotation and biogas production.    

 Furthermore, the unpredictability in results from the effects of granular flotation are a 

confirmation that prevention of granular flotation in AD during start-up is more desirable. The 

prevention of granular flotation seemed to occur at 40°C and higher thermophilic temperatures, 

whereas mesophilic temperatures did not seem to have a significant impact in preventing the 

occurrence of granular flotation. Despite the comparison between pH and biogas production, 

temperature (r=-0.62) exhibited a stronger correlation to biogas production than pH (r=0.17). 

During the study, the controlled pH sample did not exhibit a more significant effect in preventing 

methanogenic inhibition than uncontrolled operation, even at pH beyond 7. Ultimately, 

temperature appeared to have the greatest effects on yield. further information is needed to 

strengthen the AD start-up process to influence engineering wastewater treatment operation 

protocols.  

The application of thermophilic conditions under start-up appeared to decrease the microbial 

diversity of the anaerobes, with only 15 species accounting for 70% of all detected 

microorganisms. Thermophilic digestion experienced acidification after a ten-day process and a 

42% decrease in methanogenic species when compared to the mesophilic samples and the control 

undigested sample. Bioaugmentation with an inoculated thioglycolate broth did not affect the 

microbial population composition but rather the species proportion, as seen with M. tarda at 50%, 

an unidentified Methanospirillum at 11% and M. concilii at 8% of the total population in the 
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bioaugmented sample compared to 56%, 9% and 7%, respectively as observed in the mesophilic 

sample without bioaugmentation and the undigested control sample. Overall bacteria and archaea 

populations were more diverse under mesophilic or low temperature conditions as in the control 

sample at 4°C or the mesophilic at 35°C than the sample under thermophilic conditions (50°). 
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Chapter 4 Optimization of Biogas Production During Start-Up with 

Electrode-Assisted Anaerobic Digestion  

4.1 ABSTRACT 

One of the main purposes of anaerobic digestion (AD) is the reduction and treatment of 

organic pollutants in industrial and municipal wastewater sludge. The degradation of organic 

material using anaerobic microorganisms results in the generation of biogas, a renewable fuel 

source, which could be used for heat and power production in place of traditional fossil fuels. 

Methanogens and complex microbial consortia drive the AD process to support the production of 

biogas. These microbes are particularly susceptible to environmental changes and process 

conditions, therefore effectively tracking their activity and stabilizing AD processes during start-

up with the aid of sensors could offer a potential advantage. To better understand AD conditions 

during start-up, a series of batch and bench-scale pilot studies were conducted to investigate 

conditions affecting the performance of the anaerobic reactors, including pH fluctuations, 

ammonia inhibition, and inoculum composition. Sensors were placed inside the AD reactors to 

provide near real-time microbial monitoring under experimental batch conditions and to create a 

microbial electrolysis cell (MEC) environment. After an eight-day digestion process at 40°C, the 

capacitive soil moisture sensors performed as a rudimentary microbial activity tracking device. 

However, the electrodes had a statistically significant impact on biogas production with a small 

potential 0.8V having a stabilizing effect on AD at 40°C during start-up. Conversely, the 

electrodes had no statistically significant effect (p>0.05) on improving biogas production in 

digesters that experience inhibitory conditions, such as acidification and ammonia inhibition 

(toxic shock).  
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4.2 INTRODUCTION  

Anaerobic digestion (AD) is a series of biologically driven processes used in wastewater 

treatment to transform decaying organic matter into renewable fuels, such as biogas. The biogas 

has a typical composition of 40-60% methane (CH4) and 20-40% carbon dioxide (CO2) [1]. The 

process to produce biogas involves different species of microbes in four distinct stages; 

hydrolysis, acidogenesis, acetogenesis and methanogenesis, where specialized microbes called 

methanogens use the products from previous stages to produce CH4 and CO2 as biogas [2]. AD 

systems are often prone to lag phases in biogas production during start-up operations, known to 

take up to twelve weeks to provide a stable biogas yield [3]. The AD lag phase is often attributed 

to the slow growth rate of methanogens, caused by their high sensibility to environmental 

conditions (i.e. temperature, pH, mixing, organic load rate) and not excluding additional factors 

such as competition from another anaerobes (i.e. sulfate-reducing bacteria) typically found in AD 

reactors used in wastewater treatment facilities (WWTP) for the treatment and reduction of 

organic solids [4].  

4.2.1 Hydraulic retention time (HRT) 

The recommended operating hydraulic retention time is estimated to follow the growth rate 

of the slowest microorganism in the AD system such as methanogens [5]. Furthermore, according 

to Buekens [6], the overall HRT can shift depending on the feedstock provided, as well as the 

temperature or weather conditions during its collection, suggesting that HRT, especially during 

start-up cannot be predicted, as it is largely appears to be dependent on the quality of the sludge 

and its source [6].   
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4.2.2 pH 

Given the slow growth rate of methanogens compared to other anaerobes (i.e. fermentative 

bacteria) [7], ensuring optimal growth conditions for these microorganisms is crucial during any 

AD process. Inhibition of methanogens can be caused by extreme pH fluctuations during the AD 

which according to Liu et al. pH should be kept around 6.5-7.5 [8]. The most common challenge 

in AD systems is acidification when pH drops below 6.5. Acidification is often caused by an 

accumulation of volatile fatty acids (VFA) a known by-product of the metabolic activity of 

fermentative bacteria such as acidogenic bacteria [5] [9].  Furthermore, operational aspects such 

as the organic loading rate (OLR) or a high lipids concentration in the sludge also have a direct 

impact on the concentration of VFA, which can cause a decrease in pH when present in high 

concentrations [9]. To control the pH level within AD systems, alkaline compounds (i.e. calcium 

carbonate (CaCO3) or sodium hydroxide (NaOH)) can be added to the sludge to correct pH levels 

back to within the 6.5-7.5 range, the use of pH buffers such as CaCO3 prevents the future 

accumulation of acid compounds within the system [10].  

4.2.3 Ammonia inhibition  

Ammonium (NH4
+-N) is the ionized form of ammonia (NH3) present in wastewater, and it 

has the potential to inhibit methanogenesis during AD when converted into NH3 as the result of 

a sudden pH shift [4] [11]. The primary factor that determines the proportion of NH3 or NH4
+-N 

in water is pH. Under low pH conditions, NH4
+-N is favored compared to NH3, but at higher pH 

levels NH3 is more prevalent increasing the toxicity of the compound [12] [13]. The inhibitory 

effects of NH3 are common in AD systems prone to unstable pH levels, including acidification 

due to operational aspects (i.e. OLR, VFA concentration) thus, this type of toxic shock is a 

common nuisance in WWTP according to Yenigun et al. [11]. Methanogens have been shown to 
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tolerate total ammonia-ammonium (TAN) concentrations up to 1800 mgL-1  during mesophilic 

digestion, prior to exhibiting total inhibition [14].  

4.2.4 Granular flotation 

Typical up-flow anaerobic sludge bed (UASB) reactors and batch-fed reactors suffer from 

an operational challenge called granular flotation. When the density of the sludge decreases and 

the sludge rises inside the AD system, clogging or washing out of the microbial biomass can occur 

during the effluent release. This phenomena is especially common during start-up operation [15] 

[16].  

During the AD process, sludge can rise to the surface thereby creating a phase separation, 

which can incidentally flush methanogen communities from the digester environment leading to 

loss in microbial biomass and diversity [15] [16] [17]. 

4.2.5 Temperature 

The efficiency of an AD system under start-up is directly affected by the selected operational 

temperature [18]. Along with pH, temperature has a direct impact in the effectiveness of an AD 

system [19].  

Under normal operation, AD reactors can perform under mesophilic (35-37°C) or thermophilic 

(50-55°C) conditions [20]. However, temperature fluctuations should not exceed 2-3°C/day in 

the case of mesophiles and <1°C/day for thermophiles [21].  

Mesophilic digestion (35°C-40°C) is the most common operating temperature in WWTP. 

Mesophilic AD systems have several advantages (i.e. better stabilization of the digesters, lower 

dewatering cost, lower energy requirements) compared to higher energy demand thermophilic 

systems with operating temperatures above 50°C [22]. Temperature is a crucial driver for the 

methanogenic process in AD systems as seen in previous studies (i.e. Chapter 3: “Temperature as 
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Figure 4.1 Schematic diagram of a typical two-chamber MEC 

a driver for methanogenesis during start-up conditions for the anaerobic digestion of waste 

activated sludge from municipal wastewater”) and has a direct impact on biogas production 

efficacy [18]. 

4.2.6 Microbial electrolysis cell (MEC) 

A microbial electrolysis cell (MEC) is a biological device capable of covert organic 

material i.e. wastewater organics into CO2 and hydrogen (H2), along with free electrons by 

electrochemically active microorganisms [23] [24]. Theoretically, by applying a potential greater 

than 0.14V to surpass the cathode over-potential, the MEC can drive H+ production under 

anaerobic conditions [25]. MEC technologies have been extensively studied in the AD industry 

due to their potential benefits such as improved biogas production, enhanced biogas quality and 

faster degradation rates by using electrodes to enhance the biological processes that occur during 

biogas production [26] [27] [28]. This relatively inexpensive upgrade to conventional anaerobic 

reactors could effectively reduce the AD start-up lag phase. Figure 4.1 displays a schematic 

diagram of a two-chamber MEC.  
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One of the drawbacks from MEC technology is the use of expensive cathodes (i.e., 

platinum). However, a 2008 study by Rozendal et al. proposed the use of graphite felt electrodes 

for a MEC consisting of a selected consortia of electrochemically active microorganisms to create 

a hydrogen-producing biofilm [29]. Furthermore, unlike traditional graphite electrodes for MEC 

[30], capacitive soil moisture sensor technologies are designed to prevent electrolytic corrosion 

on the surface of the sensors, which behave like a typical electrode [31] [32]. Therefore, novel 

sensor technology applications could help design MEC systems that prevent the unwanted release 

of metallic cations and anions into the system.   

 

Another challenge for the widespread application of MEC technology is the biological 

component. One of the most promising studied microorganisms for MEC systems are 

methanogens such as Methanosarcina barkeri, a versatile species able to produce CH4 by 

converting CO2 and H2 with the help of external energy sources in addition to acetate-driven CH4 

production like many other known methanogens [13] [33]. More specifically, M. barkeri can 

perform direct electron transfer with other microbial species in electrochemically active 

environments [34]. Therefore, M. barkeri is a potentially good candidate for MEC-enhanced AD 

systems, following the method developed by Rozendal et al., which prioritizes CH4 production 

instead of H+ through biologically-driven electromethanogenesis [35].  
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4.2.7 Bio-impedance 

Electrical current within a circuit is characterized by four main factors: current, impedance, 

oscillation frequency and potential. Impedance represents the resistance of an electrical circuit to 

the flow of electrons and is measure in Ohm [36] [37].  

As such, bio-impedance is the resistance presented by a biological conductor to the flow of 

electrical current. Cell membranes, in this case, behave as an insulating agent, acting as an energy 

storage and discharge unit known as a capacitor [36] [38] [39]. Hence, bio-impedance is a 

complex phenomenon dependent on the resistance resulting from the ionic and water 

concentrations inside the cells and by the capacitance of the cell membrane. Capacitance can be 

defined as the ability of an electrical insulator or dielectric material to store electrical charges, 

that is equal to the ratio between potential and current that is passed through the object. In 

biological terms, is the ability of cells to hold an electrical charge by up taking ions (i.e. Na+, K+) 

from their surrounding media [37] [40]. As proposed in a 2009 study by Choi et al., bio-

impedance can be used to detect microbial activity for near real-time monitoring with the aid of 

sensitive electrical equipment like sensors [41]. Capacitive soil moisture sensor technology is 

used to measure moisture content in the soil by measuring the changes in the dielectric resistance 

of a medium [31].  However, by applying the relationship between capacitance, potential and 

current, changes in potential could help monitor microbial activity by measuring the change rate 

in potential/resistance.  
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4.2.8 Start-up lag phase 

The environmental sensitivity (i.e. temperature, pH) of methane-producing microbial 

populations often affects their growth rate and their metabolic activity, which in return affects 

biogas production in AD systems [4]. This leads to a common challenge in AD operations known 

as the start-up lag phase, where biogas stability can often take up to twelve weeks after resuming 

operations to yield a constant biogas volume [42].  

According to a 2004 study by W. Silva Lopes et al. the success of an AD system under start-

up is determined by three different factors, including the source of the microbial population, the 

size of the inoculum and the initial mode of operation [3]. Therefore, applying bioaugmentation 

to biogas production systems could prove beneficial at the start-up stage.  

This study explores the use of a commercial soil moisture sensor (Analog Capacitive Soil 

Moisture Sensor V1.2 3.3~5.5V Corrosion Resistant with Gravity 3-Pin Interface for Arduino 

Raspberry) as a microbial activity tracking device, as well as an electrode in mesophilic and 

thermophilic AD operations under start-up. More precisely, this research observed 1) the 

effectiveness of the capacitive sensors as a microbial activity tracking devices and 2) the effect 

of electrode-assisted AD for biogas production. 

4.3 MATERIALS AND METHODS 

4.3.1 Feedstock preparation 

The feedstock selected for this research study was wastewater treatment sludge sourced from 

Ravensview wastewater treatment plant (WWTP) in Kingston, Ontario. The sludge was collected 

from a primary sludge line and stores in a hermetic HDPE container at 4°C in the Beaty Water 

Research Centre (BWRC) facilities at Queen’s University until use.  
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4.3.2 Experimental approach 

The study investigated four different conditions for electrode-assisted batch-fed anaerobic 

digesters. Each batch digester consisted of three 300 mL graduated glass jars filled with 100 mL 

of wastewater sludge. Every lid was modified to accommodate polyethylene tubing and sensors 

wiring. The operating conditions for each experiment are outlined in Table 4.1.  

Table 4.1 Operating Conditions for Anaerobic Digestion Batch-Fed Digesters with Microbial 

Activity Monitoring 

Batch Temperature 

(°C) 

Toxic 

Shock 

pH 

Adjusted 

Bioaugmentation Feedstock 

#1 40 YES YES NO SLUDGE 

#2 40 YES YES YES SLUDGE 

#3 40 NO NO YES SLUDGE 

#4 40 NO NO NO SLUDGE 

Control #1 40 N/A AUTOCLAVED 

SLUDGE 

Control #2 40 YES DI WATER 

Control #3 40 N/A SLUDGE 

 

 Each batch was coupled with a capacitive soil moisture sensor and a CH4 sensor connected 

to an Arduino (Arduino Mega 2560 feeding 5V DC) at a frequency of 490 Hz [43]. Each lid was 

sealed with water and heat-resistant silicone to prevent leaks. Every batch was sparged with 

nitrogen gas for 5 minutes to remove any oxygen (O2) in the headspace. Each anaerobic digester 

was placed in a deionized water (DI) Gyrotory® Water Bath Shaker (Model G76) at 40°C and 

low mixing speed (80 rpm). Two 100 mL butyl rubber stopper bottles were connected to each 

digester with polyethylene tubing and 20-gauge syringe needles to separately collect the biogas 

produced and the water displaced by the gas [44].  
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The water inside the displacement system also contained resazurin indicator at a concentration 

of 1 mgL-1 to show possible O2 leaks from the digester. The three controls in this study were 

designed to isolate the following conditions: 1) microbial activity in sludge; 2) the conductive 

properties of the sludge; and 3) the effect of electrodes in AD.  Control #1 consisted of the same 

digester set-up as each AD batch, it was filled with autoclaved sludge at 121°C for 20 minutes as 

feedstock. Control #2 consisted of the same configuration as control #1 but instead of autoclaved 

sludge it contained DI water. Control #3 consisted of the same system as the other controls, but 

no sensor was connected to this system. The hydraulic retention time (HRT) was set to eight days 

per batch representing early start-up conditions. The temperature chosen for the study was 40°C.    

4.3.2.1 pH monitoring 

The pH was monitored in every batch by taking 0.2 mL of sludge with a syringe following the 

Hungate technique and measured using litmus paper. Only Batch #1 (toxic shock w/o 

bioaugmentation) and Batch #2 (toxic shock w/ bioaugmentation) were selected for pH 

adjustments. For adjusting pH, either 0.2mL of 1N HCl solution or 0.2 mL of 5N NaOH solution 

[9] were added, to correct a pH below 6 and bring it within 6.5 to 7.5. The final pH was measured 

with an Orion Versa Star Pro pH/ISE benchtop multiparameter meter. 

The Hungate technique for the handling of anaerobic cultures under aerobic conditions was 

employed when monitoring or adjusting pH, by using positive pressure with O2-free gas and 

syringes to collect samples or introduce chemicals into anaerobic vessels to prevent O2 

contamination [45].  
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4.3.2.2 Toxic shock 

A toxic shock involving acidification and NH3 inhibition was induced by adding 3 mL of 1N 

HCl to lower the sludge pH to approximately 4.5 (acidification), followed by a 10 mL dose of 

NH4
+ -N at a 1000 mgL-1 concentration. NH4

+ -N at low pH levels prevails compared to NH3 

which possesses a higher toxicity level in the AD system. However, unstable pH levels as those 

going from acid conditions to slightly alkaline conditions might favor the conversion of NH4
+ -N 

into NH3, thus creating inhibitory conditions [12] [13]. The toxic shock was administered during 

the 4th day in the AD with Batch #1 (Toxic shock w/o bioaugmentation) and Batch #2 (Toxic 

shock w/ bioaugmentation) using the Hungate technique.  

 

4.3.2.3  Bioaugmentation 

M. barkeri cultures were prepared using primary sludge from Ravensview WWTF and 

employed as a bioaugmentation medium for Batch #2 (toxic shock w/ bioaugmentation) and 

Batch #3 (No toxic shock w/ bioaugmentation). The cultures were prepared with M. barkeri 

medium (120) from the DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen 

GmbH) or the German Collection of Microorganisms and Cell Cultures. The composition for a 1 

L solution is presented in in Table 4.2 [46].  
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Table 4.2 Methanosarcina culture medium (120) from the DSMZ 

Chemical compound Quantity Unit 

K2HPO4 0.35 g 

KH2PO4 0.23 g 

NH4CL 0.50 g 

MgSO4x7H2O 0.50 g 

CaCL2 x 2H2O 0.25 g 

NaCl 2.25 g 

FeSO4x7H2O solution (0.1% w/v in 0.1 N H2SO4 2.0 mL 

Trace element solution SL-10 1.0 mL 

Yeast extract  2.0 g 

Casitone (BD BBL) 2.0 g 

Na-acetate 2.5 g 

Na-resazurin solution (0.1% w/v) 0.5 mL 

NaHCO3 2.0 g 

Vitamin solution  10.0 mL 

Methanol 10.0 mL 

L-Cysteine-HClxH2O 0.30 g 

Na2Sx9H2O 0.30 g 

Distilled water 1000.0 mL 
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 Ingredients were dissolved (except bicarbonate, vitamins, cysteine, sulfide, and methanol) 

in deionized water and the medium was sparged with N2 for 30 min to remove any dissolved O2. 

Then, the bicarbonate was added, and the pH was adjusted to 6.8. The medium was placed at 30% 

capacity into 100 mL butyl-rubber sealed bottles and inside Hungate-type tubes at the same 

capacity under an atmosphere comprised by 80% N2 and 20% CO2, then the vessels were 

autoclaved at 121°C for 20 min. The methanol solution (50% v/v stock solution) and the reducing 

agents were autoclaved in separate containers at 121°C. The vitamin and trace element solutions 

were prepared under 100% N2 gas and filtered. Sterile prepared media was prepared prior 

inoculation. The media received the methanol solution, the vitamin solution, the trace element 

solution, and the reducing agent before adding the sludge sample and were incubated at 35°C for 

24 hours and then transferred to freshly prepared media. The cultures were enriched during three 

culture cycles of 15 days each [13].  

Bioaugmentation of Batch #2 (Toxic shock w/ bioaugmentation) and Batch #3 (No toxic 

shock w/ bioaugmentation) consisted of 5 mL (v/v) of the enriched cultures in the 

bioaugmentation medium added during the 5th day of digestion using the Hungate technique after 

the digester pH was adjusted above 6.5 and below 7.5. 

4.3.3 Analytical methods 

4.3.3.1 Sludge characterization 

The sludge used as feedstock for the AD process was characterized to analyze the conditions 

the locally sourced sludge possesses. Hach kits, with a spectrophotometer model DR 2800, were 

used for the determination of the nitrate (NO3-N) and nitrite (NO2-N) concentrations following 

the chronotropic acid [method 10020] and the diazotization methods [method 10019], 

respectively whereas, total phosphorous (PO4
3-P) and chemical oxygen demand (COD) 
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concentrations were also measured with Hach kits following the US EPA method 8190 and US 

EPA reactor digestion method (5220 D), respectively. pH was determined with litmus paper and 

with an Orion Versa Star Pro pH/ISE benchtop multiparameter meter. The standard methods for 

the examination of water and wastewater were used for the analysis of the biological oxygen 

demand (BOD) [5210] and the determination of volatile and fixed solids [2540] within the sludge 

sample [47]. 

4.3.3.2 Methane sensor programming 

Each batch contained an MQ-4 type sensor to detect CH4 concentrations within the range of 

1.2 ppm to 10,000 ppm. The CH4 sensor fulfilled two roles, ensuring that CH4 was not leaking 

from the digesters and ensuring anaerobic conditions were maintained. The CH4 sensor requires 

a gaseous O2 concentration above 20k ppm to provide a CH4 reading, ensuring the headspace of 

each batch was anoxic [48]. Figure A.1 in appendix A shows the code written for the CH4 sensor.  

4.3.3.3 Methane sensor calibration 

The CH4 sensor calibration was performed by measuring CH4 levels in methane-free gas (N2), 

fresh air: 1.84 ppm and consecutive gas dilutions with compressed CH4: (10k ppm). An Arduino-

based code was developed to ensure reading of the CH4 content in the headspace every hour 

during the 8-day digestion period. The sensor daily data recording was collected in a spreadsheet 

and the daily average was calculated from every reading. Figure A.3 in appendix A shows the 

calibration curve for the CH4 sensor. 
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4.3.3.4 Capacitive soil moisture sensor 

A calibration process was performed to establish the capacitive conditions of tap water and 

autoclaved sludge, assuming a lack of methanogenic activity in both feedstocks used as control. 

Capacitive soil moisture sensors read the changes in capacitance because of the changes in the 

dielectric medium formed by the water and the resistive elements i.e., soil or, in this study, 

microbial cell membranes.  

The reading of the capacitive soils moisture sensor integrated potentiometer provides an 

Arduino “analog()” reading between 5-1023, corresponding to the change in potential being 

applied to the Arduino pin [49]. Theoretically, potential could be determined from the sensors 

capacitive soil moisture sensor reading by a linearity between the potential applied and the 

measured capacitance change in the medium from the sensor [50]. Thus, potential is a function 

of the capacitance reading and can be determined by Equation 4.1 (Potential from Capacitance 

Reading in a Capacitive Soil Moisture Sensor)[51].  

𝑽 =  𝑲 ∗  (
𝟓

𝟏𝟎𝟐𝟑
)      Eq. 4.1 

Where V is the potential received by the sensor from the anode to the cathode in volts, K is 

the analog reading value in volts that the sensor sends to the Arduino controller as a function of 

the input capacitance, multiplied by the product of 5 divided by 1023.  

An Arduino-based code ensured reading of the potential changes every second during the 

eight-day digestion period. The daily data output from the sensor was exported to an Excel 

spreadsheet and then all reading were combined into hourly average reading every 24 hours. 

Figure A.3 in appendix A shows the Arduino code for the soil sensor.  
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4.3.3.5  Statistical methods 

The results presented are the mean values ± standard deviation from independent triplicate 

batch experiments. For biogas production and the mean potential during the eight-day digestion 

process for an induced electrolysis correlation, a one-way ANOVA (95% confidence), along with 

Pearson and Spearman correlations were performed using the statistical program Statgraphics 

Centurion XVII. The degree of significance was p < 0.05. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Sludge characterization 

Table 4.3 below shows the results from the chemical and biological test performed on the 

sludge sample. The results gathered suggest a wide range for municipal wastewater with a high 

organic content. Above typical wastewater COD levels (463±133 mg/L-1) [52] and below high 

concentrated waste-activated sludge (18300 ± 11700 mg/L-1) [53]. Moreover, in-situ 

characterization is recommended to account for the lack of homogeneity in wastewater sludge. 

Table 4.3 Chemical and Biological Test Results from Analyzed Sludge 

Test Value Standard Deviation Unit 

pH 6.2 0  

Nitrate (NO3) 15 0 mg L-1 

Nitrite (NO2) 0.05 0.02 mg L-1 

Total Phosphorous (PO4
3-P) 165.7 46.4 mg L-1 

Chemical Oxygen Demand (COD) 6200 81.6 mg L-1 

Biological Oxygen Demand (BOD) 242 11.6 mgO2L
-1 

Moisture Content 89 0 % w/w 

Fixed Solids 58,800 1800 mg L-1 

Volatile Solids 19,800 1400 mg L-1 
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4.4.2  Microbial activity tracking with capacitive soil moisture sensors 

Near real-time microbial activity tracking was attempted as part of this study. During the 

eight-day digestion process, the changes in capacitance measured by the capacitive soil moisture 

sensor were recorded in an Excel spreadsheet every second and condensed into mean hourly 

records every 24h. Batch #1 (Toxic shock w/o bioaugmentation) and Batch #2 (Toxic shock w/ 

bioaugmentation) were subjected to a toxic shock, which was inducted with the addition of 3 mL 

of 1N HCl and a 10 mL dose of 1000 mgL-1 NH4
+-N at the beginning of the 4th day of digestion.  

Batch #3 (No toxic shock w/ bioaugmentation) and Batch #4 (No toxic shock w/o 

bioaugmentation) were not subjected to any toxic shock or disturbance, thus minimizing the 

inhibition of methanogens.  

Following the principle of bio-impedance potential variation was recorded during the 

eight-day digestion experiment. As such, the higher the potential, the smaller the resistance and, 

thus, the microbial activity, since unbroken cell membranes act as a resistance element to electric 

current and are capable of changing their electric charge [36] [38]. Figure 4.2 shows the potential 

change of each anaerobic batch over the eight days of AD. 
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Figure 4.2 Changes in the potential for microbial activity tracking during an eight-day electrode-assisted 

anaerobic digestion process under start-up at 40°C. Batch #1 (toxic shock w/o bioaugmentation), Batch 

#2 (toxic shock w/ bioaugmentation), Batch #3 (no toxic shock w/ bioaugmentation), Batch #4 (no toxic 

shock w/o bioaugmentation), Control #1 (autoclaved sludge at 121°C), Control #2 (deionized water). 

Toxic shock occurred during the 4th day and bioaugmentation during the 5th day with pure cultures of 

Methanosarcina barkeri. Values are the mean (SD). The study was conducted in triplicates with 

qualitatively similar results in each replicate. 

 

Batch #1 (Toxic shock w/o bioaugmentation) had an estimated initial potential of 0.6V on 

day one, the lowest detected, thus, inferring the highest microbial bio-impedance. Batch #2 (Toxic 

shock w/ bioaugmentation) also had a relatively low initial potential of 0.7V.  

Batch #3 (No toxic shock w/ bioaugmentation) and Batch #4 (No toxic shock w/o 

bioaugmentation) behaved similarly with approximate potentials of 1V and 0.8V, respectively, at 

the beginning of the experiment. All triplicate runs from Control #1(autoclaved sludge) and 
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Control #2 (DI water) outputs remained constant throughout the eight-day experiment at 0.9V 

and 1V respectively. By the 4th day, the potential output from the sensor in each batch started to 

converge to a potential of approximately 0.8V.  Batch #1 (Toxic shock w/o bioaugmentation) and 

Batch #2 (Toxic shock w/ bioaugmentation) suffered the effects of toxic shock during the 4th day 

without any noticeable immediate changes in potential output.  

During the 5th day Batch #1 (Toxic shock w/o bioaugmentation) and Batch #2 (Toxic 

shock w/ bioaugmentation) showed a pH below 5 and were subjected to pH adjustments after the 

toxic shock, with both batches reaching a pH of 6.5 after the pH adjustment. Batch #2 (Toxic 

shock w/ bioaugmentation) and Batch #3 (No toxic shock w/ bioaugmentation) were 

bioaugmented with liquid cultures of M. barkeri during the 5th day and after Batch #2 pH 

adjustment.  

During the last two days of digestion, Batch #1 (Toxic shock w/o bioaugmentation) and 

Batch #2 (toxic shock w/ bioaugmentation) had higher potential outputs, closer to the output from 

Control #1 (autoclaved sludge) at roughly 0.9V. Meanwhile Batch #3 (No toxic shock w/ 

bioaugmentation), had a potential of 0.8V and Batch #4 (No toxic shock w/o bioaugmentation) 

with a potential of 0.8V at the end of the digestion process.  

The lowest potential at the end of the study from all batches was reported by Batch #3 (No 

toxic shock w/ bioaugmentation) at 0.8V, inferring a high microbial activity. While Batch #4 (No 

toxic shock w/o bioaugmentation) which had no alterations during the digestion period had a 

slightly higher final potential at 0.8V at the end of the experiment. All sensors, except for the ones 

in Control #1 (autoclaved sludge) and Control #2 (DI water) developed a thick coat of biofilm 

attached to the surface that was in contact with the sludge. This could have an impact on the 
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conductivity of the electrodes (i.e., pitfalls in potential). However, it also might suggest the  

successful establishment of an electrochemically active consortia at the electrode.   

As seen in Figure 4.2, Batch #1 (Toxic shock w/o bioaugmentation) and Batch #2 (Toxic 

shock w/ bioaugmentation) showed an increase in potential after the toxic shock induced on the 

4th day and the pH adjustment on the 5th day, indicating a decrease in bio-impedance. In contrast, 

Batch #3 (No toxic shock w/ bioaugmentation) and Batch #4 (No toxic shock w/o 

bioaugmentation) showed a relatively small change in bio-impedance after the 4th day of 

digestion, remaining stable between 0.8V and 0.7V despite Batch #3 receiving bioaugmentation. 

The overall bio-impedance of Control #2 (DI water) was the lowest among all batches (1V), this 

is due to the lack of organic feedstock to sustain anaerobic microbial activity, while Control #1 

(autoclaved sludge) had the second-lowest bio-impedance (0.9V) because of the sterilization 

process by autoclaving.  

Batch #1 (Toxic shock w/o bioaugmentation) and Batch #2 (Toxic shock w/ 

bioaugmentation), which were subjected to toxic shock, exhibited similar behaviour to Control 

#1 (autoclaved sludge), with an increased conductivity despite pH adjustments in both batches 

and bioaugmentation in Batch #2, suggesting that the toxic shock caused inhibition in the 

microbial populations even after bioaugmentation. The relatively high activity at the start of the 

study for Batch #1 (Toxic shock w/o bioaugmentation) and Batch #2 (Toxic shock w/ 

bioaugmentation) compared to Batch #3 (No toxic shock w/ bioaugmentation) and Batch #4 (No 

toxic shock w/o bioaugmentation)  could have corresponded to a temperature acclimation process, 

as the stored sludge at 4°C experienced a slightly longer exposure to room temperature (22°C) 

prior experimentation with Batch #1 and Batch #2 for analytical analysis of the sludge.  
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The results from this study propose that bio-impedance could be used to detect real-time 

microbial activity by exploring the connection between bio-impedance and potential changes. 

Detecting changes in AD conditions to rectify potential inhibitory conditions early in the digestion 

process could bring potential benefits to WWTP. However, the accuracy of this approach is rather 

rudimentary and more development towards a more precise and reliable technology would be 

recommended. As Young-Hun et al.[54] demonstrated, current-based technologies (i.e. sensors) 

can be a reliable and inexpensive device for microbial activity tracking through bio-impedance. 

They also reported the development of a biofilm attached to the surface of their soil moisture 

sensors strongly supporting the idea that electrochemically active microbes can thrive on the 

sensor surface, and their activity was detected by the soil sensor [55]. Additionally, unlike in the 

proposed designs by Young-Hun et al.[54] or Williams et al.[56], the sensors used in this 

experiment consisted of electrodes encased in a conductive plastic, thereby preventing any direct 

oxidation of the metallic surface to facilitate their cleaning for future applications between 

batches. This, however, could have caused a loss of some of the potential positive effects (i.e., 

electron transfer) of MEC technology in stabilizing start-up AD systems.  

As seen in Batch #1 (Toxic shock w/o bioaugmentation) and Batch #2 (Toxic shock w/ 

bioaugmentation), the cell membrane damage resulting from the acidification and the partial 

inhibition caused by ammonium could not be rectified during the eight-day start-up period, as the 

estimated microbial activity readings were relatively low in both batches compared to others that 

were not subjected to inhibition. Perhaps an optimized MEC design and a longer HRT could 

provide a better buffer for microbial population against environmental inhibition agents (i.e., 

acidification, NH3 toxicity). 
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Improving AD operation conditions by implementing digital technologies such as sensors 

could improve efficiencies in biogas production. Furthermore, the potential application of 

commercial sensor devices in AD processes still requires a better understanding of the limits of 

such an application, and therefore requires more research and development. 
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4.4.3 Biogas and microbial induced electrolysis correlation 

During the study, the biogas produced during the eight-day digestion was collected in a water 

displacement system. Figure 4.3 shows the mean biogas volume per batch after the eight-day AD 

process and the mean potential recorded for each batch during the digestion process.  

 

Figure 4.3 Biogas production increased for an average potential between 0.84 and 0.75V at 40°C during 

an eight-day electrode-assisted anaerobic digestion process under start-up. Batch #1 (toxic shock w/o 

bioaugmentation), Batch #2 (toxic shock w/ bioaugmentation), Batch #3 (no toxic shock w/ 

bioaugmentation), Batch #4 (no toxic shock w/o bioaugmentation), Control #1 (autoclaved sludge at 

121°C), Control #2 (deionized water) and Control #3 (electrode-free AD). Values are the mean (SD). 

Statistical analysis by one-way ANOVA (biogas yield, average potential), p< 0.001. The study was 

conducted in triplicates with qualitatively similar results in each replicate. 
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After the digestion period, Batch #1 (Toxic shock w/o bioaugmentation) had a mean biogas 

volume of 108 mL and Batch #2 (Toxic shock w/ bioaugmentation) had a production of 95 mL 

and experienced an average potential of 0.7V. Batch #2 (Toxic shock w/ bioaugmentation) had a 

biogas volume of 95 mL at the end of the study with an average potential of 0.8V. Batch #3 (no 

toxic shock w/ bioaugmentation) produced 157 mL of biogas and reported an average potential 

of 0.8V. Batch #4 (no toxic shock w/o bioaugmentation) had a biogas production of 145 mL and 

a average potential of 0.8V. Control #1 (autoclaved sludge) had a biogas output of 6 mL with an 

average potential of 0.9V. Control #2 (DI water) reported no biogas production and a average 

potential of 1.3V. Control #3 had a biogas output of 57 mL and had no electrode, thus, reporting 

zero potential.  

Both Batch #1 (Toxic shock w/o bioaugmentation) and Batch #2 (Toxic shock w/ 

bioaugmentation) suffered acidification and NH3 inhibition (toxic shock) during the 4th day of 

digestion explaining the significant decrease in biogas yield when compared to Batch #3 (No 

toxic shock w/ bioaugmentation) and Batch #4 (No toxic shock w/o bioaugmentation). As it can 

be inferred by their respective potentials, Batch #1 (Toxic shock w/o bioaugmentation) reported 

the lowest biogas output and the lowest potential (0.7V) from the tested batches, hinting at a low 

microbial activity (bio-impedance). Moreover, the potential for Batch #2 (Toxic shock w/ 

bioaugmentation) at 0.8V falls within the range of Batch #3 (No toxic shock w/ bioaugmentation) 

and Batch #4 (No toxic shock w/o bioaugmentation) at 0.8V each. This presents an apparent trend 

locating the ideal potential to stimulate biogas production between 0.80V to 0.85V, since Control 

#1 (autoclaved sludge) and Control #3 (DI water) reported potentials above 0.9V.   
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According to the literature, a potential lesser than 1V appears to be the ideal potential for 

generating H2 at the electrode [57]. Despite previous studies by Gajaraj et al. and Call et al. 

reporting that the application of potentials as small as 0.3V and 0.6V can improve 

hydrogenotrophic CH4 production by up to 9%, the effects of inhibiting conditions were 

unexplored [58] [59]. Thus, a more comprehensive understanding of the effectiveness and 

limitations of MECs coupled with AD systems is needed. In a one-way ANOVA of the results, 

the data showed a statistically significant difference between the mean biogas production from 

each batch and their mean potential during the eight-day digestion process (p<0.001). However, 

the benefits of MEC-AD did not appear to be statistically significant (p>0.05) when a toxic shock 

event has occurred.   

There is a statistically significant non-zero correlation between biogas production and 

potential in the batches. Both Pearson’s and Spearman’s correlations showed a negative 

correlation (r=-0.51) and (r=-0.33), respectively. Confirming that mean potential is indirectly 

proportional to biogas production in a single electrode MEC-AD system.  

 

Furthermore, Batch #2 shows the limited effects of bioaugmentation during start-up to correct 

the inhibition of anaerobes, with Batch #2 (Toxic shock w/ bioaugmentation) reporting overall 

less biogas output than Batch #1 (No toxic shock w/o bioaugmentation). Batch #2 had an 8% 

decrease in biogas production compared to Batch #1, despite Batch #2 receiving bioaugmentation. 

According to De Vrieze et al.,  M. barkeri is known to be a robust and versatile methanogen, able 

to tolerate pH shifts, higher NH3 concentrations, and temperature changes better than other 

methanogenic microorganisms [13]. However, the results of the eight-day digestion study show 
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that when inoculation of M. Barkeri is applied to an inhibited methanogenic population, the 

potential benefits might be negated. 

Batch #3 (No toxic shock w/ bioaugmentation) received bioaugmentation with M. barkeri 

during the 5th day and had a corresponding biogas volume of 157 mL, the highest among the test 

batches, while Batch #4 (No toxic shock w/o bioaugmentation), which was not subjected to 

acidification with NH3 inhibition or bioaugmentation, produced 145 mL of biogas. Batch #3 (No 

toxic shock w/ bioaugmentation) showed a 7% increase in biogas volume when compared to 

Batch #4 (No toxic shock w/o bioaugmentation) which did not suffer a toxic shock or 

bioaugmentation. This shows that bioaugmentation alone can enhance biogas production under 

MEC conditions when the microbial population is not inhibited prior the inoculation.  

The CH4 sensors for Batches #1- #4 and Control #1 were able to detect CH4, however, the 

concentrations were not consistently recorded through the experiment due to technical issues.  

In recent years, the AD industry has been focusing on improving the overall efficiency of AD 

systems. One of the most promising innovations in the AD sector is bio-electrochemical 

enhancement of biogas by CO2 capture and conversion to CH4 [60]. Electromethanogesis is one 

of the potential pathways through which biogas production is enhanced by electrodes during AD 

[61]. Electromethanogenesis involves the addition of a small potential to a microbial electrolysis 

cell (MEC). Free-flowing electrons can stimulate autotrophic methanogens such as M. barkeri 

into transforming CO2 and H2 into CH4 [13] [35] [62] [63]. A 2014 study by Q. Yin et al. explored 

the mechanisms of direct electron transfer between Geobacter sp. and M. barkeri [64], thus, 

suggesting that bioaugmentation could provide an enhanced biogas yield when exposed to 

electrodes during the AD process. One of the objectives of the study aimed to explore the effects 

of electrode-enhanced AD during start-up.  
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Batch #1 (Toxic shock w/o bioaugmentation) and Batch #2 (Toxic shock w/ bioaugmentation) 

experienced a toxic shock during the 4th day of digestion and pH adjustments during the 5th day 

to reach a pH of 6.5. However, bioaugmentation was also applied to Batch #2 (Toxic shock w/ 

bioaugmentation) and Batch #3 (No toxic shock w/ bioaugmentation), which received 5 mL (v/v) 

of the enriched M. Barkeri cultures in the bioaugmentation medium at the beginning of the 5th 

day, in the case of Batch #2 (Toxic shock w/ bioaugmentation) the bioaugmentation occurred 

after the pH had reached 6.5.  

 Overall Batch #3 (No toxic shock w/ bioaugmentation) displayed a biogas output 63.7% 

higher than Control #3 (electrode-free sludge), consistent with previous studies by Yanuka-Golub 

et al. and Zamalloa et al., which reported that MEC biogas production was higher than control 

AD without electrodes [28] [65]. However, in the case of Yanuka-Golub et al. [28], the study was 

performed at room temperature (22°C) rather than borderline mesophilic-thermophilic. 

Therefore, MEC-AD could provide better stabilization of AD systems and higher biogas yields 

under start-up and even help achieve steady biogas production under thermophilic conditions 

which are known to be more unstable in biogas production than mesophilic systems [22]. 

After analyzing the results from the experiment, electrode-enhanced biogas production shows 

a promising potential to increase biogas output in AD systems under start-up.  However, the 

effects of MEC biogas production in larger-scale systems should be the next step in research, by 

providing the right AD digester to electrode ratio to replicate bench-scale laboratory results and 

an effective ration between bioaugmentation and digester size.  
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4.1 CONCLUSION 

This study demonstrated that capacitive soil moisture sensors can monitor microbial activity 

during AD operations. Furthermore, the use of commercial sensors allows for an inexpensive 

approach to track changes in bio-impedance in the AD systems. However, the devices appear to 

perform at a rather rudimentary tracking of changes in bio-impedance. The potential application 

of these commercial soil moisture sensors to large-scale systems might be limited and another 

technology might be more reliable to provide near-real-time monitoring.  

However, based on the results obtained during the study, the correlation between biogas 

production and bio-electrochemical methods like electrode-assisted AD or MEC-AD would 

indicate that they can have a positive impact on overall biogas yield. A small potential between 

0.8 and 0.85V in a batch-fed reactor can have a stabilizing effect during start-up, resulting in 

higher biogas production at a relatively high temperature (40°C) for mesophilic processes.  

MEC-AD biogas production exhibited a 63.7% increase in biogas output when compared to 

the no MEC-AD control (no electrode) under the same temperature (40°C) and same operating 

conditions. The effects of bioaugmentation in AD systems under inhibition conditions did not 

appear to provide the potential benefits of bioaugmentation. Conversely, MEC-AD 

bioaugmentation with pure cultures of M. barkeri under no inhibitory conditions showed a 7% 

increase in biogas volume when compared to the same type of system without bioaugmentation. 

Moreover, the potentially enhancing benefits of MEC-AD did not appear to be statistically 

significant after a toxic shock induced by acidification and NH3 inhibition. Thus, MEC-AD might 

be recommended only when the potential for a toxic shock event has a low probability of 

occurring. 



 

114 

 

Overall, the application of novel technologies such as sensors or electrodes in AD systems 

seems to provide potential benefits to tackle common challenges during the start-up operation of 

anaerobic digesters. Operational nuisances such as high instability in biogas output and the 

methanogens low growth rate could benefit from MEC-AD technology which could offer 

industrial and large-scale AD systems the same benefits and improvements seen in bench-scale 

systems.  
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4.3 Appendix A 

1. int gas_sensor = A0; //Sensor pin 
2. float m = -0.318; //Slope 
3. float b = 1.133; //Y-Intercept 
4. float R0 = 11.82; //Sensor Resistance in fresh air from previous code 
5.  void setup() { 
6.   Serial.begin(9600); //Baud rate 
7.    pinMode(gas_sensor, INPUT); //Set gas sensor as input 
8. } 
9.  void loop() { 
10.   float sensor_volt; //Define variable for sensor potential 

11.   float RS_gas; //Define variable for sensor resistance 

12.   float ratio; //Define variable for ratio 

13.   float sensorValue = analogRead(gas_sensor); //Read analog values of 

sensor 

14.   sensor_volt = sensorValue * (5.0 / 1023.0); //Convert analog values 

to potential 

15.   RS_gas = ((5.0 * 10.0) / sensor_volt) - 10.0; //Get value of RS in 

a gas 

16.   ratio = RS_gas / R0;   // Get ratio RS_gas/RS_air 

17.    double ppm_log = (log10(ratio) - b) / m; //Get ppm value in linear 

scale according to the ratio value 

18.   double ppm = pow(10, ppm_log); //Convert ppm value to log scale 

19.   double percentage = ppm / 10000; //Convert to percentage 

20.   Serial.println("CH4 %: "); //Load screen buffer with percentage 

value 

21.   Serial.println(percentage); //Load screen buffer with "%" 

22.   Serial.println("CH4 ppm: "); //Flush characters to screen 

23.   Serial.println(ppm); 

24. delay(3600000); 

25. } 

 

     Figure A.1 Methane sensor Arduino code 

1. int sensorValue; // value read by the soil sensor 
2. float potential; // float variable to calculate the potential 
3. void setup() { 
4.   Serial.begin(9600); // open serial port, set the baud rate to 9600 

bps} 

5. void loop() { 
6.  sensorValue = analogRead(A0);// Convert the analog reading (which goes 

from 0 - 1023) to a potential (0 - 5V): 

7.   float potential = sensorValue * (5.0 / 1023.0);// print out the value  
8.   Serial.println(potential); //sends value to screen 
9.   delay(60000); }//Set the time between readings to 60s 

        

Figure A.2 Capacitive soil moisture sensor Arduino code 
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Chapter 5 Concluding Remarks 

5.1 Thesis Summary Conclusions 

Anaerobic digestion (AD) is becoming an important way to treat sludges from municipal 

wastewater treatment facilities, with over half of the biosolids in Canada being treated in this 

manner. This has created an opportunity for biogas to be employed as a potential energy source 

for WWTP. However, biogas is not exempt from operational problems under start-up operations 

in AD systems, which generally results in an unsteady biogas output for a lag phase that can last 

up to twelve weeks. Understanding the feedstock and the microbiota involved in biogas 

production, especially during start-up, has shown promise to overcome the causes of the biogas 

lag phase and instability. Thus, creating a more promising future for the adoption of AD and 

biogas production as a renewable energy source and contributing to a more cost-effective 

wastewater treatment. This thesis aimed to explore the effects of different operational parameters 

such as temperature, pH, inoculum, microbial composition, and near-real time monitoring on the 

start-up lag phase during biogas production in anaerobic digestion systems.  

In Chapter 3, the effects of varying conditions, including pH, temperature, and inoculation 

(e.g., bioaugmentation), on start-up biogas production were studied during a ten-day digestion 

process. The study showed that granular flotation can be prevented more effectively under 

thermophilic conditions than mesophilic and a correlation between granular flotation and biogas 

production was found.  In addition, a one-way ANOVA statistical analysis indicated a negative 

correlation between temperature and biogas production, with mesophilic reactors generating an 

average biogas volume six times greater than thermophilic ones. The highest biogas production 

was noted at a pH of 6.73, however, the effect of pH was not found to be statistically significant. 
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Ultimately, results suggested that biogas production was driven by temperature rather than pH or 

other operating conditions such inoculation.  

The effects of different AD operational conditions on microbial populations were also 

examined. After the ten-day digestion process, bacterial populations under thermophilic 

conditions exhibited a shift in composition compared to mesophilic, two-step mesophilic-

thermophilic AD with bioaugmentation and the undigested primary sludge (control) samples. A 

16S rDNA sequencing indicated that the largest bacterial population, ~14% of the total bacterial 

composition, of the two mesophilic and the undigested primary sludge (control) samples consisted 

of Proponivibrio militaris, while the thermophilic sample had an unidentified Pseudomonas sp 

as the largest population ~15%. Archaea species accounted for only 0.68% of all detected 

microorganism in the mesophilic, mesophilic-thermophilic bioaugmented and undigested 

primary sludge (control) samples, while the thermophilic sample was only comprised of 0.09% 

archaea species. In addition, the thermophilic sample contained only 9 methanogens, while the 

primary sludge, mesophilic and mesophilic bioaugmented sample contained 21 species, an 

approximate 42% decrease in methanogenic diversity. After the ten-day anaerobic digestion 

process, the results indicated that mesophilic conditions had the highest biogas production, while 

the thermophilic sample had the lowest biogas output. In the one-way ANOVA statistical 

analysis, the microbial composition appeared to have a statistically significant effect on biogas 

production, but temperature acted as a more critical driver since it can shift the microbial 

population composition of the exact same feedstock. Overall mesophilic conditions exhibited a 

more diverse bacteria and archaea composition than thermophilic conditions. 

In Chapter 4, the effects of electrode-assisted anaerobic digestion by means of a microbial 

electrolysis cell (MEC) digester were investigated. Commercial capacitive soil moisture sensors 
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were used as both electrodes and an experimental microbial activity tracking sensor using bio-

impedance principles. According to the results obtained during the study, a one-way ANOVA 

analysis showed that there was a statistical correlation between biogas production and bio-

electrochemical methods like electrode-assisted AD on overall biogas yield. A small potential 

between 0.8V and 0.85V in a MEC-enhanced anaerobic digester could have a stabilizing effect 

during start-up, resulting in higher biogas production at moderately high temperatures (40°C) for 

mesophilic processes compared to non-electrode assisted AD. Furthermore, the results also 

demonstrated that the stabilizing effect of electrode-assisted AD once a microbial population has 

been inhibited is limited. Electrodes showed a statistically not significant (p>0.05) effect after a 

toxic shock. While bioaugmentation does have a significant impact in biogas production when 

comparing a batch with toxic shock with another without experiencing toxic shock when both had 

bioaugmentation.   

5.2 Contributions to Science and Engineering 

Biogas production from the AD of wastewater sludge offers a renewable and cost-effective 

approach for wastewater treatment facilities to apply renewable energy alternatives to lower their 

carbon-footprint and reduce biosolids. Biogas production during start-up conditions is often 

unstable and can experience an extended lag phase. However, by analyzing the characteristics of 

the sludge, an optimal biogas production procedure can be developed to overcome the challenges 

associated with start-up. The research presented for this thesis, highlights three significant 

contributions to the science and engineering field related to anaerobic digestion. 
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Firstly, Temperature appears to the most critical parameter in optimizing biogas production 

during start-up operations and it is suggested that thermophilic conditions (50°C) are not the most 

optimal approach to reduce the lag phase and instability in biogas production under start-up. 

Mesophilic conditions (35°C) exhibited a higher biogas production under similar operating 

conditions without pH control or bioaugmentation. The bench-scale experiment showed that there 

is an approximate six-fold difference in biogas volume between mesophilic and thermophilic 

conditions after 10 days of digestion. Additionally, pH does not appear to play a significant role 

in biogas production if it remains between 6.5 and 7.5. Moreover, bioaugmentation of anaerobic 

digesters during a two-step digestion process was not observed to have a significant impact in the 

overall biogas produced in the first 10 days.  

Secondly, the use of electrode-assisted AD could provide an inexpensive approach to promote 

a stable biogas production during start-up. Anaerobic digesters under the application of a small 

electrical potential (<1V) displayed biogas production at 40°C unlike previous anaerobic 

digestion experiments using the same feedstock. However, the positive effects of the electrodes 

are limited to microbial populations that have not previously been inhibited as demonstrated in 

the results where AD production could not recover after acidification and ammonia increase, 

simulating toxic shock.  

Lastly, this research confirmed that temperature can govern the microbial composition of 

wastewater sludge. After a ten-day digestion, 16S rDNA sequencing was performed on selected 

samples, including a mesophilic digestate, a mesophilic-thermophilic bioaugmented digestate, a 

thermophilic digestate and an undigested primary sludge sample as control. Data showed that 

temperature, specifically thermophilic temperatures (50°C) affected the bacterial composition of 

the sludge shifting the dominating bacterial species and leading to a 42% decrease in 
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methanogenic archaea population diversity. Thus, this would lead to the conclusion that 

thermophilic conditions should be discouraged under start-up. Additionally, temperature becomes 

the most critical parameter in AD under start-up conditions since it not only regulates biogas 

production, but also influences the microbial population composition, which is responsible for 

the biogas production.   

The knowledge obtained as the result of this research could be applied to industrial-scale 

anaerobic digestion operations as well as municipal wastewater treatment facilities with biogas 

production infrastructure under start-up conditions. Additionally, the complete characterization 

of sludge as a feedstock through bench-scale experimentation is advisable to establish consistent 

and reliable operational procedures. The operational conditions for biogas production should be 

adapted to the composition of the available sludge, given its heterogeneous nature.  

 

5.3 Future Work 

Future research is recommended based on the findings of this thesis. The study in Chapter 3 

explored the effects of mesophilic, thermophilic, two-step AD and gradual temperature increase 

conditions. A more in-depth analysis of each temperature from mesophilic (35°C) to thermophilic 

(50°C) by 5 degrees Celsius at a time could be performed, allowing for a details study of biogas 

production at each temperature setting and to identify potential trends between biogas and 

temperature under start-up conditions. Furthermore, the study of the potential positive influence 

of thermophilic temperatures on microbial population during start-up was limited. A more 

comprehensive study could include an investigation into individual temperature profiles and their 

effect on microbial population composition. As well, the behavior of methanogens under 

electrode-assisted anaerobic digestion should be explored further.  
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For chapter 4, The effects of electrode-assisted AD were studied. Using commercial sensors 

has a potential application to stabilize start-up operations, However, a more detailed study 

including larger sludge volumes (>100 mL) could be performed, to understand the biogas 

production benefits of this technology at larger scale with a proportional sludge: electrode ratio, 

closer to those found in municipal wastewater treatment facilities. Furthermore, analyzing the 

composition of the biofilm found in the electrodes through 16s rDNA, could offer potential 

insights into the most optimal anaerobes for MEC-AD systems. 

The future of AD and biogas production as a renewable energy source should aim to capitalize 

the potential opportunities that sensor technology and DNA analysis can bring to the AD field 

with the aim to provide a more customized and precise operational procedure for biogas 

production under start-up for different facilities.  


