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ABSTRACT 

 

The overall goal of this research was to investigate the anaerobic co-digestion 

of municipal sewage sludge with selected organic wastes in three main areas: (1) 

to determine the maximum feasible loading of co-substrate, (2) to calibrate the 

ADM1 model for co-digestion system at steady state, and (3) to evaluate the 

linkage between microbial community dynamics and reactor performance and 

stability during steady state and overloading co-digestion.   

 

In this study, restaurant grease waste (GTW) as a commercial waste and 

biodiesel glycerin waste (BGW) as an industrial waste were co-digested with 

municipal wastewater sludge (MWS) in separate trials. In the first part of this 

research, the maximum feasible loading of each of the organic wastes with MWS 

with respect to the reactor performance and stability were investigated in the 

separate pilot-scale experiments. In each run, two 1300L completely mixed 

reactors were operated under mesophilic temperature (37°C) and a solids retention 

time (SRT) of 20 days. Throughout the pilot experiment, one reactor served as 

control and received only MWS and the other was assigned as the test digester 

and fed with the mixture of MWS and the co-substrate (GTW or BGW) in various 

organic loadings. GTW co-digestion with MWS was found to be feasible up to a 

maximum loading of 23% VS or 58% COD relative to the total 1.6 kg VS/m
3
·d or 

4.0 kg COD/m
3
·d loadings, respectively. At this loading, test digester biogas 

production was 67% greater than that of the control. The test digester biogas 

production declined markedly when the percentage of VS from GTW in its feed 

was increased to 30% of its total VS loading. Causes of the reduced biogas 

production were investigated and attributed to process inhibition due to long chain 

fatty acid accumulation. The maximum safe limit of BGW co-digested with MWS 

was found at 23% and 35% of the total 1.04 kg VS/ (m
3
·d) and 2.38 kg COD/ 

(m
3
·d) loadings, respectively. At this loading, the biogas and methane production 

rates in the test digester were 1.65 and 1.83 times greater than of those in the 

control digester which received only MWS, respectively. Process instability was 
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observed when the proportion of BGW in the test digester feed was 31% and 46% 

of the 1.18 kg VS/ (m
3
·d) and 2.88 kg COD/ (m

3
·d) loadings, respectively. 

 In the second part of the research, the ADM1 model was calibrated for co-

digestion of MWS and GTW at steady state using anaerobic respirometric test 

with substrate characterizations. Initial biomass concentrations and distributions 

were estimated using methane production rate curves together with effluent values 

from full-scale anaerobic digesters. Two separate datasets obtained from steady 

state mesophilic bench-scale experiments were used to calibrate and validate the 

model. The modified model was able to predict reasonably well the steady-state 

results of biogas production, CH4 and CO2 contents, pH, alkalinity, COD and VSS 

observed within the evaluated GTW loading. The calibrated model predicted well 

the bench and pilot scale co-digesters performance.  

The last part of the study was to investigate the relationships between 

microbial population (bacteria and archaea) dynamics and reactor performance 

and stability during the co-digestion of MWS with GTW or BGW in two separate 

trails. Pyrosequencing analysis revealed that Methanosaeta and 

Methanomicrobium were the dominant acetoclastic and hydrogenotrophic 

methanogen genera, respectively, during stable reactor operation. The roles of 

syntrophic bacteria such as Candidatus Cloacamonas and hydrogenotrophic 

methanogens were found to be substantial at overloading conditions in both 

experiments.  
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PREFACE 

 

This thesis is an original work by Vahid Razaviarani under supervision of Dr. 

Ian D. Buchanan. The anaerobic digester pilot plant referred to in Chapters 3 and 

6, owned by the King County Wastewater Treatment Division, was housed in a 

trailer and located at the Gold Bar WWTP. The test facility contained a grinder 

tank, a feed tank, pumps, two 1300 L digesters, effluent tanks and other required 

utilities were provided in the trailer during the pilot scale study. The data analyses 

during the entire research and sample analyses are my original work, as well as 

the literature review in Chapter 1.  

Chapter 3 of this thesis has been published as an original research article of 

V. Razaviarani, I. Buchanan, S. Malik, H. Katalambula entitled “Pilot-scale 

anaerobic co-digestion of municipal wastewater sludge with restaurant grease 

trap waste”, Journal of Environmental Management, 123, 26-33. I was 

responsible for the lab measurements, data collection and analyses for the 

manuscript composition. 

Chapter 6 of this thesis has been published as an original research article of 

V. Razaviarani, I. Buchanan, S. Malik, H. Katalambula entitled “Pilot-scale 

anaerobic co-digestion of municipal wastewater sludge with biodiesel glycerin 

waste”, Bioresource Technology, 133, 206-212. I was responsible for the lab 

measurements, data collection and analyses for the manuscript composition. 

The bench-scale setup referred to in Chapters 4, 5 and 7 were designed by 

myself, with the assistance of Christine Heyregers. I was responsible for the 

reactor operation, data collection and analysis, and experimental measurements 

throughout the bench-scale study.  
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CHAPTER 1. INTRODUCTION AND RESEARCH OBJECTIVES 

 

1.1 Introduction 

The demand for energy particularly from fossil fuels is rising globally. The 

use of renewable energy sources, as a reliable alternative, can reduce climate 

change and environmental issues. Organic waste is one of the widely dispersed 

and easily accessible renewable energy sources that can be used to reduce the 

fossil fuel usage and its environmental impacts. 

Anaerobic digestion involves a series of microbiological reactions to convert 

organic matter (such as carbohydrates, proteins and lipids) into methane, carbon 

dioxide and cell mass in the absence of oxygen. It is a widely used technology 

which provides many substantial advantages, such as methane production as a 

source of energy, reduction of organic residues and reduction in greenhouse gas 

emissions (Li et al. 2011). In spite of these advantages, anaerobic digestion 

technology has a number of limitations including low reaction rate, sensitivity to 

various toxic materials and changes in operating conditions, and potentially high 

concentrations of heavy metals in the residual sludge depending on the feed 

material characteristics (Appels et al. 2008). Direct anaerobic treatment of organic 

wastes is not widely used by industry because many of the wastes do not have 

sufficient buffering capacity or nutrients to ensure stable operation (Davidsson et 

al. 2008). Conversely, digested sludge at municipal wastewater treatment facilities 

possesses an excess of micro-nutrients and many of these plants do not fully 

utilize the on-site anaerobic digestion capacity (Schwarzenbeck et al. 2008).  

Thus, co-digestion of industrial or commercial organic waste with municipal 

wastewater sludge provides sufficient buffering capacity, microbial populations 

that stimulate the digestion process, balanced nutrition, dilution of the inhibitor 

compounds, enhanced biogas yields, and leads to increased cost-efficiency due to 

the shared use of facilities at the municipal plants that do not employ all of their 

available anaerobic digestion capacity. 
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1.1.2. Background 

Anaerobic digestion is a multistep process involving several species’ 

metabolisms in order to degrade a single substrate. Substrates should be either 

water soluble or lipid soluble to be absorbed by microorganisms (bacteria and 

archaea) in order to be used in biochemical reactions (Geraldi 2006).  

Generally, there are four principal biological steps that occur in an anaerobic 

process with respect to all bacterial metabolism interactions and syntrophy: (1) 

hydrolysis, (2) acidogenesis, (3) acetogenesis, and (4) methanogenesis. 

Organic compounds are degraded in a multistep process by various types of 

microorganisms, which involve syntrophic interactions (Megini J. P.  et al. 2003). 

Hydrolysis is adding water (‘hydro’) to complex molecules in bacteria to split 

(‘lysis’) their chemical bonds. Some organic compounds are easily decomposed 

by bacteria. Bacteria are unable to hydrolyze macromolecules larger than 600 Da, 

hence large molecules must be broken down into smaller ones in order to be 

utilized by bacteria (Weiss et al. 1991). Thus, a sufficient resident time is required 

for bacteria to produce exoenzymes for the solubilization of adsorbed substrates, 

so hydrolysis is often a limiting step in organic matter degradation (Wu et al. 

2001). After substrate solubilization, it is absorbed by hydrolytic and non-

hydrolytic bacteria, and the biodegradation of soluble substrates is completed by 

endoenzymes.  

      In an anaerobic environment, lipids are hydrolyzed to long chain fatty 

acids (LCFAs) and glycerol; they are then fermented into volatile fatty acids, CO2 

and H2, meaning that acetogenesis converts glycerol to acetate and LCFAs are 

converted to fatty acids (acetate or propionate) and hydrogen. Hydrolysis is 

catalyzed by extracellular enzymes (lipases) and hydrogenotrophic methanogens, 

which play an important role in hydrogen utilization during fatty acid production 

(Cirne et al. 2007). The products of protein degradation under anaerobic 

conditions are peptides and amino acids, which are fermented to volatile fatty 

acids (propionate, butyrate, etc.) and finally are converted to CO2 and CH4 in an 

anaerobic environment (Tang Y. et al. 2005). The first hydrolysis products of 

carbohydrates are sugars. They are degraded by acidogenes to volatile fatty acids 
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and then converted to acetate, CO2 and H2 by acetogens. Finally, at the anaerobic 

conditions, methanogens convert the acetogenesis products into methane 

(Elbeshbishy and Nakhla 2012). 

Fermentation is the second step of biodegradation of organic compounds in 

which organic compounds perform as both electron donors and acceptors. Also, 

fermentation is an intracellular degradation of organic compounds to release 

electrons from hydrogen atoms, which provide the energy that should be 

transferred by an electron transfer to molecules such as CO2 and organic 

compounds. There are two predominant groups of fermentative bacteria in 

anaerobic degradation: acidogenic and acetogenic bacteria. In the primary 

fermentation the acidogenic bacteria convert the hydrolysis products, such as 

soluble carbohydrates, amino acids and fatty acids into volatile fatty acids 

(acetate, butyrate, formate, lactate, and succinate), ethanol, methanol, acetone, 

carbon dioxide and hydrogen. Acidogenesis products could be either directly 

utilized by methanogenic bacteria or after further conversions (secondary 

fermentation) to other simple compounds (Geraldi 2006).  For instance, all fatty 

acids with chains more than two carbons, and all alcohols with more than one 

carbon need to be fermented by secondary fermentative bacteria to be available to 

methanogenic bacteria (Dworkin et al. 2006).     

Methanogens are the largest specialized group of Archaea that utilize 

principally acetate, CO2 and H2 and produce CH4 as a waste product (Megonigal 

et al. 2003). Methane-forming microorganisms are a diverse group with variety in 

shape (bacillus, coccus, and spirillum) and size (0.1 to 15 m) which are active 

within the pH range of 6.8 to 7.2. Reproduction and generation of methanogens 

are slow and sludge production from the substrate biodegradation is fairly low, 

approximately 0.02 kg per kg of substrate degraded. Under anaerobic conditions, 

methanogenic activities are performed through three fundamental groups of 

methane-forming bacteria, acetoclastic methanogens, hydrogenotrophic 

methanogens, and methyltrophic methanogens. Acetoclastic methanogens 

produce CH4 by breaking acetate, while hydrogenotrophic methanogens produce 

CH4 by association of CO2 and H2. Methylotrophic methanogens produce a small 
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amount of methane in contrast to the two other groups by removing methyl (-

CH3) groups from the substrates (Geraldi 2006).   

 

1.2. Objectives and Scope of the Research 

1.2.1. Problem Statement 

Most previous anaerobic co-digestion studies, which are reviewed in the 

previous section, have been conducted in the bench-scale studies and have been 

implemented at several full-scale facilities. In addition, complexities in the waste 

characteristics due to the comingling of organic waste streams with the MWS may 

cause inhibition and process upsets. Such a process upset would not be acceptable 

in a study conducted at a full-scale facility. However, studies conducted at pilot-

scale studies which more closely resemble the full scale operating conditions than 

do bench-scale testing can be undertaken to drive digesters to failure and collect 

valuable operational data. Therefore, pilot-scale studies are required to assess the 

reactor performance and operational parameters under both steady-state and upset 

conditions. 

On the other hand, it is not economical and may not be possible to measure 

all the parameters concerning in the anaerobic co-digestion (ACD) process. 

Therefore, provision of a reasonable prediction of system behaviors is crucial 

through a reliable model to simulate optimal parameters for ACD process.  

Anaerobic digestion is mediated by multiple biological sequential reactions in 

which deeper insight into the microbial dynamics and their activities can provide 

required knowledge and understanding of the process. This supportive microbial 

activities information would help to enhance understanding of the process 

performance and stability, reactor efficiency and process troubleshooting during 

the co-digestion. 

    Salerno and Parry (2009) analyzed and characterized six organic wastes 

including canola oil, restaurant grease waste, ethanol stillage, chicken waste, 

cheese whey, and biodiesel waste glycerin in terms of their values as co-substrates 

in anaerobic co-digestion with MWS. Restaurant grease trap waste (GTW) and 
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biodiesel waste glycerin (BGW) were shown to have the greatest potential to 

increase biogas production. Therefore, these two organic wastes are selected as 

co-substrates of municipal wastewater sludge in the present study.  

If the ratio of an organic waste (GTW or BGW) to the MWS increases 

incrementally in pilot-scale reactor, it is hypothesized that the reactor 

performance and process stability will be productively improved to a maximum 

feasible loading level because of improvement in nutrition balance, buffer 

capacity, removal rates and methane yield. Therefore, pilot-scale studies are 

required to explore anaerobic co-digestion of organic wastes from restaurant 

grease traps and from biodiesel industry with municipal wastewater sludge 

(MWS). 

Several models are available in the literature, but a very limited number of 

studies have focused on the modeling co-digestion systems and none has 

addressed modeling the co-digestion of municipal sludge with restaurant grease 

trap waste. Therefore, if the feed characteristics changes due to the addition of 

GTW to the MWS, it is hypothesized that the reactor performance of anaerobic 

co-digestion process will be predictable by the calibration of ADM1 under certain 

circumstances. 

If the ratio of an organic waste (GTW or BGW) to the MWS increases, it is 

hypothesized that the microbial community dynamics (bacterial and archaeal) and 

reactor performance and stability will be effectively changed due to the changes 

in substrate compositions. To evaluate the involvement of microbial population 

dynamics throughout the ACD of these two wastes with MWS, separate bench-

scale investigations were also conducted and the correlations between reactor 

performance and microbial activities were evaluated at different organic loadings 

of co-substrates.  
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1.2.2. Research Objectives 

The objectives of this research were achieved through the investigation of the 

ACD of selected organic wastes (GTW & BGW) with the MWS in separate trials. 

These objectives were: 

 

1. To evaluate reactor performance, process instability, and the 

maximum feasible organic loading rate of GTW to the MWS in the 

pilot-scale experiment (Chapter 3); 

2. To develop a calibration method and apply it to the ADM1 model for 

ACD of GTW and MWS at steady state operation, using anaerobic 

respirometric analysis with substrate characterizations (Chapter 4), 

3. To study the relationships between microbial community dynamics 

and reactor performance and stability during the mesophilic ACD of 

GTW and MWS (Chapter 5);   

4. To assess reactor performance, process instability, and the upper 

loading limit of BGW during its co-digestion with MWS in pilot-

scale mesophilic reactor (Chapter 6); 

5. To investigate the linkage between reactor performance and 

microbial community dynamics during the mesophilic ACD of BGW 

and MWS (Chapter 7). 

 

1.2.3. Research Scope 

This research study will provide new complete and distinctive knowledge of 

anaerobic co-digestion of MWS with two selected commercial and industrial 

organic wastes in separate investigations. The study will reveal invaluable 

information regarding process performance and stability during the addition of co-

substrate to the MWS at different organic loading rates. More importantly, the 

highest safe limit of comingling of these two organic wastes with the MWS will 

be determined in the pilot-scale study which better resembles the full-scale 

operation and the results could be applied for industrial purposes. The calibrated 
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ADM1 model will be a helpful tool to predict the reactor performance during the 

GTW co-digestion at steady-state condition and would be of particular interest to 

those who operate anaerobic digesters. Investigation of microbial community 

structures during the addition of co-substrate (GTW or BGW) to the MWS will 

provide unique information and knowledge of the microbial populations involved 

in the reactor performance and process stability. These inclusive findings will be 

novel and will provide a comprehensive knowledge and understanding of ACD of 

the organic wastes with MWS that can be applied to enhance the reactor 

efficiency and performance. Therefore the scope of this research is restricted to 

the following areas: 

 

Phase : Pilot-scale study – maximum safe loading: In two separate trials, 

GTW and BGW are co-digested with MWS to identify the maximum feasible 

loadings of theses wastes. During the incremental addition of co-substrates at 

various COD loadings, reactors’ performance and stability should be investigated. 

The biogas and methane productions, COD and VS removal rates, VFA, 

alkalinity, pH, ammonia and TKN are the most important parameters that should 

be quantified during this phase. 

 

Phase : Bench-scale study - model calibration: The GTW is co-digested 

with MWS at steady state mesophilic conditions and data obtain from this step are 

used to calibrate and validate the ADM1. Anaerobic respirometric analysis, as a 

useful tool, with substrate characteristics are used to calibrate the ADM1 model. 

Results from the GTW bench-scale and pilot-scale co-digestions are used to 

validate the calibrated model.  

 

Phase : Bench-scale study – microbial community dynamics: The role and 

influences of microbial (bacterial and archaeal) community dynamics on the 

reactors’ performance and stability during the addition of co-substrates (GTW or 

BGW) to the MWS are investigated under mesophilic steady-state and 

overloading conditions. Pyrosequencing analysis is employed to determine the 
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bacterial and archaeal sequences. The canonical correspondence analysis is used 

to investigate the correlations between microbial community dynamics and 

reactors’ performance and stability during the co-digestion of selected organic 

wastes with MWS. 

 

 

1.3. Thesis Outline 

This thesis consists of seven chapters focusing on the anaerobic co-digestion 

of MWS with selected organic wastes (GTW & BGW) in separate trials at pilot 

and bench scale. The general overview of GTW and BGW characteristics and 

global generations, anaerobic digestion process, ADM1 modeling and the benefits 

of co-digestion of organic wastes are presented in Chapters 1 and 2.  

 

The maximum feasible loading of GTW comingled with the MWS in the 

mesophilic pilot-scale reactor is presented in Chapter 3. The reactor performance 

and stability were investigated at the various organic loadings.   

 

In Chapter 4, the calibration of ADM1 model for simulation of the co-

digestion of MWS and GTW at steady-state condition is investigated. A model 

calibration procedure based on anaerobic respirometry analysis, bench-scale and 

full-scale digesters and substrate characterizations is described and applied to 

identify the kinetic and stoichiometric parameters required by the ADM1 for 

mixed substrate digestion.  

 

In Chapter 5, the relationships between the microbial population dynamics 

with the reactor performance and stability are investigated in mesophilic bench-

scale reactors. The bacterial and archaeal community dynamics at the steady-state 

“safe” loadings as well as overloading of GTW are determined.  

 

Chapter 6 includes an investigation of ACD of BGW with MWS to identify 

the safe limit loading of BGW to the mesophilic pilot-scale reactor. The effects of 
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BGW addition at the various loadings on the reactor performance and stability are 

evaluated in this part. 

 

In Chapter 7, the correlations between reactor performance and microbial 

community dynamics at mesophilic steady-state conditions are investigated. The 

bench-scale reactors were run at different BGW loadings (safe & overloading) 

and the effects of bacterial and archaeal population dynamics on the reactor 

performance and stability were determined. 

 

In Chapter 8, overall conclusions of the performed research and 

recommendations for future work are presented. Some of the supplementary 

graphs and tables to support the obtained results are presented in the Appendix 

sections attached at the end of the Thesis. 
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CHAPTER 2. LITERATURE REVIEW 

 

2.1. Introduction 

Organic waste disposal through the conventional treatment technologies (i.e. 

landfill and incineration) can cause severe environmental effects including soil 

and ground water pollution and greenhouse gas emissions (Kalloum et al. 2011; 

Liu et al. 2012). Anaerobic digestion technology, as a solution, is a well 

established process to convert organic matter into biogas as a renewable energy 

source and digestate as a soil conditioner (Iacovidou et al. 2012). However, 

anaerobic mono-digestion of industrial or commercial organic wastes is not 

practically feasible due to the lack of sufficient buffer capacity or nutrients. 

Conversely, municipal wastewater sludge possesses excess of nutrients and the 

disposal of MWS (primary sludge and waste activated sludge) has been being a 

major concern in terms of restricted disposal options and high disposal costs in 

the wastewater treatment plants (Knezevic et al. 1995; Schwarzenbeck et al. 

2008). Therefore, there is a great interest in co-digesting of industrial, commercial 

or agricultural organic wastes with municipal wastewater sludge in order to 

increase the biogas production and decrease the sludge generation (Martínez et al. 

2012).  

Several researchers (Ağdağ and Sponza 2007; Bouallagui et al. 2009; Gomez 

et al. 2006; Hartmann and Ahring 2005; Macias-Corral et al. 2008; Ponsa´ et al. 

2011) have observed remarkable improvements in the reactor performance and 

biogas production when using co-substrate in the anaerobic digestion systems. 

 

2.2. Commercial Grease Trap Waste 

Grease trap waste (GTW) from restaurants, commercial kitchens, and food 

service providers has become a major stream of organic waste in urban areas. 

According to an estimation in 2010, based on surveys conducted in some US 

metropolitan areas, approximately 22 billion liters of GTW is generated annually 

in the United States with a population of 312 million (Long et al. 2011). These 

values represent an approximate generation of 70 L GTW/person/year. The GTW 
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characteristics are varied and highly depending on the source of collection and the 

type of the grease abatement device. As expected, the GTW is high in fat content, 

has a low pH value (acidic) with a total solids content ranging from 2% to 22% 

before dewatering. Theoretically, among the organic wastes, lipids (fats, oil, 

greases) have more biogas production potential (Neves et al. 2009). According to 

the previous studies (Bond et al. 2012; Davidsson et al. 2008; Luostarinen et al. 

2009), the methane potential value of GTW was reported in a range of 0.9-1.4 

m
3
/kg VS which is significantly higher than that of the primary sludge (0.47 

m
3
/kg VS) and waste activated sludge (0.18 m

3
/kg VS). Dewatered GTW has a 

high biochemical oxygen demand with an approximate potential energy value of 

4.5-6.5 kWh/kg.  The portion of fat, oil and grease (FOG) in GTW was reported 

to be about 0-15% (v/v), and primarily contains of long chain fatty acids 

(LCFAs). The β-oxidation pathway mediates the anaerobic degradation of LCFAs 

where acetate and hydrogen are the final products. 

  Disposal of this waste to landfills is no longer permitted in many 

jurisdictions and incineration is not very encouraged due to the high moisture 

content and low energy recovery. Composting of GTW causes odor issues and 

requires a longer time to breakdown the compost raw materials because of the 

potential coating characteristic of greasy wastes. Thus, anaerobic digestion of 

GTW is an attractive option because lipid-rich materials have high energy content 

and methane production potential (Davidsson et al. 2008; Gregor D. et al. 2008; 

Kiepper et al. 2001). However, clogging, lack of sufficient buffer capacity, 

nutrient imbalance, low solubility due to the attachment of lipid-rich materials to 

the biomass surface and methanogens inhibition due to the LCFAs accumulation 

are the main limiting factors of mono-anaerobic digestion of GTW (Cirne et al. 

2007). Therefore, co-digestion of GTW has become an interesting solution to 

overcome those challenges. 

 The feasibility of co-digesting grease trap sludge from a meat-processing 

plant with sewage sludge was investigated by Luostarinen et al. (2009) under 

semi-continuous feeding conditions at 35 °C. They observed that addition of 46% 

GTW from a meat-processing plant, based on VS, to the sewage sludge improved 
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methane yield by 66%. Wan et al. (2011) observed that co-digestion of fat, oil and 

grease (FOG) waste and waste activated sludge (WAS) enhanced methane 

production significantly. They reported a 137% increase in methane production 

with the addition of 64% FOG, based on VS, compared to digestion of WAS 

alone in a 4 L digester at mesophilic conditions. Recently, Zhu et al. (2011) 

reported a 65% enhancement in methane production by adding less than 4% 

(w/w) of GTW to the MWS in a 100 mL working-volume digester at 35°C. 

Silvestre et al. (2011) co-digested greasy sludge from a WWTP dissolved air 

flotation unit with blended WWTP sludge.  Biogas production was reported to 

increase by 128% during co-digestion of a mixture in which VS from grease 

represented 23% of the total 1.6 kg VS/ (m
3
∙d) loading. 

Enhanced biogas production due to the commingling of GTW and MWS is in 

agreement with all aforementioned studies, however, may vary severely 

depending on the %GTW loading, reactor type and operational conditions. 

Additionally, physical and chemical characteristics of GTW can vary, mostly 

depending on the source of food service providers. Thus, a wide-range of 

published data is still needed to identify operating conditions in terms of the 

maximum safe limit GTW loading, SRT, temperature etc. that allow  optimum 

reactor performance 

 

2.3. Biodiesel Glycerin Waste 

In recent decades, global fossil fuels crises have mounted concerning the 

non-sustained availability, escalating prices and impact on environment (Hansen 

et al. 2005). Biodiesel has drawn much attention in last two decades as an 

interesting renewable energy option that uses carbon already in the active carbon 

cycle (Siles López et al. 2009). Biodiesel is a liquid fuel derived from vegetable 

oil or animal fat through the esterification or transesterification process. In 

comparison to fossil fuel, biodiesel has a lower level of sulfur, burns cleaner with 

lower HC and CO emissions, and results in better engine performance (Quispe et 

al., 2013). 
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The biodiesel production industry generates a large amount of waste glycerin 

representing about 10% by mass of the initial raw materials (Chi et al. 2007). 

Annual waste glycerin generation increased rapidly after 2006 and is expected to 

reach 8.8 billion kg by 2015 which is double the 2009 production (Ayoub and 

Abdullah 2012). This significant growth rate is mainly in Asia, the European 

Union, and the United States, which in 2007 were responsible for 44%, 35% and 

11%, respectively, of world glycerin production (Quispe et al., 2013). The same 

authors reported that in 2007, these three regions were also the three largest 

refined glycerin consumers in the world.      

The lack of an economical purification process for waste glycerin (Slinn et al. 

2008), together with the excess waste glycerin generating and the variability of its 

quality (Robra et al. 2010), have made the marketing of waste glycerin 

uneconomical. Therefore, beneficial disposal methods of waste glycerin have 

been investigated including combustion, composting, animal feeds and anaerobic 

digestion. However, glycerin is a readily digestible substrate that makes it an 

excellent co-substrate for anaerobic digestion process (Fountoulakis et al. 2010). 

Several studies have evaluated the beneficial addition of waste glycerin to the 

anaerobic digestion of organic wastes such as municipal solid waste (Fountoulakis 

et al. 2010) manure and energy crops  (Holm-Nielsen et al. 2008) and pig manure 

(Astals et al. 2012). To the author’s knowledge, most of the aforementioned 

studies have been conducted in the lab-scale. Yet, pilot-scale studies which more 

closely resemble full scale operating conditions are required to assess several 

operational parameters. Fountoulakis and Manios (2010) demonstrated that 

addition of a maximum BGW concentration of 1% (v/v) in the feed enhanced 

biogas production by 112% compared to the digestion of sewage sludge alone. 

They conducted the experiment in a 3 L working volume reactor at mesophilic 

conditions. Astals et al. (2012), reported a 400% increase in biogas production 

under mesophilic conditions when 4% (w/w) of BGW was co-digested with pig 

manure compared to digestion of pig manure alone. Despite a number of studies 

on anaerobic co-digestion of BGW, there are very limited studies that have been 

conducted on the co-digestion of BGW and MWS. 
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2.4. Modeling of Anaerobic Digestion  

Anaerobic digestion system is a complex biological process that generally 

receives complex organic chemicals and might suffer from inconstancy and 

imbalance of these compounds. Instability in such systems reduces process 

efficiency, imposes additional treatment cost in terms of chemical usage and 

labor, and can lead to process failure (Lyberatos and Skiadas 1999). Inhibitory 

substances, which have adverse effects on microbial population or bacterial 

growth rates, are the most likely reason of upset when they are present in high 

concentrations (Chen et al. 2008). Imbalance between acidogenic and 

methanogenic microorganisms due to the different in nutritional needs, growth 

kinetics and sensitivity to the environmental conditions, is the common instability 

in the anaerobic digesters (Demirel and Yenigun 2002). In order to be able to 

predict and operate anaerobic digestion systems efficiently to provide stabilized 

conditions, appropriate mathematical and kinetic models need to be developed. 

The first models were generally based on the rate limiting step, which is the 

slowest step of the multistep microbial process (Hill and Barth 1977).  Lawrence 

and McCarty (1969) proposed one of the first models that considered the 

methanogenesis step as the limiting step of the process. 

Some models only apply at the steady state conditions and generally consider 

a mass balance for the total substrates. Dynamic models are more complicated 

and generally consider the inhibitory factors of VFAs and ammonia, mass balance 

over several substrates and microbial cultures, methane production rate and 

predicting more parameters at the unstable operating conditions that could be 

more reliable to predict the anaerobic digestion process (Husain 1998). 

 Various dynamic models have been proven their productivity in the design 

and operation of anaerobic digestion systems. AM2 is a dynamic model which 

was developed cooperatively by INRIA of Sophia-Antipolis and INRA of 

Narbonne in 2001 based on acidogenesis and methanogenesis activities (Bernard 

et al. 2001). In 1987, Activated Sludge Model no.1 (ASM1) was developed by the 

International Association on Water Pollution Research and Control Task Group 

on Mathematical Modeling for ammonium nitrogen removal. Since 1987, more 
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complex models of ASM-based were introduced to the wastewater treatment 

plant. Models including, ASM2 for phosphorous removal, ASM2d for 

denitrifying and finally ASM3, in 1998, for the role of internal storage compound 

in the biological metabolism were developed (Henze et al. 2000). 

 

2.4.1. Anaerobic Digestion Model No.1 (ADM1) 

Recently, The International Water Association’s Task Group for the 

Mathematical Modeling of Anaerobic Digestion Processes developed the 

Anaerobic Digestion Model No. 1 (ADM1) (Batstone et al. 2002). The ADM1 has 

a structure similar to ASM-based model which has been used over the last 10 

years in the municipal wastewater treatment plants to design and operate the 

anaerobic digestion systems (Siegrist et al. 2002). 

The ADM1 is a structured dynamic model with five biochemical conversion 

processes and eight bacterial groups including disintegration, hydrolysis, 

acidogenesis, acetogenesis and methanogenesis (Batstone et al. 2002). 

Disintegration is the first part of extracellular solubilization which converts 

composite particulate substrate to inert, carbohydrates, lipids, proteins and soluble 

inert substrate. The second part of extracellular solubilization is hydrolysis  of 

hydrocarbons, lipids and proteins monomers to monosaccharides, long chain fatty 

acids (LCFA) and amino acids by three hydrolytic bacteria species (Batstone et al. 

2002). The third step is the acidogenesis of monosaccharides, LCFA and amino 

acids to the mixed organic acids, hydrogen and carbon dioxide. The fourth step is 

acetogenesis which utilizes organic acids (butyrate, propionate and valerate) and 

LCFA to produce acetate, hydrogen and carbon dioxide. Finally, two groups of 

methanogens, acetoclastic methanogens and hydrogenotrophic methanogens, 

convert acetate and both hydrogen and carbon dioxide to methane, respectively 

(Boubaker and Ridha 2008). Monod-type kinetics is used for all the intracellular 

biological degradation and first order kinetics is used for the extracellular steps, 

which are disintegration and hydrolysis, and biomass decay process (Batstone et 

al. 2002). The composition of bacterial cells is represented by the imperial 

formula C5H7O2N. All organic components and molecular hydrogen are 
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accounted for on the basis of the chemical oxygen demand (kgCODm
-3

). 

Inorganic compounds, such as inorganic carbon (CO2 and HCO3
-
) and inorganic 

nitrogen (NH4
+
 and NH3), are described in terms of molar concentrations. The 

ADM1 model consists of 32 dynamic state variables with 19 biochemical process 

rates. A set of differential equations (DE) describes the dynamic state variables: 

10 DE to model the soluble matter in the liquid phase, two DE to model inorganic 

carbon and nitrogen in the liquid phase, 12 DE interpret the behavior of 

particulate matter and biomass concentrations in the dynamic state, 2 DE illustrate 

cations and anions levels in the liquid phase and 6 DE of the acid-base reactions 

which describe the pH, carbon dioxide, free ammonia and VFAs levels in the 

model. The outputs from ADM1 are gas flow and compositions, pH, organic acids 

(VFAs) and ammonium. In the model, all the biological conversion processes are 

subject to the extremes of pH inhibition, so pH inhibition plus hydrogen and free 

ammonia inhibition are included in ADM. All the reactions in the model are 

categorized in the two main groups of conversion processes; biochemical and 

physico-chemical processes (Batstone et al. 2002). 

Since the Task Group proposed the original ADM1 in 2002, many 

implementations and modifications have been completed by various researchers 

(Fezzani and Cheikh 2009; Mairet et al.; Ramirez et al. 2009b) who successfully 

used the model for various applications. These modifications were applied due to 

a number of key limitations in the original ADM1 model. The major drawbacks in 

the ADM1 are: (1) the incomplete glucose acidogenesis for the modeling of VFAs 

production; (2) the lack of stoichiometric and kinetic parameters for a number of 

related processes such as the sulfate reduction and precipitation; (3) the lack of 

long chain fatty acid (LCFA) inhibition kinetic parameters (Batstone et al. 2002).   

The ADM1 structure applied some necessary simplifications in reactions for 

the substrate degradation rates. Yasui et al. (2008) indicated that the effect of 

using a combination of substrates originated from different sources with different 

degradation rates has not been fully considered in the original ADM1. Therefore, 

the differences in characteristics of input materials (substrates) are expected to 

affect their subsequent degradation parameter values in the ADM1. Ramirez et al. 
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(2009a) also indicated that some of these simplifications in reaction expressions 

may result in inaccurate simulation of some processes such as disintegration and 

hydrolysis. The effects of biomass concentration and activity on the hydrolysis 

rates have been demonstrated in previous study by Fernandez et al. (2001). 

Therefore, the biomass and substrate concentrations together with the effect of 

substrate accessibility and degradability contents should be considered during the 

modeling.   

Since the ADM1 model has been established, the application of ADM1 

model in the simulation of ACD systems has been rarely investigated.  Derbal et 

al. (2009) proposed a calibrated ADM1 model to simulate the behavior of a 

reactor in the ACD of WAS with municipal solid waste. Boubaker and Ridha 

(2008) modified the ADM1 model and applied it to the mesophilic ACD of olive 

mill wastewater with olive mill solid waste. The results achieved from both 

aforementioned studies demonstrated the capabilities of ADM1 in the modeling of 

ACD systems. The implementation of ADM1 still continues to be applied to the 

various anaerobic digestion systems. 

 

2.5. Microbial Community 

Anaerobic degradation occurs in a mixed microbial community, in which 

microorganisms constantly interact with each other based on nutrient 

requirements. Mutualism and competition are two important mechanisms that 

affect the function of anaerobic microbial communities. Hence, 

thermodynamically, anaerobic microorganisms have syntrophic (which is a type 

of mutualism) interactions in the degradation of organic compounds.  Syntrophic 

interactions are essential for the complete conversion of organic compounds, such 

as lipids, proteins, and polysaccharides, to CO2 and CH4 (Jackson and McInerney 

2002). Competition is another important mechanism that is involved in anaerobic 

degradation. Competition for electron donors such as H2 and acetate indicates the 

thermodynamic yield of anaerobic metabolic pathways which are strongly depend 

on their affinity for various substrates (Lovley et al., 1982). 
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Development of molecular techniques, such as DGGE, PCR, FISH, T-RFLP 

and more recently 454-pyrocequencing, have led to improve the investigation of 

microbial communities and their changes during anaerobic digestion. 

Pyrosequencing is a sequencing-by-synthesis method that integrates the 

direct quantitative sequencing, reproducibility and speed for various applications 

in widely diverse research fields (Marsh 2007). In this method, the real-time 

incorporation of nucleotides (G, C, A and T) through the enzymatic conversion of 

released pyrophosphate (PPi) is quantitatively monitored by a proportional light 

signal. Four enzymatic reactions including polymerase, sulfurylase, luciferase and 

apyrase are involved to convert the incorporated nucleotides into a 

bioluminometric signal. At any time in the reaction vessel, only one of the 

nucleotides (G, C, A or T) is present in the biochemical reactions mediated by 

these four enzymes (Tost and Gut 2007).  The pyrosequencing procedure entails 

multiple successive steps including DNA preparation, PCR amplification of target 

region, pyrosequencing reaction and data analysis.  

Recently, pyrosequencing technology has been broadly applied in microbial 

ecology to determine the microbial structure in various environments. Although 

many investigations that using pyrosequencing technique were conducted, the 

influences of microbial community dynamics on the reactor performance are still 

unclear. As digester feedstock and operational conditions are two major factors 

which influence the reactor performance, substrate variety and nutritional balance 

leads to a versatile and dynamic microbial population (Mata-Alvarez et al., 2014). 

Several studies have been conducted to investigate the influences of substrate 

features and operational conditions on bacterial community dynamics (Wang et 

al., 2010; Ziganshin et al., 2013) and archaeal community dynamics (Karakashev 

et al., 2005; Martín-González et al., 2011). Therefore, it is well-known that 

alteration in the feed composition can alter the digester stability parameters such 

as VFA, alkalinity and ammonia which result in changes in the microbial 

community composition. For example, Lin et al. (2012) and Xia et al. (2012) 

found that adding co-substrate to digester feed changed the level of inhibitors, 

such as ammonia and VFA concentrations, which led to a shift in methanogenic 
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population between hydrogenotrophic and acetoclastic methanogens. Ziganshin et 

al., (2013) observed that dominance of some of the hydrogenotrophic 

methanogens under high concentrations of ammonia or VFA are accompanied 

with the presence of some syntrophic bacteria during the co-digestion of 

substrates. These findings suggest that co-digestion of mixed organic wastes can 

promote a superior diversity of nutrients which can result in a broader diversity of 

microbial populations and greater reactor stability and performance.    
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CHAPTER 3. PILOT-SCALE ANAEROBIC CO-DIGESTION OF 

MUNICIPAL WASTEWATER SLUDGE WITH RESTAURANT GREASE 

TRAP WASTE* 

 

3.1. Introduction 

The many advantages of anaerobic digestion make it an attractive alternative 

for organic waste management and treatment. The widespread application of 

anaerobic digestion by municipalities is in part due to its environmental and 

energy benefits (Chen et al. 2008; Li et al. 2011; Nuchdang and Phalakornkule 

2012). It is a reliable and mature technology to stabilize sewage sludge and many 

organic wastes effectively and economically (Iacovidou et al. 2012). However, 

anaerobic treatment of organic wastes is not widely used by industry because 

many of the wastes do not have the proper nutrient balance to ensure stable 

operation or the wastes are not produced in quantities that could sustain 

continuous anaerobic digester operation. Conversely, digested sludge at municipal 

wastewater treatment facilities possesses an excess of nutrients and many of these 

plants do not fully utilize the on-site anaerobic digestion capacity (Schwarzenbeck 

et al. 2008). Therefore, there is great interest in co-digesting industrial, 

commercial and agricultural organic wastes with municipal wastewater sludge.  

The bioenergy production potential of organic waste anaerobic co-digestion as 

well as the related research trends and requirements are reviewed in Appels et al. 

(2011). Additional advantages of co-digestion as a biomass valorization 

technology are reported by DeMeester et al. (2012).  

Fats, oils and grease (FOG) wasted from restaurants, commercial kitchens, 

and food service providers has become a major stream of organic waste in urban 

areas. Disposal of this waste to landfills is no longer permitted in many 

jurisdictions and of the alternative disposal methods,  anaerobic digestion is an 

attractive option because greasy wastes have high energy content and methane 

production potential (Davidsson et al. 2008).  Although individual digestion of 

                                                 
*
 A version of this chapter has been published. Razaviarani et al. Journal of Environmental 

Management, 123 (2013) 26-33. 
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greasy waste is not viable because of long-chain fatty acid inhibition (Luostarinen 

et al. 2009) its co-digestion with municipal wastewater sludge has been 

demonstrated in a number of bench-scale studies and has been implemented at 

several full-scale facilities.  Nevertheless, pilot-scale studies are required to assess 

several operational parameters.  

In this study, pilot-scale anaerobic co-digestion of municipal wastewater 

sludge (MWS) and grease trap waste (GTW) was investigated to determine the 

maximum safe GTW loading rate.  The effect of GTW addition on volatile solids 

and total chemical oxygen demand (COD) reduction rates and on biogas 

production were also determined.  

 

3.2. Materials and Methods 

 

3.2.1. Substrates  

Municipal wastewater sludge consisting of a 3:1 (v/v) mixture of primary 

treatment scum and sludge (PS) and thickened waste activated sludge (WAS) was 

obtained daily from the Gold Bar Wastewater Treatment plant (WWTP) in 

Edmonton, Alberta. GTW was obtained from a local waste collection company in 

Edmonton, Alberta.  Effluent from full scale mesophilic anaerobic digesters at the 

Gold Bar WWTP was used as the inoculum (seed) during digester start-up.  

The characteristics of the MWS and GTW varied somewhat during the 

investigation and are shown in Table 3.1, which also indicates the nominal COD 

loadings to the test digester relative to the control digester loadings. The 

characteristics of the GTW varied primarily because of differing water contents 

from one batch to another. The COD and VS content of GTW ranged from 

approximately 737 to 1510 kg/m
3
 and 127.6 to 256.9 kg/m

3
, respectively.  The 

MWS had COD and VS values between 31.2 to 34.3 kg/m
3
 and 18.8 to 

24.3kg/m
3
, respectively.   
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Table 3.1. Characteristics of municipal wastewater sludge (MWS) and restaurant grease 

waste (GTW) 

Nominal 

COD 

loading (%) 

MWS GTW 

COD 

(kg/m
3
) 

TS 

(kg/m
3
) 

VS 

(kg/m
3
) 

COD            

(kg/m
3
) 

         TS 

(kg/m
3
) 

          VS 

(kg/m
3
) 

100 

120 

170 

190 

240 

280 

34.1±4.5
a
 

32.6±5.7 

31.2±3.7 

32.5±1.9 

33.1±5.8 

34.3±6.2
 

26.5±1.4 

26.3±4.0 

30.7±3.8 

31.5±3.3 

33.8±4.6 

32.0±3.5 

20.5±1.3 

19.0±2.4 

22.3±1.8 

18.8±2.5 

24.3±2.5 

22.3±1.1 

N/A
b
 

1510.0±55.8 

737.0±196 

860.0±21.6 

1026.0±65.2 

1150.0±24.2 

N/A 

258.4±4.6 

129.0±7.1 

155.4±8.7 

179.7±5.5 

178.4±4.0 

N/A 

256.9±4.3 

127.6±7.2 

154.7±8.4 

178.4±6.7 

176.3±4.6 

a 
Standard deviation 

b 
Not applicable 

 

3.2.2. Pilot Digesters 

Two identical 1300 L (1200 L active volume) complete mix digesters housed 

in a trailer were received from the King County Wastewater Treatment Division 

in Washington USA., and modified as required to conduct anaerobic co-digestion 

testing at the Gold Bar WWTP in Edmonton. Each digester was approximately 91 

cm in diameter and 214 cm tall, with a sloped bottom. The digesters were 

operated in the mesophilic temperature range (36  1°C), with a solids retention 

time (SRT) of 20 days. Start-up involved placing 1200 L of full-scale digester 

effluent sludge in each digester and purging the headspace with nitrogen gas. 

Each day, 60 L of digested sludge were withdrawn and replaced with an equal 

volume of MWS (or a mixture of MWS and GTW) to provide a 20 day SRT.  

Digester internal temperature was monitored by Type J thermocouples whose 

output to a programmable logic controller allowed the temperature to be 

controlled by an external thermal jacket. A top-mounted three bladed digester 

mixer was operated at a nominal shaft speed of 100 rpm in each digester.  Biogas 
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flow rate from each digester was measured by a mass flow meter (Kurz 

Instruments Model 502FT-6A, Monterey, CA).  Each flow meter was provided 

with a transmitter wired to a digital panel meter (Precision Digital Model # 

PD690, Natick, MA) which produced an analog output wired to the data 

collection system.  A data collection system logged the digesters’ biogas flow 

rates as well as their internal temperatures and active volumes every 5 minutes.   

 

3.2.3. Digester Feed and Organic Loading Rate Protocols 

The loading to the test digester was based on the control digester loading and 

expressed as a percentage of the control digester COD loading. The study was 

divided into three stages in terms of the COD loading of the test digester: baseline 

performance without a co-digestate; quasi steady state co-digestion; and ultimate 

co-digestate loading determination.  The digesters initially received the same 

amount and type of feed (MWS only) in order to establish the baseline 

performance of each reactor. This operating mode was continued for a 30-day 

period. When the equivalence of the digesters’ performance was established, the 

COD loading of the test digester was increased with the addition of a known 

volume of GTW in addition to the MWS to achieve the desired COD loading. 

Digester loading rates and their durations of application are shown in Table 3.2. 

Because, the MWS was collected daily from the WWTP, the operational changes 

and variations in plant flow rates and influent quality resulted in variations in 

MWS feed characteristics throughout the study.   

The COD loading to the test digester was increased until it reached 190% 

relative to the control digester.  This 190% loading was maintained for 30 days to 

allow the system to stabilize. Subsequently, the test digester loading was 

increased incrementally until the biogas production rate reduced and process 

instability was observed.   
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Table 3.2. Organic loading rate (OLR) at various increments 

COD loading (%)  Day OLR (kg COD/m
3
d) OLR (kg VS/m

3
d) 

  Control Test Control Test 

100 

120 

170 

190 

240 

280 

 1-30 

31-55 

56-80 

81-110 

111-135 

136-155 

1.71±0.2
a
 

1.63±0.2 

1.56±0.2 

1.62±0.1 

1.66±0.3 

1.72±0.3 

1.71±0.2 

2.00±0.2 

2.62±0.2 

3.01±0.2 

3.99±0.4 

4.87±0.3 

1.03±0.1 

0.95±0.4 

1.12±0.1 

0.94±0.1 

1.22±0.1 

1.12±0.2 

1.03±0.1 

1.01±0.4 

1.26±0.1 

1.16±0.1 

1.58±0.1 

1.60±0.2 

a
 Standard deviation 

 

Each day, a volume of MWS sufficient to meet the line flushing and feed 

requirements for both digesters (approximately 150 L) was obtained from the 

WWTP sludge blending tank and transferred to the grinder tank to be mixed 

thoroughly (see Figure 3.1). 75 L of the MWS were then transferred to the feed 

tank. Before feeding, 60 L of digested sludge was drained from each digester to 

its effluent tank. Samples were collected from the feed and the effluent tanks for 

subsequent analysis. The control digester feed line was flushed with the MWS 

and the digester was fed a sufficient amount of MWS (60 L) to return its active 

volume to 1200 L. Then, feed tank and control digester feed lines were emptied 

and flushed with clean water.  The volume of MWS in the grinder tank was 

determined, and a quantity of GTW was added to the grinder tank in order to 

achieve the required total COD target (120%, 170%, 190%, 240% and 280% of 

the control feed). After thorough mixing, the feed was transferred to the feeding 

tank. 60 L of the feed mixture was then pumped to the test digester to return its 

active volume to the 1200 L level. Finally, the test digester feed line and all tanks 

were emptied and flushed with clean water.  
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Figure 3.1. Schematic of the pilot scale anaerobic digester setup. 

 

 

3.2.4. Analytical Methods 

The percentage of carbon dioxide in biogas was measured using a Fyrite
®
 gas 

analyzer according to the method specified by the manufacturer (Bacharach Inc., 

2010). Total chemical oxygen demand of influents and effluents were measured 

with the closed reflux (5220C) method (APHA 2005). Because GTW is a lipid-

rich material with no affinity to dissolve in distilled (DI) water, GTW samples 

were saponified using a known volume of 19 mmol/L NaOH solution.  This 

dilution of the GTW sample was taken into account when calculating its COD. 

Total solids and volatile solids also were quantified using methods 2540C and 

2540E, respectively (APHA 2005).   

Samples were centrifuged at 1018×g for 10 minutes and the supernatants 

were analysed according to Standard Method 2320B  (APHA 2005) to determine 

alkalinity. The titration end point for partial alkalinity was pH 5.75 and that for 

total alkalinity was pH 4.30. All the above measurements were performed in 

triplicate. Intermediate alkalinity was calculated as the difference between total 

and partial alkalinity values.  

 Volatile fatty acids (VFAs) in the effluents were analyzed by the on-site 

laboratory staff using a Metrohm Peak ion chromatograph by an internally 

developed method based on the Metrohm Peak Method, Application Note #0-15. 

Grinder tankFeeding tank

Control digester Test digesterControl effluent Test effluent

WasteWaste
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Total Kjeldahl nitrogen (TKN) and total ammonia nitrogen (TAN) were measured 

by the EPCOR laboratory staff at Gold Bar WWTP according to the Alberta 

Research Council (1996) Code 235 (Semi-automated block digestion, phenate 

colorimetric method).  

 

 3.3. Results and Discussion 

The daily biogas production per unit digester active volume is shown in 

Figure A1 of the Supplementary Data in Appendix A.  The evaluation of reactor 

performance parameters was based on sampling performed during the final 10 

days of each test digester loading level, and the mean performance of the test 

digester was compared to that of the control during each period.   

The variability of the test and control digester effluents is shown graphically 

and statistically in terms of COD and VS in Appendix A. True steady state 

conditions could not be achieved in the digesters because of day-to-day variability 

in the blended MWS used as feed.  Unlike bench-scale studies, which involve 

smaller feed volumes that can be stored under conditions that preserve their 

characteristics, the larger volumes of sludge used in the pilot-scale study 

(approximately 150 L per day including the piping hold-up) required that fresh 

feed be obtained daily from the on-site sludge blend tank.  The control digester 

was operated throughout the 155 day study at a constant volumetric loading rate 

and with the same source of feed (sludge from the full-scale plant blend tank).  

Because of the varying characteristics of the blended sludge, comparisons are 

made between the test and control digester on an on-going basis.   Quasi steady 

state was deemed to prevail when coefficients of variation of effluent COD and 

VS daily measurements over a 10 day period were less than 5%.  

 

3.3.1 Baseline Operation 

Baseline operation was conducted to assess the equivalence of the 

performance of the two digesters. The mean values of the six parameters 

monitored during this stage are listed in Table 3.3. Paired two tailed t-tests 

performed on the data indicated that the parameter means were not significantly 
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different for the two digesters as shown by the p-values given in Table 3.3. This 

indicates that equivalent performance had been established in the digesters.   

As shown in Table 3.3, volatile solids destruction in the two digesters was not 

significantly different during the baseline loading when the control and test 

digesters achieved 47% and 45% VS removals, respectively. These values 

represent VS removal rates of 0.49 and 0.46 kg VS/(m
3

d) in control and test 

digesters, respectively. The digesters’ behaviours in terms of COD removal also 

did not differ significantly during this period.  Percent COD removals of 60% and 

58% corresponding to COD removal rates of 1.03 and 1.00 kg COD/(m
3

d)  were 

achieved in the control and test digesters, respectively. 

 

Table 3.3. Comparison of digester performance during baseline operation 

Parameter Mean value  standard deviation p-value 

Feed Control Test 

COD (g/L) 34.1±4.5
a
 13.4 1.7 14.1 1.1 0.40 

VS (g/L) 20.5 1.3 10.8 0.4 11.3 0.4 0.44 

Biogas production (m
3
/d) N/A

b
 1.1 0.2 1.0 0.1 0.39 

pH 6.0 0.2 7.2 0.1 7.2 0.1 0.34 

PA (mgCaCO3/L ) N/A 2577 92 2535 85 0.27 

TA (mg CaCO3/L ) 1520 8.5 3656 139 3599 95 0.30 

a 
Standard deviation 

b 
Not applicable 

 

3.3.2. Overall Digester Performance 

When equivalence of digester performance had been established, increasing 

proportions of GTW were added to the test digester MWS feed to progressively 

increase its COD loading rate relative to that of the control digester. The control 
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digester continued to receive only MWS as before.   The mean digester loading 

levels and their durations are shown in Table 3.2.    

 Biogas production declined in the control digester from the 190% test 

digester COD loading period onward (data not shown).  This was due to a leak in 

the gas collection system that was not located until the end of the testing period.  

The control digester biogas production per unit COD removal (m
3
biogas/kg 

CODremoved) was calculated for the 100% to 170% test digester loading periods. 

An ANOVA test performed on the resulting mean values indicated no significant 

difference (p-value = 0.33).  The overall mean control digester biogas production 

rate per unit mass of COD removed was calculated to be 1.02 m
3
 biogas/kg COD 

removed for the period up to and including the 170% test digester loading.  This 

value was applied to control digester COD removals measured during the 190% to 

280% test digester loading periods in order to estimate control digester biogas 

production during this period.  Biogas production by the two digesters is shown in 

Figure 3.2. This figure also indicates the percentage of the volatile solids in the 

test digester feed that was due to GTW.  As shown in Figure 3.2, test digester 

biogas production increased with increasing loading. GTW additions amounting 

to 19% and 23% of the total 1.16 and 1.58 kg VS/ (m
3

d) loadings resulted in 63% 

and 67% increases in biogas generation relative to the control, respectively.  The 

maximum test digester biogas production rate of 1.84 m
3
/d (1.53 m

3
/m

3
d) was 

attained at the 240% COD loading (23% GTW VS). Increasing the test digester 

COD loading to 280% relative to the control resulted in a rapid reduction of 

biogas generation.  

Enhanced biogas production during GTW co-digestion has been reported in a 

number of bench-scale studies. A comparison of the results from other studies to 

those obtained from the present study is shown in Table 3.4. Silvestre et al. (2011) 

co-digested greasy sludge from a WWTP dissolved air flotation unit with blended 

WWTP sludge.  Biogas production was reported to increase by 128% during co-

digestion of a mixture in which VS from grease represented 23% of the total 1.6 

kg VS/ (m
3
∙d) loading.  Luostarinen et al. (2009) co-digested grease trap sludge 

from a meat processing facility with sewage sludge. These researchers reported 



 

 

29 

 

the biogas production rate to increase by 164% compared to the baseline value 

when VS from grease represented 46% of the total 3.46 kg VS/ (m
3
∙d) loading. 

Process instability was observed when the proportion of VS from grease reached 

55%.  

 

Figure 3.2. Mean biogas production and GTW VS percentage at various loading rates 

 

Enhanced biogas production has been reported to be due to the increased 

methane potential of the VS in the feedstock as well as the increased VS loading 

rate. The methane potential of GTW has been reported to range from 0.9 to 1.4 

m
3
/kg VSremoved in previous studies (Davidsson et al. 2008; Luostarinen et al. 

2009; Bond et al. 2012). These values are significantly higher than those of the 

primary sludge (0.47 m
3
/kg VS) and waste activated sludge (0.18 m

3
/kg VS).  

Increased methane potential of grease-MWS has been demonstrated by Wan et al. 

(2011) who studied co-digestion of thickened WAS and GTW. In this work, the 

organic loading in terms of kg VS/(m
3
∙d) was held constant, but the proportion of 

VS from grease was increased to 64% of the total 2.34 kg VS/(m
3
∙d) loading 

resulting in a 125% increase in biogas production. Process instability was noted 

when the proportion of VS from grease reached 74%. Girault et al. (2012) studied 

the co-digestion of thickened WAS and greasy sludge from a pork processing 

plant dissolved air flotation unit.  In that study, the OLR was held relatively 

constant at 3.0 kg COD/(m
3

d)  but the OLR in terms of VS decreased from 1.9 kg 
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VS/(m
3

d)  to 1.0 kg VS/(m
3

d)  as the proportion of greasy sludge VS in the feed 

was increased. Biogas production was reported to increase by 55% during co-

digestion of a mixture in which the VS from greasy sludge represented 52% of the 

total 1.2 kg VS/(m
3

d)  loading.  Process instability was noted when the 

proportion of VS from grease reached 74%.  

As shown in Figure 3.2, test digester biogas production decreased remarkably 

when the percentage of VS from grease was increased to 30% of the total 1.60 kg 

VS/ (m
3

d) loading. This indicates that a process upset had occurred at 

considerably lower proportions or loadings of grease VS than reported by Girault 

et al. (2012), Wan et al. (2011) or Luostarinen et al. (2009). This may be due in 

part to the greater process control that is possible at bench scale and to differences 

in the waste grease origins and mixture characteristics.  
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Table 3.4. Description of similar previous studies of anaerobic co-digestion of MWS and GTW 

References Substrate sources 

(MWS + GTW) 

Operational 

conditions 

(mesophilic)
a
 

Optimum OLR 

(kgVS/m
3
d) 

 

Initial biogas 

generation 

(m
3
/m

3
.d) 

GTW added 

at optimum 

loading 

(%VS) 

GTW 

added at 

failure 

loading 

(%VS) 

Biogas 

increase (at 

optimum 

loading)  

(%) 

Present study 25% WAS & 75% 

PS from WWTP 

+ GTW from 

restaurant waste 

1200L-pilot scale  

20days SRT 

1.58 0.83 23 30 67 

 

Girault et al. 

(2012) 

100% WAS from 

WWTP + GTW from 

meat industry 

200 L-batch 

25days SRT 

1.2 0.74 52 > 60 55 

Silvestre et al. 

(2011) 

30% WAS & 70% 

PS from a WWTP + 

GTW from DAF
b
 

unit 

5.5 L-lab scale 

20days SRT 

1.5 0.35 23 NA 128 

Wan et al. 

(2011) 

100%TWAS from 

WWTP +Un-

dewatered FOG 

4L-lab scale  

15days SRT 

2.34 0.46 64 74 125 

Luostarinen et 

al. (2009) 

Sewage sludge from 

WWTP +GTW from 

meat processing 

facility 

4L-lab scale 

16days SRT 

3.46 0.70 46 71 164 

a 
All the studies operated at the mesophilic (35-37°C) condition in the continuous mixed reactor 

b 
Dissolved air floatation
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3.3.3. Quasi Steady State Operation 

Volatile solids removal is a major anaerobic digestion performance indicator 

as it relates to the mass of biosolids that must be disposed ultimately. Typical VS 

destruction in anaerobically digested thickened waste activated sludge (TWAS) 

has been reported to be in the range of 30% to 45% (Wan et al. 2011).  During the 

190% test digester COD loading period, VS removal reached 44% in the control 

digester, and 56% in the test digester. This represents VS removal rates of 0.42 

and 0.64 kg VS/ (m
3

d) in the control and test digesters, respectively.  Improved 

VS removal has been commonly reported by other researchers as a benefit of co-

digestion of GTW and MWS (Luostarinen et al. 2009; Silvestre et al. 2011; Wan 

et al. 2011).   

The degree of COD removal is a measure of organic waste stabilization. The 

percent COD removals are shown in Figure 3.3 for the baseline and quasi steady 

state 190% loading periods. COD removal in the test digester reached 76% during 

the period of 190% COD loading, while 54% COD removal was observed in the 

control digester during this same period. These values represent COD removal 

rates of 2.28 kg COD/(m
3

d) and 0.89 kg COD/(m
3

d) in test and control digesters, 

respectively. The effluent COD concentrations were approximately the same from 

each digester during the 190% test digester COD loading period despite the 90% 

greater COD loading to the test digester (data not shown).  
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Figure 3.3. Biogas production, %VS and %COD removals at baseline and at quasi steady 

state 

 

 As indicated in Table 3.5 and shown in Figure 3.3, biogas production was 

similar in each digester during the baseline loading period. During the 190% test 

digester COD loading period, test digester biogas production of 1.63 (m
3
/d) (1.36 

m
3
/m

3
d) was estimated to be 63% greater than that of the control. The VS and 

COD percentage removals in the test digester were 12% and 22% greater in test 

digester relative to the control, respectively (Figure 3.3). Other researchers have 

also reported enhancements in biogas production and VS and COD removals 

during the co-digestion of MWS and GTW (Girault et al. 2012; Kabouris et al. 

2008; Silvestre et al. 2011). In a similar study using lab-scale reactors, Kabouris 

et al. (2009) conducted mesophilic co-digestion of MWS and FOG. These 

researchers reported 79% and 98%  increase in the VS and COD removals, 

respectively when the feed consisted of 44% FOG VS and 59% FOG COD 

compared to the feeding of only municipal sewage sludge.  

 

3.3.4. Process Stability 

Biogas generation in the test digester increased with increasing COD loading 

until a large reduction in its production was observed at the 280% COD loading 
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(see Figure 3.2). At this point volatile solids from GTW represented 30% of the 

total 1.6 kg VS/(m
3

d) loading to the test digester. The cause of this reduction in 

biogas generation was investigated by reviewing parameters including pH, partial 

and total alkalinity, VFA, TAN, TKN and %CO2. The values of these parameters 

are shown in Table 3.5. A comparison between the values of these parameters 

measured for the test and control digesters shows little difference.  During co-

digestion, the test digester TAN concentration remained well below the range of 

1.7 to 14 g/L reported to cause upset (Chen et al. 2008).  Based on the pH of 7 and 

a temperature of 36
o
C, the free ammonia concentration was approximately 10 mg 

NH3/L which is well below the inhibitory level of approximately 90 mg/L 

reported by Gallert et al. (1998).   
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Table 3.5. Characteristics of reactor effluents 

          parameters Nominal COD loading (%) 

100           120 170 190 240 280 

Effluent 

          Control 

 

 

 

 

 

          Test 

 

 

 

Biogas 

         Control 

             Test 

 

TAN(mg/L) 

TKN(mg/L) 

PA(mg/L) 

TA(mg/L) 

IA (mg/L) 

VFA(mg/L) 

 

TAN(mg/L) 

TKN(mg/L) 

a
PA(mg/L) 

a
TA(mg/L) 

 
a
IA(mg/L) 

b
VFA(mg/L) 

 

Biogas(m
3
/d) 

%CO2 

Biogas(m
3
/d) 

%CO2 

 

889±40 

1766±49 

2970±224 

3607±263 

637±152 

3.9±1.1 

 

879±37 

1700±62 

2965±182 

3634±130 

669±130 

3.7±0.9 

 

1.1±0.2 

31.4±2.0 

1.0±0.1 

29.7±3.0 

 

897±22 

1919±112 

2857±195 

3483±178 

626±102 

5.8±2.8 

 

836±7 

1945±150 

2729±196 

3313±197 

584±160 

7.2±2.6 

 

0.98±0.1 

35.1±1.7 

1.24±0.1 

33.5±1.7 

 

957±94 

1993±41 

3094±148 

3829±173 

735±124 

7.6±4.1 

 

943±53 

1929±49 

2755±144 

3465±155 

710±106 

6.5±0.9 

 

1.04±0.1 

34.3±2.8 

1.41±0.1 

32.1±3.5 

 

1085±29 

2157±80 

3228±143 

4334±273 

1106±287 

15.9±6.4 

 

1096±41 

2289±64 

3020±253 

3945±375 

925±276 

23.6±3.0 

 

1.0±0.1 

34.8±3.5 

1.63±0.2 

33.6±3.4 

 

906±27 

2097±211 

2982±137 

4186±191 

1204±111 

16.9±2.3 

 

815±36 

2225±85 

2492±248 

3677±334 

1185±136 

27.9±2.5 

 

1.1±0.1 

33.8±4.0 

1.83±0.1 

34.4±3.2 

 

858±43 

1905±70 

2717±120 

3869±75 

1152±111 

13.3±2.1 

 

690±47 

1966±110 

1852±133 

2967±130 

1115±55 

38.2±5.6 

 

1.2±0.1 

30.4±3.5 

0.64±0.1 

34.5±3.9 

a
 Partial alkalinity (PA), total alkalinity (TA) and intermediate alkalinity (IA) represented as mg/L CaCO3,

 b
VFA represented as mg/L acetic acid  
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The test digester partial and total alkalinities were lower than those of the 

control and the total VFA was greater. A reduction in alkalinity is typically 

caused by an increase in VFA and CO2 generation. However, the biogas %CO2 

had remained at an acceptable level and the total VFA remained low (38.2 mg/L 

as acetic acid).  The ratio of partial alkalinity (due primarily to bicarbonate ion) to 

total VFA was 29:1 (mol/mol), which is well above the minimum safe value of 

1.4:1 reported by Appels et al. (2008). Other researchers have used the ratio of 

intermediate alkalinity (IA) to partial alkalinity (PA) as a measure of process 

stability (Astals et al. 2012; Ferrer et al. 2010). Astals (2012) reported that the 

IA/PA ratio should remain below 0.4 for stable operation. Fernandez (2001) 

indicated that the IA/TA ratio should remain below 0.3. Figure 3.4 shows that the 

IA/PA ratio increased in both the control and test digester beginning from the 

period of 190% test digester loading.  The increase in the control digester IA/PA 

may be due to changing MWS characteristics.  The accelerated increase of IA/PA 

in the test digester is due to the increasing proportion of GTW in its feed. The 

IA/PA ratio of the test digester effluent reached 0.6 at the 280% loading, which is 

well above the reported safe level of 0.4. The IA/TA ratio reached 0.30 and 0.38 

in the control and test digesters, respectively (data not shown).  This indicates that 

the test digester’s buffering capacity was declining and the system was exhibiting 

signs of instability. System instability is also indicated by the decline in the test 

digester pH which had remained relatively constant until the 280% COD loading. 
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Figure 3.4. Effluent pH and IA/PA ratio at various organic loadings 

 

A COD/TKN ratio less than 70 is cited by Álvarez et al. (2010) to avoid 

nitrogen limitations. The COD/TKN ratio in the feeds to the test and control 

digesters is shown in Figure 3.5.  The COD/TKN ratio in control digester 

remained between 10 and 20 throughout the study, whereas that of the test 

digester increased with increasing proportions of GTW in its feed, to reach a 

value of 50 at the 280% COD loading. Therefore an excess of nitrogen was 

available in both the control and test digesters throughout the study.  
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Figure 3.5. Feed COD/TKN ratio at various organic loadings 

 

The relatively low VFA concentrations in the test digester and steady %CO2 

in its biogas suggest that methanogens inhibition was not the cause of the 

observed decline in biogas production.  Therefore, inhibition of other microbial 

populations must be considered.  

None of the measures of process stability that have been examined would 

indicate a process upset that could account for the observed reduction in biogas 

production. The sole indication of a process upset was the reduced biogas 

production in the test digester shown in Figures 3.2 and A1 (in Appendix A). 

Following the conclusion of the test runs, the test digester was drained, cleaned 

and re-started with blended municipal wastewater treatment plant sludge.  Good 

gas production was obtained, indicating that the equipment was functioning 

properly. Thus, test digester equipment failure was also ruled out. 

Other researchers have reported either a similar rapid reduction in biogas 

production as the proportion of grease in co-digestate was increased or a lag in 

biogas production when the initial feed contained a high proportion of lipid. Cirne 

et al. (2007) reported a lag time in the initiation of biogas generation when the 

proportion of lipid in an anaerobic digester feed exceeded 31% on a COD basis. 

This lag period lasted approximately 25 days when the proportion of lipid initially 
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fed was 47%.  A rapid increase in VFA concentration was observed during this 

period.  This is somewhat contrary to results reported by Girault et al. (2012) who 

observed a decline in biogas generation when grease VS was increased to greater 

than or equal to 74% of the total feed VS. However, during the reduced biogas 

production, these researchers observed no accumulation of VFAs and the pH 

values were reported to remain relatively steady within the range of 7.2 to 6.9.  

Results similar to those reported by Girault et al. (2012) have also been reported 

by Pereira et al. (2005) and Silvestre et al. (2011). Silvestre et al. (2011) reported 

long chain fatty acid concentration to increase by more than two-fold during the 

period of low biogas production, while VFA concentration remained relatively 

low. These researchers attributed the reduction in methane production to mass 

transfer limitation caused by an accumulation of long chain fatty acids (LCFA).  

This inhibition can occur without an increase in VFA, presumably due to 

inhibition of acidogenesis and acetogenesis (Girault et al. 2012).   

The effect of LCFA inhibition has been shown to be reversible (Cirne et al 

2007, Pereira et al. 2004) and so the reactor in the present study may have 

recovered.  Nevertheless, such a process upset would not be acceptable at a full-

scale facility. Therefore, a safe upper limit on GTW loading may be identified 

based on the results of the present study. These results indicate that a GTW 

loading in excess of 23% VS or 58% COD relative to the total feed VS or COD 

loading were detrimental to the process stability (see Figure 3.2).  These values 

are lower than some reported from bench-scale studies.  This may be due to the 

lower mixing efficiency and greater difficulty in controlling other operational 

variables at pilot- or full-scale facilities as well as differences in the waste grease 

characteristics.   

 

3.4. Conclusions 

Mesophilic co-digestion of MWS and GTW was found to be feasible up to a 

maximum GTW amounting to 23% of the 1.58 kg VS/(m
3

d) loading to a pilot-

scale CSTR digester, operating at 35°C and a 20 day SRT. Biogas production at 

this maximum feasible loading of GTW was enhanced 67% relative to the control 
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digester. COD and VS removals in the test digester at the 190% relative COD 

loading were 2.56 and 1.53 fold those of in the control digester, respectively. This 

resulted in essentially equivalent VS and COD concentrations in the reactors’ 

effluents despite the higher loading to the test digester.  

Increasing the GTW addition to 30% of the 1.6 kg VS/ (m
3

d) test digester 

loading resulted in a marked decline in biogas generation. No sign of conditions 

that would cause methanogens inhibition was observed and the reduction in 

biogas production was attributed to an accumulation of long chain fatty acids as 

has been reported in other studies. 
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CHAPTER 4. CALIBRATION OF THE ANAEROBIC DIGESTION 

MODEL NO.1 (ADM1) FOR STEADY-STATE ANAEROBIC CO-

DIGESTION OF MUNICIPAL WASTEWATER SLUDGE WITH 

RESTAURANT GREASE TRAP WASTE* 

 

4.1. Introduction 

 The generation of lipid-rich materials from food service establishment waste 

streams has increased over the past decades. According to a survey sponsored by 

the US Department of National Renewable Energy Laboratory, approximately 70 

liters/person of grease trap waste (GTW) are generated annually in the United 

States, which amounts to an annual US GTW production of 22 billion liters (Long 

et al., 2012). This GTW typically has a volatile solids content ranging from 17% 

to 97% (w/w) and represents a valuable potential source of energy (Zhu et al., 

2011).  

Anaerobic digestion is a widely applied technology for the treatment of 

several organic wastes to simultaneously benefit from its environmental effects 

and energy production. This technology has been used at municipal wastewater 

treatment plants (WWTPs) for decades to stabilize sewage sludge, and the 

benefits of co-digestion of sewage sludge with industrial, commercial and 

agricultural organic wastes have been demonstrated in previous studies (Álvarez 

et al., 2010; Razaviarani et al., 2013a). The feasibility of co-digesting of GTW has 

been investigated in several bench-scale (Luostarinen et al., 2009; Silvestre et al., 

2011), pilot-scale (Davidsson et al., 2008; Razaviarani et al., 2013b), and full-

scale studies (Johnson et al., 2011) with resulting enhanced biogas production 

being unanimously reported. 

Achieving stable operation in a co-digestion process is not trivial and requires 

adequate knowledge of the interconnected biochemical reactions that result in the 

conversion of blended substrates into biogas. Therefore, due to the complexity 

and importance of the anaerobic digestion process, several mathematical models 

                                                 
*
 A version of this chapter has been submitted for publication. Razaviarani and Buchanan, 

Chemical Engineering Journal (August 2014). 
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have been developed to simulate process behavior and operational management 

over the last three decades (Fezzani and Cheikh, 2009). Notably, the International 

Water Association’s Task Group for the Mathematical Modeling of Anaerobic 

Digestion Processes developed the Anaerobic Digestion Model No. 1 (ADM1) 

(Batstone et al., 2002a). Since the ADM1 was developed, many implementations 

and calibrations have been undertaken successfully (Fezzani and Cheikh, 2009; 

Mairet et al., 2011; Ramirez et al., 2009b). However, only a few studies have 

focused on the application of the ADM1 model to the simulation of co-digestion 

systems (Boubaker and Ridha, 2008; Derbal et al., 2009).  

Calibration of the large number of model parameters and the requirement of 

full substrate characterization are the main drawbacks of ADM1. Evaluation of all 

model parameters and fractionation of all individual components in substrate are 

not practical in many cases (Kleerebezem and Van Loosdrecht, 2006). To 

overcome this issue, some studies have used the default ADM1 values of the 

kinetic and stoichiometric parameters (Derbal et al., 2009; Galí et al., 2009). 

However, some of the default values, including the kinetic coefficients, initial 

biomass concentrations and distribution, and fractionation of soluble and 

particulate compounds are critical input parameters which can substantially 

influence the final modeling results. The ADM1 default values were determined 

for the digestion of municipal wastewater sludge alone, and may not be suitable 

for co-digestion applications. The anaerobic respirometry test is a useful tool to 

estimate kinetic parameter values during the degradation of a substrate based on 

the methane production profile. This test is appropriate for a broad range of 

substrates, but has rarely been applied in previous studies (Girault et al., 2012). A 

review of the literature reveals that this methodology has yet to be applied to the 

determination of the kinetic parameters for the anaerobic co-digestion of mixed 

substrates such as municipal wastewater sludge (MWS) and GTW.             

The objective of this study was to calibrate the ADM1 for anaerobic co-

digestion of MWS and GTW. To achieve this goal, anaerobic respirometry, 

together with substrate characterizations were used to evaluate the important 

kinetic and stoichiometric parameters for the mixed substrates. The initial 
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biomass concentrations and distributions were also calibrated according to the 

method described by Girault et al. (2011) based on data obtained from MPR 

curves and the effluent values from full-scale anaerobic digesters. One 

experimental run of GTW and MWS co-digestion was conducted at steady-state 

in order to provide the data set for model calibration. A second co-digestion of 

GTW and MWS with a different proportion of GTW and a new batch of sludge 

was carried out to obtain steady state data to check the accuracy of the calibrated 

model. The calibrated model was also tested to determine its ability to predict the 

performance of pilot-scale co-digestion of MWS and GTW using a data set 

compiled previously by the authors.     

 

4.2. Materials and Methods 

4.2.1. Analytical Methods 

Analyses of the feed substrates and digester effluents were performed on the 

regular basis. The soluble fractions were obtained by centrifuging samples at 5000 

x g for 10 min and then the supernatants were filtered through 0.45 m and 0.2 m 

nylon syringe filters. Total and soluble chemical oxygen demands (tCOD and 

sCOD) of samples were measured according to the closed reflux (5220C) method 

using a HACH COD reactor and GENESYS20 spectrophotometer. Total solids 

(TS), volatile solids (VS), total suspended solids (TSS) and volatile suspended 

solids (VSS) were quantified using methods 2540G and 2540D, respectively. 

Total alkalinity (TA), partial alkalinity (PA) and pH were determined using 

Thermix stirrer 120S and ACCUMET AB15 Plus pH meter. The titration 

endpoint for PA and TA were pH 5.75 and 4.3, respectively according to Standard 

Method 2320B. All of the above analyses were performed according to the 

standard methods in triplicate (APHA, 2005). Particulate COD was calculated as 

the difference between total and soluble COD. Individual volatile fatty acids 

(acetate, propionate, iso-butyrate, n-butyrate, iso-valerate and n-valerate) in the 

samples were analyzed using a Varian 430 gas chromatograph (GC) equipped by 

Stabilwax-DA capillary column and a flame ionization detector (FID). Total 

ammonia-N (TAN) and TKN were measured by the Biochemical Analytical 
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Service Laboratory staff at the University of Alberta according to standard 

methods. 

Protein in the substrates was estimated by multiplying the organic nitrogen 

(TKN-TAN) by 6.25 (Girault et al., 2012). Lipids in substrates were extracted 

with chloroform-methanol mixture 2:1 (v/v) according to the methodology 

described by Folch et al. (1957). The biodegradable COD values of protein and 

lipids were initially calculated using the theoretical oxygen demands values 

reported by Liu et al. (2008). Then, the carbohydrate content of substrates was 

estimated by subtracting the proteins and lipids from the particulate COD in 

samples.   

The biogas flow rate from each reactor was quantified by a digital gas flow 

meter and logged to a lab computer. An Agilent 7890A gas chromatograph (GC) 

was used to measure the CH4 content in the biogas. The GC was equipped by 

Agilent GS-Q column and a flame ionization detector (FID). The CO2 percentage 

in biogas was measured using a Fyrite gas analyzer according to the method 

specified by the manufacturer (Bacharach Inc., 2010). 

 

4.2.2. Substrates and Inoculum 

Municipal wastewater sludge, consisting of a 4:1 (v/v) blend of primary 

sludge (PS) and waste activated sludge (WAS), was obtained from a municipal 

wastewater treatment plant (WWTP) in Edmonton, Alberta, Canada and stored at 

4°C until its utilization. GTW was obtained from a local waste collection 

company in Edmonton, Alberta. The GTW from restaurants and food services 

typically has some settable solids which are not degraded during anaerobic 

digestion and accumulate at the bottom of the reactor. These solids can account 

for up to 22% of total GTW volume (Long et al., 2012). Accumulation of the 

settable solids contents in GTW over the time will reduce the working volume of 

the reactor and consequently reduce the process efficiency. Therefore, the GTW 

was brought to room temperature to allow solids to settle and FOG to form a 

surface layer. This surface layer of FOG was then separated from the lower layers 

of water and settled solids before being blended with MWS.  The inoculum (seed) 
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used in this study was obtained from full-scale mesophilic anaerobic digesters at 

an Edmonton municipal WWTP operated at a 17 day solids retention time.  The 

characteristics of substrates and inoculum used during the study are shown in 

Table 4.1.  
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Table 4.1. Characteristics of municipal wastewater sludge (MWS), grease trap waste 

(GTW) and inoculum. 

Parameter Unit 
a
MWSr 

b
MWS1 

c
MWS2 GTW Inoculum 

Density 

TS 

VS 

TSS 

VSS 

tCOD 

sCOD 

pH 

VFAs 

Acetic acid 

Propionic acid 

iso-Butyric acid 

n-Butyric acid 

iso-Valeric acid 

n-Valeric acid 

TKN 

TAN 

Total alkalinity 

Partial alkalinity 

Proteins 

Carbohydrates 

Lipids 

kg L
-1 

g L
-1 

g L
-1 

g L
-1 

g L
-1 

g L
-1 

g L
-1 

 

mg L
-1 

mg L
-1 

mg L
-1 

mg L
-1 

mg L
-1 

mg L
-1 

mg L
-1 

mg N L
-1 

mg N L
-1 

mgL
-1

 CaCO3
 

mgL
-1

 CaCO3 

mg L
-1

 

mg L
-1

 

mg L
-1

 

0.9 

40.37 

31.15 

38.3 

29.17 

57.96 

3.87 

5.51 

720.09 

233.26 

298.28 

15.54 

98.69 

23 

51.32 

980 

382.5 

1800 

d
NA 

3477 

13247 

5395 

0.92 

63.92 

35.75 

61.47 

34.80 

75.3 

5.3 

5.8 

2982.76 

853.2 

874.53 

107.83 

611.22 

207.94 

328.04 

804 

346 

1850 

670 

2008 

16853 

7011 

0.96 

22.92 

18.28 

19.2 

15.6 

40.89 

2.5 

5.75 

1639.87 

659.17 

389.93 

61.07 

324.46 

121.95 

83.29 

794 

332 

2000 

525 

1635 

5867 

3525 

0.9 

776.79 

776.23 

47.73 

47.58 

2697.78 

197 

5.0 

e
nm 

nm 

nm 

nm 

nm 

nm 

nm 

nm 

nm 

nm 

nm 

nm 

nm 

nm 

0.98 

22.29 

12.17 

20.90 

11.30 

22.87 

nm 

7.27 

7.98 

5.2 

0.61 

2.17 

0.00 

0.00 

0.00 

2140 

755 

nm 

nm 

nm 

nm 

nm 

a
 Municipal wastewater sludge used in respirometric test; 

b
 Municipal wastewater sludge 

used in Run 1; 
c
 Municipal wastewater sludge used in Run 2,

 d 
Not applicable, 

e 
Non – 

measured. 
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4.2.3. Anaerobic Respirometry Test 

Substrate characterization is a most critical step in modeling calibration. Chemical 

analyses provide the basic composition of the substrate but no information about 

substrate degradability. Anaerobic respirometry is a valuable experimental tool to 

evaluate the substrate fractions and hydrolysis kinetic parameters in forms 

suitable for use as inputs to ADM1.  

Three identical 10 L (8 L working volume) batch reactors were used in this test.  

The reactors were mixed by magnetic stirrers and maintained at 37°C using 

heating tape wrapped around the reactors. An insulating jacket was also applied 

around each reactor to minimize heat loss. A thermocouple and a temperature 

controller were used to measure and control the reactors’ temperatures, which 

were recorded in a data logger. Each reactor was connected to a digital gas flow 

meter to allow continuous measurement of biogas production. The biogas 

methane content was measured using an Agilent 7890A gas chromatograph. 

The anaerobic respirometry procedure involves injecting a pulse of substrate 

into a batch anaerobic digester that contains a volume of biomass and recording 

the resultant methane production (Girault et al., 2010). This methodology has 

been used in several studies to characterize complex substrates (Girault et al., 

2012; Yasui et al., 2008). The quantity of substrate to be added to a reactor, in 

terms of substrate to biomass ratio, must be determined beforehand. The influence 

of the substrate to biomass ratio on parameter estimation was investigated by 

Girault et al. (2012). These researchers cautioned that too low a substrate to 

biomass ratio hampers differentiation between methane produced from substrate 

degradation and that produced from inoculum degradation, whereas too high a 

substrate to biomass ratio could cause inhibition phenomena. The loading limit 

that did not cause inhibition during GTW co-digestion with MWS was identified 

in Razaviarani et al. (2013b) to be at a level where the COD loading from GTW 

represented approximately 90% of the COD loading from MWS. Therefore, this 

proportion was set as the upper limit for GTW+MWS addition. 

Before the anaerobic respirometry test was initiated, each reactor was filled 

to its 8 L working volume with inoculum collected from a full-scale anaerobic 
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digester at an Edmonton municipal WWTP and incubated until to reach the 

stabilized biogas and methane production. Reactor 1 (AR1) was assigned as a 

control in order to obtain baseline inoculum anaerobic respirometry information. 

Following this incubation period, Reactors 2 and 3 (AR2 and AR3, respectively) 

each received a 400 mL slug of substrate. The methane production rates of each 

reactor were then monitored for 10 days. AR2 received 400 mL of municipal 

wastewater sludge (MWSr), while AR3 received a 400 mL mixture of MWSr and 

GTW in which the COD loading due to the GTW was 90% of that due to the 

MWSr. After each addition to a reactor, its headspace was purged with nitrogen 

gas for 5 min.  

In terms of COD loading, AR2 received 2.90 g CODsubstrate/Linoculum and AR3 

received 5.43 g CODsubstrate/Linoculum.  The resultant MPR curves for each reactor 

are shown in Figure B1 of the Supplementary Data (Appendix B). 

 

4.2.4. Semi-Batch Reactors 

Two separate semi-batch experiments were run; one for the purpose of model 

calibration and the other for model validation. Two identical 10 L (8 L working 

volume) reactors were used in each run. The reactors were operated at 37°C, with 

a solids retention time (SRT) of 20 days. Start-up involved placing 8 L of full-

scale digester effluent in each reactor as inoculum. Thereafter, each reactor’s 

headspace was purged with nitrogen gas for 5 min.  

The study was conducted in two stages based on the different GTW loadings and 

different samples of MWS (MWS1 and MWS2), shown in Table 4.1, to provide 

two identifiable datasets: steady-state co-digestion of MWS1 with 50% GTW 

COD loading relative to MWS1 COD loading; and steady-state co-digestion of 

MWS2 with 90% GTW COD loading relative to MWS2 COD loading. In each 

stage, 400 mL/d of digested effluent were withdrawn daily from each reactor and 

replaced with an equal volume of thoroughly-mixed substrate (a mixture of GTW 

with MWS1 or MWS2) to provide a 20-day SRT. 

Initially, Reactor 1 (BR1) and Reactor 2 (BR2) received only the same 

amount of MWS1 and MWS2 for 1.5 SRT (30 days), respectively in order to 
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establish consistent performance. When stable reactor performance was 

established, the COD loading was increased with the addition of a known volume 

of GTW in addition to the MWS1 or MWS2 to achieve the desired COD loading 

in the reactors. From this point onward, BR1 received a mixture of MSW1 and 

50% GTW COD loading relative to the MWS1 COD loading, and BR2 was fed 

with a mixture of MWS2 and 90% GTW COD loading relative to the MWS2 COD 

loading. This operating mode was continued for 60 days (3 SRT) to reach steady-

state conditions in each reactor. Then, samples were collected daily for 

subsequent analyses during a 10 day period. The data from BR1 were used to 

calibrate the ADM1 parameters while those from BR2 were applied to check the 

model validity. 

 

 

4.3. Results and Discussion 

4.3.1. Initial State of Inoculum in ADM1 

The inoculum used in this study was taken from a full scale anaerobic 

digester at an Edmonton municipal WWTP. The inoculum was characterized as 

required for input to ADM1 to evaluate the initial composite concentration (iXC) 

and its component microbial distributions iXsu (sugar degraders), iXfa (fatty acid 

degraders), iXaa (amino acid degraders), etc. These parameters’ values were 

estimated through a multi-step procedure. Firstly, the initial biomass 

concentration and its component microbial distributions were estimated from the 

results obtained from a steady-state ADM1 simulation of the full-scale anaerobic 

digester from which the inoculum was sampled. Then, the estimated component 

microbial distributions were optimized through a series of simulations of the full-

scale anaerobic reactor operated over a period of four times the SRT of the full-

scale digester and the modeled methane production results were compared to 

those obtained from the AR2 according to the method described by Girault et al. 

(2011). The initial composite concentration and its microbial proportions differed 

from the default values in the ADM1. The optimized and default values of initial 

microbial distributions are shown in Figure 4.1. The ADM1 initial concentrations 
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values along with the adjusted initial concentrations values are listed in Table B1 

of Supplementary Data, Appendix B. The results for the distribution of microbial 

populations obtained in this study were in the range of results obtained by Astals 

et al. (2013) from the seven different blended sludge samples. The distribution of 

methanogens obtained in this study is similar to those reported in previous studies 

and to the ADM1 model default values due to the fact that these populations are 

involved at the end of the anaerobic degradation chain reactions where they are 

not strongly dependent on the influent characteristics.  

  

 

Figure 4.1. Specific biomass concentrations of acclimated inoculum from steady state 

simulation of full-scale AD by ADM1. 

 

Before being used to model the semi-batch experiments, the initial composite 

concentration (iXC) and inoculum disintegration rate (kdis, iXC) were optimized 

using simulation to fit the MPR results obtained from the control reactor (AR1). 

This MPR curve is shown in Figure B1 of the Supplementary Data in Appendix 

B. The value of kdis, iXC has been reported to be between 0.15 d
-1

 (Galí et al. 2009) 

and 0.7 d
-1

 (De Gracia et al., 2009). The optimization procedure yielded a 

disintegration rate (kdis, iXC) value of 0.47 and increased the initial composite 

concentration (iXC) by 1% compared to its initially estimated value.  These results 
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demonstrated that, unlike the initial microbial distributions, the initial composite 

concentration and its disintegration rate do not strongly influence the inoculum 

methane production. Also, the results showed that iXC was about 13.4% of the 

inoculum COD used in this study which is in agreement with other studies (de 

Gracia et al., 2011; Galí et al., 2009) that reported iXC values between 10% and 

15% of the inoculum COD. The parameter values obtained from the foregoing 

procedures were applied in the subsequent ADM1 modeling of semi-batch 

reactors.       

       

4.3.2. Substrate Fractionations and Stoichiometric Coefficients  

Based on the 4:1 proportion of PS to WAS in the MWS samples, it was 

expected that the MWS would have a high proportion of particulate organic 

matter. This was verified by the high VSS to VS ratio and the low sCOD to tCOD 

ratio calculated from information in Table 4.1. To determine the ADM1-COD 

fractions, the following assumptions were applied: 

 

a) The input COD includes soluble COD composed of the soluble readily 

biodegradable COD (CODss) and soluble inert COD (CODsi) fractions, and 

particulate COD comprising the COD due to carbohydrates (CODxch), proteins 

(CODxpr), lipids (CODxli) and inert particulate material (CODxi) fractions.  All 

other COD fractions are negligible and can be set to zero in ADM1. 

b) The soluble inert COD fraction in the influent (fsi) can be quantified directly 

from COD measurements as  

 

tCODinfluent

sCODeffluent
fsi

 

 

The latter assumption neglects any soluble inert COD generated within the 

system and implies that the soluble inert COD fraction in influent samples 
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comprises all soluble COD unaffected by biological reactions during the 

degradation.  

The readily biodegradable COD (CODss) was evaluated by subtracting the soluble 

inert COD from the influent soluble COD. The VFA-COD fractions were 

calculated using the VFA results shown in Table 4.1 and their theoretical oxygen 

demands.  

Slowly biodegradable COD fractions of proteins, lipids, and carbohydrates 

(Xpr, Xli and Xch, respectively) were calculated using the data from Table 4.1 and 

theoretical oxygen demands cited in Liu et al. (2008). The GTW sample used in 

this study was initially dewatered and its settable solids were removed. Therefore, 

it was considered to have a100% lipid content.  This was included in the overall 

lipid COD fraction of the mixed substrate. Finally, the particulate inert COD 

fraction was evaluated by a mass balance on the total COD. The composite 

stoichiometric coefficients used in this study are shown in Table 4.2. 

 

 

Table 4.2. Fractions of the composite stoichiometric coefficients in influents and ADM1 

default values 

Fraction MWSr MWS1+GTW MWS2+GTW ADM1 

Xch 0.240 0.155 0.117 0.20 

Xpr 0.090 0.040 0.060 0.20 

Xli 0.270 0.510 0.607 0.25 

Xi 0.032 0.011 0.005 0.25 

Si 0.368 0.284 0.211 0.10 

 

 

Nitrogen fractions were determined through a combination of direct 

measurements and a nitrogen mass balance over the substrate. It was assumed that 
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the total soluble fractions of TKN were in the forms of total free and ionized 

ammonia. This assumption eliminates the need for the direct measurement of 

initial amino acid concentration in the samples. The inorganic carbon and 

inorganic nitrogen in the substrates were calculated as their alkalinity and total 

free and ionized ammonia concentrations, respectively. Astals et al. (2013) 

reported that in MWS samples almost 90% of the inorganic carbon is present as 

SHCO3
-
 and more than 95% of inorganic nitrogen is present as SNH4

+
. These 

considerations were applied in this study to simplify model calibration.   

 

4.3.3. Model Calibration 

The visualization of the MPR curves (Appendix B) showed unique double-

peak curves where the first instantaneous peak was followed by a distinct second 

peak. After the second peak, the curve gradually declined in a steady manner. The 

first peak was attributed to the fractions for which hydrolysis is not rate limiting 

and the second peak was ascribed to the slowly biodegradable fractions, including 

proteins (Xpr), lipids (Xli) and carbohydrates (Xch), for which hydrolysis is rate 

limiting. This methane production profile has been reported in previous studies.  

Yasui et al. (2008) and Girault et al. (2012) suggested that the initial peak was due 

to very rapid conversion of soluble readily biodegradable compounds and readily 

hydrolysable substrates with the second peak being ascribed to the degradation of 

more complex substrates for which hydrolysis was rate limiting.  

The results of MPR curves and batch experiments were used to calibrate the 

ADM1 model (Batstone et al., 2002a) using the GPS-X® computational process 

simulator (Hydromantis Inc., Canada). Kinetic parameters in ADM1 were 

adjusted by performing a best fit between the experimental and the simulated 

MPRs. The calibrated biomass concentration and microbial distributions were 

used as the initial ADM1 conditions during this process. The calibrated kinetic 

parameters for biomass growth are listed in Table 4.3.  
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         Table 4.3. Default and calibrated kinetic parameters for biomass growth 

Parameter Unit ADM1 Default Calibrated 

km-su d
-1

 30 18.11 

Ks-su mg COD L
-1

 500 683.34 

km-pro d
-1

 13 11.99 

Ks-pro mg COD L
-1

 100 407.6 

km-ac d
-1

 8 7.37 

Ks-ac mg COD L
-1

 150 232.8 

 

 

In the ADM1, many parameters related to several biological groups are 

involved in simulating the anaerobic digestion process where precise and reliable 

quantifications of key variables are extremely vital. Yet, in the case of complex 

models as ADM1, quantifying all the parameters and coefficients is not practical. 

Only those stoichiometric parameters with a high level of variability reported by 

Batstone et al. (2002b) were calibrated in this study, as shown in Table 4.2. Other 

stoichiometric parameters retained their default values.   

 Principally, the direct link between kinetic parameters and degradation rate can 

be interpreted through the MPR curves. Only some of the kinetic parameters have 

considerable impact on the model fit to the MPR curves. Several parameters 

including Monod specific uptake rates (km), half saturation coefficients (Ks) and 

decay rates (kd) influence the output variables of such processes. However, some 

of these parameters are mathematically correlated and cannot be adjusted 

simultaneously. The decay rates and Monod coefficients are mathematically 

linked and as a result the decay rates, due to the lower sensitivity, were not 

adjusted in this study. This is because the decay rate values are sensitive mostly 
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under dynamic conditions. Thus, only specific growth rates and half saturation 

coefficients were calibrated.  

In addition, in systems fed with a heterogeneous mixture of particulate 

materials, disintegration and hydrolysis rates are critical parameters and 

estimation of such parameters is an important step (Meta-Alvarez, 2003). The 

methane production is essentially limited by these kinetic parameters. The 

breakdown and solubilization of organic matter are considered the limiting 

substrate degradation processes and are modeled by disintegration and hydrolysis 

rates, respectively (Batstone et al., 2002b). In this study, the hydrolysis rates for 

carbohydrates, proteins and lipids were initially set to 1.017, 0.384 and 0.999 d
-1

 

respectively, as determined previously by Derbal et al. (2009) who used ADM1 to 

simulate the anaerobic co-digestion of organic waste with waste activated sludge 

under mesophilic conditions. The hydrolysis rates were held constant while the 

disintegration rate was adjusted during a series of simulations over the methane 

gas production obtained from the semi-batch experiment (BR1) at steady state. To 

calibrate hydrolysis rates, the latter part of the MPR results obtained from AR3 

(MWSr+GTW) were used. According to the method described by Girault et al. 

(2012), hydrolysis rates were optimized by simulating over the last five days of 

the AR3 MPR curve, where hydrolysis was assumed to be rate limiting.  

Other kinetic parameters for acidogenesis of sugars and fatty acids, 

acetogenesis of propionate and of acetate were adjusted using VFA experimental 

data obtained from BR1 at steady state. The maximum specific uptake rate and 

half saturation coefficients for sugars, fatty acids, acetate, propionate, butyrate 

and valerate were calibrated through fitting the ADM1 predicted VFAs values to 

the measured VFAs. The calibrated parameters are shown in Table 4.4. 
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Table 4.4. ADM1 Default and calibrated kinetic parameters used in anaerobic co-

digestion of MWS and GTW. 

Parameter Unit ADM1(default) Calibrated 

kdis d
-1

 0.5 0.2 

khy-ch d
-1

 10 0.75 

khy-pr d
-1

 10 0.7 

khy-li d
-1

 10 2.1 

km-su d
-1

 30 37.4 

Ks-su mg COD L
-1

 500 496 

km-c4 d
-1

 20 14.1 

Ks-c4 mg COD L
-1

 200 193 

km-fa d
-1

 6.0 5.9 

Ks-fa mg COD L
-1

 400 381.5 

km-pro d
-1

 13.0 17.11 

Ks-pro mg COD L
-1

 100 63.5 

km-ac d
-1

 8.0 10.9 

Ks-ac mg COD L
-1

 150 96.1 

 

 

Table 4.5 presents a comparison between measured and simulated biogas, 

methane, COD, pH and VFAs values. The calibrated ADM1 model led to an 

acceptable representation of the effluent parameters of the anaerobic co-digestion 

of GTW and MWS. The average percentage error (APE) is defined as the 
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normalized summation of the absolute differences between the observed and 

modeled values divided by observed values. The APE values for the seven 

parameters are given in Table 4.5. In order to evaluate the significance of 

agreement between the observed and modeled values, a one sample mean t-test 

was applied for each dependent parameter presented in Table 4.5. The calibrated 

model shows significant agreement with p-values well above 0.05 for all 

parameters, except the results of valeric acids. This is because the same kinetic 

equations are used in ADM1 for butyric and valeric acids degradations and 

ADM1 cannot differentiate the proportionality of these compounds. 

 

Table 4.5. Statistical comparison of observed and modeled values in calibrated 

model  

Parameter Unit Observed Modelled %APE p-value 

Methane  Ld
-1

 9.00 8.6 7.82 0.44 

Biogas Ld
-1

 13.5 12.85 9.67 0.34 

COD 

pH 

gL
-1 

---
 

58.1 

7.20 

60.7 

7.15 

8.50 

1.20 

0.12 

0.26 

Acetic acid 

Propionic acid 

mg COD L
-1

 

mg COD L
-1

 

18.56 

5.63 

21.76 

7.78 

0.21 

0.44 

0.49 

0.29 

Butyric acid 

Valeric acid 

mg COD L
-1

 

mg COD L
-1

 

18.82 

2.50 

22.14 

13.04 

0.20 

---- 

0.50 

<0.05 
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4.3.4. Model Validation 

4.3.4.1. Semi-Batch Experiment  

The second semi-batch experiment (BR2) was conducted with the aim of 

acquiring data to evaluate the calibrated steady-state model. The BR2 was 

operated at 37°C throughout 60 days (3 SRT), after 30 days of baseline 

establishment, with a constant volumetric loading rate of a mixture of MWS2 and 

GTW containing 90% GTW COD loading relative to MWS2 COD loading. After 

3 SRT, steady state operation was attained when coefficients of variation of 

effluent COD, VS, pH and alkalinity were less than 5%. The modeling was 

carried out by applying the calibrated kinetic parameters obtained from the first 

semi-batch experiment run. The stoichiometric coefficients and input variables 

were determined from the substrates characterization according to the values 

presented in Table 4.1. Because the sole source of the inoculum used during the 

entire study was from a full scale anaerobic digester at an Edmonton municipal 

WWTP, the initial biomass distributions determined previously were applied as 

initial values of microbial concentrations in BR2.    

The comparison between measured and modeled parameters of biogas 

production, biogas composition, pH, total ammonia-N, total alkalinity, VSS, COD 

and VFA are shown in Figure 4.2. There was no significant difference between 

the observed and modeled values of biogas production, and the biogas content 

(CH4 & CO2) were also predicted well by the model when compared to the 

observed values (Figures 4.2 a and b, respectively). As can be seen from Figures 

4.2 (c, d and e) the model was able to well predict the pH, total ammonium 

nitrogen and alkalinity of the reactor.  

Figures 4.2 (f and g) show that the model also predicted the effluent VSS and 

COD values well. One sample mean t-tests performed on the data indicated that 

the measured and modeled parameters were in good agreement as shown by the p-

values.     

The predicted total VFA value was much higher than the experimental 

measurements. However, the measured acetate, propionate and butyrate were 

close to the modeled values, while the measured valerate was much lower than 
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predicted. This inconsistency in measured and predicted VFAs has been noted in 

previous studies and attributed to the difficulty to accurately predict the VFAs 

concentrations with ADM1 because of the complex behavior of acidogenesis 

processes (Blumensaat and Keller, 2005; Chen et al., 2009). This ADM1 

limitation can be accentuated when a large portion of lipids is introduced to the 

system. During anaerobic degradation, lipids are first hydrolyzed to long chain 

fatty acids (LCFA) at a rapid rate compared to LCFA conversion to acetate and 

hydrogen (Batstone et al., 2002b). The effects of LCFA accumulation were not 

included in the ADM1 model because of the complexity of the inhibition 

phenomena. Owing to the fact that the reactor did not operate truly as a CSTR, the 

lack of thorough mixing could also have contributed to the lower VFA values 

observed during the experiment (BR2). Thorough mixing keeps organic materials 

evenly distributed and improves the mass transfer of substrate to microorganisms.  

The low rates of VFA production in the absence of complete mixing was 

reported by Yuan et al. (2011).  Page et al. (2008) also reported the importance of 

the mixing in biogas and VFA production during anaerobic digestion. The higher 

predicted valerate concentration may be also because of model overestimation due 

to the lack of separate kinetic rates for butyric and valeric acids in ADM1. 

Consequently, these limitations in the model and experiment have led to the 

observed discrepancy between measured and predicted VFAs results.  
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(h) 

Figure 4.2. Comparison of measured and ADM1predictions of; (a) biogas production, (b) 

biogas composition, (c) pH, (d) ammonia-N,(e) total alkalinity, (f) volatile suspended 

solids, (g) effluent COD, and (h) volatile fatty acids at steady-state anaerobic co-digestion 

of GTW and MWS. 

 

4.3.4.2. Pilot-Scale Experiment 

A data set collected from a previous pilot-scale study (Razaviarani et al. 

2013b) was used to evaluate the model validity.  This 1200 L working volume 

digester was operated in the mesophilic temperature range at a 20 day SRT.  The 

proportion of GTW in its feed was increased in steps throughout the 155 days of 

operation. The data set used for modeling was collected over the final 10 days of 

the “190% COD loading” step during which the COD loading due to GTW was 

90% of that due to MWS in the feed mixture. It is important to note that the 

substrates (MWS and GTW) and inoculum used in the pilot-scale study were 

obtained from the same sources but at different times from of those used in the 

current study. 

The optimized initial biomass compositions along with the adjusted kinetic 

parameters obtained above were implemented without change. The stoichiometric 

parameters were calculated based on the influent substrate characteristics reported 

by Razaviarani et al. (2013b) at the “190% COD loading”.  Because the substrate 
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distribution between carbohydrates, lipids and proteins was not directly quantified 

during the pilot-scale study, the model parameters were estimated accordingly. As 

reported in the literature, the fractions of composite biodegradable of MWS vary 

in a limited range of 0.53 to 0.66 (Astals et al. 2013; De Gracia et al. 2011).  

Therefore, considering the proportionality of a 3:1 (v/v) blend of primary 

sludge to waste activated sludge in the MWS used at the pilot-scale experiment 

and the similarity of the MWS characteristics to the composite degradable 

fraction (Xch+Xpr+Xli) used at lab-scale in this study (Table 4.2), a composite 

biodegradable fraction of 0.6 was used for the purpose of modeling. This is also in 

agreement with results reported by Astals et al. (2013) for a similar sludge. The 

protein fraction of MWS was estimated by multiplying the organic nitrogen 

(TKN-TAN) by 6.25 according to the method applied by Girault et al. (2012) and 

calculated its COD value as described before. The fractions of lipids and 

carbohydrates were split according to the default ratio (Xli = 1.25 Xch) in the 

original ADM1 model. The GTW used in the pilot scale study was assumed to be 

100% lipids as added to the MWS. 

The results shown in Table 4.6 indicate that the calibrated model can 

reasonably well represent the overall steady-state behavior of the pilot-scale 

anaerobic co-digestion of MWS and GTW. The one mean t-test conducted on data 

indicated significant agreement between the measured and predicted parameters 

as shown by p-values given in Table 4.6. The biogas and methane productions 

were predicted well by the calibrated model; although the COD removal value 

showed the weakest agreement among the parameters, there is not a significant 

difference between measured and calibrated values (p>0.05). This can be 

explained simply since this parameter is strongly dependent on the nature, 

composition and biodegradability of the substrates.  

The agreement between measured and predicted values reveals considerable 

robustness in the model’s predictive ability. Factors that differed between the 

calibration basis and the model’s application to pilot-scale co-digestion included 

the substrate characteristics (biodegradable fractions were estimated due to the 

lack of measured values from the pilot scale experiment) and the method of 
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reactor loading. Although the sources of the substrates were the same at pilot- and 

bench-scale, fresh MWS was collected daily during the pilot-scale study and 

variation in MWS characteristics can affect reactor performance. In addition, the 

adjusted kinetic parameters all came from the batch experiment without further 

optimization concerning the variability in the MWS quality during the pilot-scale 

experiment. The loading to the pilot-scale reactor was increased in several steps 

with the addition of GTW COD to the MWS until it reached the “190% loading” 

level where it was maintained for 30 days. Whereas, the bench-scale reactor 

(BR2) was operated with a single step from a constant feed of MWS to the “190% 

loading”.  It has been reported in other studies that when biomass is exposed to 

gradually increasing concentrations of substrate, the microorganisms can adapt 

more efficiently and perform more actively (Kim and Oh 2011). The ADM1 is 

inherently unable to predict and consider the effects of biomass adaptation to the 

substrate loadings. The ability of the model to predict both BR2 and pilot-scale 

reactor performance quite well suggests that the 60 day period after the single step 

increase to the “190% loading” allowed the biomass in BR2 to adapt to the 

changed feed characteristics to the same extent as did the biomass in the pilot-

scale digester during the more gradual loading increments. 

 

Table 4.6. Comparison of observed and predicted values from modeling the steady state 

pilot-scale anaerobic co-digestion of MWS and GTW at a 190% GTW COD loading 

Parameter Unit Observed Predicted p-value 

Biogas  m
3
d

-1
 1.63 1.57 0.46 

CH4 m
3
d

-1
 1.08 1.06 0.51 

pH 
---

 7.32 7.30 0.66 

Alkalinity mg L
-1 

CaCO3
 

3945 3865 0.47 

CODremoval % 76 67 0.13 
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It must be noted that very high GTW loadings can cause LCFA inhibition 

which is not considered in the original ADM1.  Additional work is required to 

model reactor performance as GTW loadings approach inhibitory levels.   

 

4.4. Conclusions 

Anaerobic respirometric analysis along with substrate characterizations was 

used to calibrate the kinetic parameters of the ADM1in order to simulate and 

predict the steady-state anaerobic co-digestion of MWS and GTW. Two separate 

batch experiments with the different GTW COD loadings and batches of MWS 

were run at steady-state to calibrate and validate the model. The model 

predictions regarding biogas production, pH, alkalinity, CH4 and CO2 contents, 

ammonia, VSS and COD were in good agreement with the experimental data. The 

overall VFA value was overestimated by the model due to the model limitations. 

Pilot scale co-digestion data obtained from a previous study were also used to 

investigate range of the model’s applicability. The overall results showed good 

agreement between measured and modeled parameters. Small deviations were 

observed between predicted and measured biogas and COD values could be 

attributed to the lack of comprehensive substrate characterization, the difference 

in the loading mode and biomass acclimatization. The present calibrated model 

can predict reasonably well the behavior of the similar anaerobic co-digestion 

systems operating at the steady-state within the examined of GTW COD loadings.    
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CHAPTER 5. REACTOR PERFORMANCE AND MICROBIAL 

COMMUNITY DYNAMICS DURING ANAEROBIC CO-DIGESTION OF 

MUNICIPAL WASTEWATER SLUDGE WITH RESTAUARNTGREASE 

WASTE AT STEADY-STATE AND OVERLOADING STAGES
*
 

 

5.1. Introduction 

Disposal and sustainable management of grease trap waste (GTW) have been 

a challenge for years due to a variety of operational issues and municipal disposal 

limitations. GTW is a lipid-rich organic material collected from the waste streams 

of restaurant and food service establishments. Direct disposal of this waste into 

the environment is no longer permitted by most municipalities (Long et al., 2012). 

Anaerobic digestion as a robust alternative technology is widely applied to 

stabilize municipal wastewater sludge (MWS) and many organic wastes 

economically and effectively. However, due to some intrinsic limitations of using 

this technology for the treatment of MWS, various pre-treatments are required to 

improve its efficiency. GTW anaerobic co-digestion (ACD) with MWS has 

become a valuable alternative to improve nutrient balance in mixed substrates and 

enhance buffer capacity, biogas production and reactor performance (Zhu et al., 

2011).  

Despite all the reported benefits of ACD systems, previous studies have 

indicated that the performance and stability of such systems are dependent on 

reactor design as well as many operational and physico-chemical parameters such 

as substrate characteristics, organic loading rates, temperature, and pH among 

others (Razaviarani et al., 2013a and 2013b; Zhu et al., 2011). Anaerobic 

digestion, as a syntrophic biological process, also is reliant on microorganisms’ 

activities via the four major stages of hydrolysis, acidogenesis, acetogenesis and 

methanogenesis. A deeper understanding and resolution of the linkage between 

microbial community dynamics and process stability can provide invaluable 

information to predict the reactor performance. Yet, the microbial dynamics and 

                                                 
*
 A version of this chapter has been accepted for publication. Razaviarani and Buchanan,     

Bioresource Technology (September 2014). 
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their interactions still remained uncertain primarily due to the complexity of the 

microbial activities within the inter-related biological reactions in these systems 

(Supaphol et al., 2011).  Several studies were conducted over the last decade to 

investigate the microbial population structure in anaerobic digestion of lipid-rich 

waste (Palatsi et al., 2010; Pereira et al., 2002) with a focus mostly on the LCFA 

inhibition effects. Nevertheless, to the authors’ knowledge, microbial studies 

linked to reactor performance of the anaerobic co-digestion of GTW with MWS 

have not yet been conducted.  

Among the available microbial fingerprinting techniques, denaturing gradient 

gel electrophoresis (DGGE) and clone library are the most popular methods used 

to evaluate the microbial populations (Lee et al., 2010). However, using the 

DGGE method for investigation of complex microbial populations is intricate due 

to drawbacks which include the identification of limited bands and co-migration 

of sequences. Also, the cloning technique and its data analysis are laborious and 

uneconomical. The development of 454 Pyrosequencing, as a new generation of 

sequencing techniques, facilitates the investigation of microbial community 

dynamics in various environments by identifying a larger number of sequences 

more quickly (Guo et al., 2014). 

 

The objective of this study was to investigate the reactor performance linked 

the microbial community dynamics of mesophilic ACD of GTW and MWS at (1) 

steady-state conditions conducted at two different runs with different organic 

loadings and (2) during reactor overload conditions. For this purpose, physico-

chemical analysis along with the Pyrosequencing microbial technique was 

performed and reactors’ stabilities and performance were monitored accordingly 

with the associated microbial population dynamics. 

 

5.2. Materials and methods 

5.2.1. Inoculum and substrates 

Municipal wastewater sludge (MWS) consisting of a 4:1 (v/v) mixture of 

primary sludge (PS) and waste activated sludge (WAS), was collected from Gold 
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Bar Wastewater Treatment Plant (WWTP) in Edmonton, Alberta, Canada. GTW 

was received from a local waste collection company in Edmonton, Alberta. 

During the study, substrates were stored at 4°C until its utilization. The GTW 

from restaurants and food services has typically some settable solids which are 

not degraded during the anaerobic digestion and are remained at the bottom of the 

reactor. Therefore, before adding the GTW to the MWS, it was kept at the room 

temperature for few hours and then the top layer was separated from the settable 

solids and water layers. Digested effluent from a full-scale mesophilic anaerobic 

reactor at the Gold Bar WWTP was used as the inoculum (biomass) for the start-

up of the reactors. The characteristics of substrates and inoculum were shown in 

Table 5.1. 

 

Table 5.1. Characteristics of substrates and inoculum 

Parameter 
b
MWS1 

c
MWS2 GTW Inoculum 

COD (g/L) 75.3 40.9 2697.8 22.9 

TS (g/L) 63.9 22.9 776.8 22.3 

VS (g/L)  35.7 18.3 776.2 12.2 

TSS (g/L)  61.5 19.2 47.7 20.9 

VSS (g/L) 34.8 15.6 47.6 11.3 

VFA (mg/L)  2982.8 1639.9 
d
nm 7.9 

TKN (mgN/L)  804 794 nm 2140 

TAN (mgN/L) 346 332 nm 755 

a
Alkalinity (mg/L) 1850 2000 nm nm 

pH 5.8 5.7 5.0 7.3 

a 
Alkalinity represented as mg/L CaCO3; 

b
 Municipal wastewater sludge used in Stage 1;  

c
 Municipal wastewater sludge used in Stage 2; 

d
 Non-measured. 
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5.2.2. Reactor operation and loading protocol  

The experiment was conducted at two separate stages, as shown in Table 5.2, 

with respect to the collection of MWS at different times from Gold Bar WWTP. 

At each stage, two identical 10 L (8 L working volume) reactors were mixed by 

magnetic stirrers and operated at mesophilic temperature range (37 ± 0.5°C) with 

solids retention time (SRT) of 20 days.The reactors were sustained at desired 

temperature (37°C) using heating tapes wrapped around the reactors and the 

temperatures were controlled and monitored by Type K thermocouples and digital 

temperature controllers. An insulating jacket was also applied around each reactor 

to minimize heat loss. 

Each reactor was initially filled with 8 L of inoculum and then the reactors’ 

headspace was purged with nitrogen gas. Each day, 0.4 L of digested material was 

withdrawn from each reactor and replaced with the same volume of substrate to 

provide a 20 day SRT. Reactor 1 served as a control (C-1) and received only 

MWS, while reactor 2 was operated as the test digester (T-1) and was fed a 

mixture of MWS and GTW based on a percentage of the control reactor COD 

loading. Initially, for the first run of the experiment, C-1 and T-1 received an 

equal amount of MWS1 to establish their baseline performance for a period of 30 

days (1.5 SRT). When the equivalence of the reactors’ performance was 

established, the COD loading of T-1 reactor was increased with the addition of a 

known volume of GTW to the MWS1 to obtain the desired COD loading of 150% 

relative to the control reactor (C-1). This operating mode was continued for 3 

SRT (60 days) to reach the steady-state conditions and then for another 10 day 

period during which daily sampling was conducted. Similarly, for the second 

stage, the control (C-2) and test (T-2) reactors were fed with same volume of 

MWS2 for 30 days to establish the baseline performance. Then the test reactor (T-

2) was fed with a mixture of GTW and MWS2 to reach 190% of the control 

reactor (C-2) COD loading. Steady state conditions were achieved after 3 SRTs 

when coefficients of variation of effluent COD, VSS and methane daily 

measurements were less than 5%. Thereafter, for a period of 10 days, samples 

were collected for the subsequent analyses. In order to investigate the reactor’s 
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performance and microbial community response to reactor overloading, GTW 

addition to T-2 was increased to achieve a COD loading approximately four-fold 

that of C-2. This operating mode was continued for 3 weeks in the T-2 reactor 

which hereafter is termed the overload condition. Reactor T-2 is indicated as T-2′ 

when operated under this overload condition. Reactors loading rates during the 

experiment are shown in Table 5.2. 

 

Table 5.2. Reactor organic loading rates (OLR) and durations 

Stage Reactor Substrate 

Duration  OLR  Relative Loading 

(d) (g COD/L·d) (%) 

1 C-1 MWS1 100 3.77 100 

T-1 MWS1 30 3.77 100 

 T-1 GTW + MWS1 70 5.57 150 

2 C-2 MWS2 121 2.05 100 

T-2 MWS2 30 2.05 100 

T-2 GTW + MWS2 70 3.84 190 

T-2′ GTW + MWS2 21 8.00 400 

 

5.2.3. Physico-chemical analysis 

The biogas flow rate from each reactor was quantified by a digital gas flow 

meter and logged to a lab computer. Agilent 7890A gas chromatograph (GC) was 

used to measure the CH4 content in the biogas. The GC was equipped by Agilent 

GS-Q column and a flame ionization detector (FID). The CO2 percentage in 

biogas was intermittently measured using a Fyrite gas analyzer according to the 

method specified by the manufacturer (Bacharach Inc., 2010).  

 Chemical oxygen demands (tCOD and sCOD) of substrates and effluents 

were measured with the close reflux (5220C) method using HACH COD reactor 

and GENESYS20 spectrophotometer. Total solids (TS), volatile solids (VS), total 
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suspended solids (TSS) and volatile suspended solids (VSS) were quantified using 

methods 2540G and 2540D, respectively. Total alkalinity (TA), partial alkalinity 

(PA) and pH were determined using Thermix stirrer 120S and ACCUMET AB15 

Plus pH meter. The titration end points for PA and TA were pH 5.75 and 4.3, 

respectively according to Standard Method 2320B. All the above analyses were 

performed according to the standard methods in triplicate (APHA, 2005). For the 

VFA measurement, the samples were centrifuged at 5000 g for 10 min and then 

the supernatants were filtered through the 0.45 m and 0.2 m nylon syringes. 

Individual volatile fatty acids (acetate, propionate, iso-butyrate, n-butyrate, iso-

valerate and n-valerate) in the substrates and digested effluents were analyzed by 

a Varian 430 gas chromatograph (GC) equipped by Stabilwax-DA capillary 

column and a flame ionization detector (FID). Total ammonia and TKN were 

measured by the Biochemical Analytical Service Laboratory staff in the 

University of Alberta according to the standard methods. 

 

 

5.2.4. Microbial community analysis 

 

5.2.4.1. Sludge sampling and DNA extraction 

The effluent sludge samples were collected from the reactors during the last 

10 days of steady-state period operation at each COD loading. Total genomic 

DNA was extracted from approximately 500 L of well-homogenized sample 

using Fast DNA® Spin kit for soil (Biomedical, USA) according to the 

manufacturer’s instructions. The effluent sludge samples were initially 

centrifuged at 10,000g for 20min, and the supernatant was decanted carefully to 

obtain the settled biomass for DNA extraction. NanoDrop® 2000C 

spectrophotometer was used to determine the concentrations, quality and integrity 

of the extracted DNA. Extracted DNAs were stored at -20°C until submitted to 

the microbiology lab for the pyrosequencing analysis. 
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5.2.4.2. Pyrosequencing analysis 

The 16S rRNA genes were amplified using bar-coded universal bacterial and 

archaeal primers for each sample. The primer sequences are as follows; bacterial 

universal (27F: AGR GTT TGA TCM TGG CTC AG, 519r: GTN TTA CNG 

CGG CKG CTG) and archaeal universal (349F: GYG CAS CAG KCG MGA 

AW, 806r: GGA CTA CVS GGG TAT CTA AT). The PCR reactions were 

conducted in a single step 30 cycle PCR using HotStarTaq Plus Master Mix Kit 

(Qiagen, Valencia, CA) under following conditions: initial denaturation at 94°C 

for 3 min, followed by 28 cycles of 94°C for 30s; annealing at 53°C for 40s and 

elongation at 72°C for 1 min; after which a final elongation step at 72°C for 5 min 

was performed. All the amplified 16S rRNA from different samples was mixed in 

equal concentrations and purified using Agencourt Ampure beads (Agencourt 

Bioscience Corporation, MA, USA). All samples were subjected to 

pyrosequencing using Roche 454 FLX Titanium instruments and reagents 

according to the manufacture’s guidelines. The nucleotide sequence reads were 

sorted out using a proprietary analysis pipeline. Initially, the barcode sequences 

shorter than 200bp, non-16S rRNA sequences and sequences with homo-polymer 

runs exceeding 6bp were removed from barcode sorted sequences. Then, 

sequences were de-noised and chimera sequences of selected reads were also 

removed. Operational taxonomic units (OTUs) of each sequence were identified 

after removal of singleton sequences, clustering at 3% divergence (97% 

similarity). Final OTUs were taxonomically classified using BLAST and database 

derived from GreenGenes, RDPll and NCBl (DeSantis et al., 2006) and compiled 

into each taxonomic level into both “count” and “percentage” datasets. The count 

dataset contains the actual number of sequences while the percentage dataset 

defined as the ratio of number of assigned sequence reads of specific taxon 

divided by the number of total sequence reads. 
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5.2.5. Statistical analysis 

The correlation between microbial communities (bacteria and archaea) and 

reactors’ performance and stability parameters were determined by the canonical 

correspondence analysis (CCA) using the XLSTAT software version 2014.  

 

5.3. Results and discussion 

5.3.1. Process stability and reactor performance 

The reactors operated in two stages were carried out in different OLRs (Table 

5.2) and the obtained experimental results are shown in Table 5.3. The methane 

yield per unit VS applied increased with increasing the GTW COD addition to the 

test reactors T-1 and T-2 relative to the control reactors C-1 and C-2, respectively 

until a reduction in methane yield was observed in T-2 at the 8.0 gCOD/L.d 

loading (the overloaded condition). The cause of this reduction was investigated 

by monitoring the critical parameters including pH, VFA and alkalinity. As 

shown in Table 5.3, during the experiment, the pH remained practically constant 

with values ranging between 7.25 and 7.33 in the reactors. Yet at the overloaded 

condition, a reduction in the pH value was observed. In the same way, the VFA 

remained low during the experiment until a sudden increase was observed during 

the overloaded condition. The pH reduction and VFA accumulation was 

associated with a marked reduction in biogas production and methane yield as 

well as decreased COD and VS removals. 

 The VFA/alkalinity ratio is a reliable indicator of process stability with the 

process being stable when this ratio is less than 0.3 to 0.4 (Rincón et al., 2008). 

As can be easily calculated from Table 5.3, this ratio was well below the limit 

range during the experiment until the overloaded condition in reactor T-2. At this 

loading, a substantial increase in the VFA/alkalinity ratio to the value of 0.6 was 

observed. Furthermore, acetate and propionate were the major fermentation 

products consisting of 56% and 27% of the total VFA, respectively at this 

loading. However, low concentrations of acetate in reactors T-1 and T-2 

coincided with increased biogas production and methane yield compared to the 

control reactors prior to the T-2 overloaded condition. This could be possibly as a 
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result of good acclimation of microbial populations, particularly acetoclastic 

methanogens, to the addition of GTW to the reactors. GTW addition at the 150% 

and 190% COD relative loadings to T-1 and T-2 resulted in 65% and 120% 

increases in biogas production relative to C-1 and C-2, respectively. The relative 

loadings also resulted in 47% and 85% increases in the methane yield relative to 

the C-1 and C-2 reactors, respectively. Yet, as shown in Table 5.3, when the 

relative loading was increased to 400% in T-2, its biogas production and methane 

yield decreased by 48% and 80%, respectively compared to that observed during 

the previous 190% relative loading. It is noted that under this overloaded 

condition the non-acetate VFAs also increased considerably compared to the other 

loading levels which may suggest a reduction in the syntrophic acetogenic 

populations. 

Table 5.3. Reactors’ stability and performance parameters at different loadings 

Parameters Stage 1  Stage 2 

Reactor C-1 T-1  C-2 T-2 T-2′ 

Loading  (g COD/L·d) 3.77 5.57  2.05 3.84 8.00 

pH 7.30 7.28  7.33 7.25 6.2 

VFA (mg/L) 39.5 26.7  54 9.5 1200 

Acetic ac.(mg/L) 21.7 15.2  33.8 8.5 677 

Propionic ac.(mg/L) 7.0 3.1  4.4 1.0 324 

Butyric ac.(mg/L) 22.2 10.4  6.4 
1
nd 90.4 

Valeric ac.(mg/L) 4.5 1.9  9.5 nd 108.6 

Alkalinity (mg/L) 4060 3930  4180 3780 2590 

COD (g/L) 43.5 58.0  24.0 30.0 110.0 

VS (g/L) 17.5 17.0  9.7 10.0 35.0 

Biogas production (L/d) 8.2 13.5  4.5 10.0 5.2 

Methane yield (LCH4/gVSadded) 0.34 0.50  0.33 0.61 0.12 

1
 Not detected 
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5.3.2. Methanogenic community structure of the ACD 

The methanogenic community is generally less diverse than that of the 

bacterial community and can occupy a limited ecological niche in anaerobic 

reactors. The type and origin of inoculum and substrate along with the 

environmental conditions can have considerable effects on the archaeal 

distribution (Leclerc et al., 2004). As shown in Table 5.4, the majority of archaeal 

16S rRNA gene sequences are assigned to the orders Methanomicrobiales, 

Methanosarcinales and Methanobacteriales. The sequence distributions at the 

family and class levels are shown in Figure 5.1. Typically, methanogens are 

categorized as either acetoclastic or hydrogenotrophic according to the substrate 

they utilize. Acetoclastic methanogens utilize acetate to produce methane while 

hydrogenotrophic methanogens consume CO2 and H2 to produce methane. 

Start-up is a critical step in the operation of an anaerobic digester and is 

highly dependent on the microbial source, the size of the inoculum and the initial 

operation mode (Griffin et al., 1998). The archaeal populations in the inoculum 

used as seed throughout the experiment were found to be predominantly of the 

Methanosarcinales order.  Genus Methanosaeta sequences were present in the 

greatest relative abundance (2619 sequences, 78% of total archaeal sequences), 

followed by Methanomicrobium (262, 8%), Methanosarcina (190, 6%), 

Methanospirillum (168, 5%) and Methanobacterium (105, 3%). Therefore, 84% 

of the sequences obtained from the inoculum were of acetoclastic methanogens of 

genera Methanosaeta and Methanosarcina. McMahon et al. (2004) observed that 

anaerobic digesters with high levels of archaea of which Methanosaeta was the 

dominant acetoclastic methanogen started up well, whereas those having low 

levels of archaea in which the dominant methanogens were Methanosarcina and 

Methanobacteriaceae experienced problems at start-up. The spectrum of 

sequence abundance in the inoculum used in the current study indicates that the 

seed was collected from a stable anaerobic digester where the sequences 

belonging to acetoclastic methanogens were over 5-fold more abundant than those 

of hydrogenotrophic methanogens. 
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Table 5.4. Relative abundance of phylogenetic groups of archaeal in reactors 

Reactor  C-1 T-1  C-2 T-2 T-2′   

% Loading  100 150  100 190 400   

  
a
 % of total archaeal sequence reads

 

Class Genus (similarity %) Stage 1  Stage 2  
b
PF

 

Methanomicrobia Methanomicrobium (97) 

Methanospirillum (99) 

Methanoculleus (99) 

42.0 

2.1 

3.5 

24.4 

1.5 

0.0 

 41.1 

1.4 

3.2 

18.0 

4.3 

2.9 

28.3 

5.3 

1.0 

 
c
H 

H 

H 

 Methanosarcina (99) 

Methanosaeta (99) 

 

4.7 

43.9 

7.6 

59.6 

 3.7 

47.8 

2.9 

68.5 

22.1 

34.8 

 
d
A/H 

A 

Methanobacteria Methanobacterium (97) 

Methanosphaera (99) 

Methanobrevibacter(99) 

 

1.5 

2.1 

0.2 

2.5 

1.3 

2.9 

 1.4 

0.0 

1.4 

1.8 

1.5 

0.0 

2.2 

2.6 

2.4 

 H 

H 

H 

Other  0.0 0.2  0.0 0.1 1.3   

Phylum; Euryarchaeota; 
 a
 The relative abundance of taxon defined as the number of 

sequences divided by the total number of sequence per sample; 
 b 

Putative function; 
 c 

Hydrogenotrophic methanogens, 
d
 Acetoclastic methanogens.  

 

As shown in Figure 5.1, regardless of the different batches of MWS (Table 

5.1) fed into the control reactors (C-1) and (C-2) during Stages 1 and 2, the 

proportion of acetoclastic (Methanosarcinales) sequences was approximately the 

same as that of hydrogenotrophic (Methanomicrobiales and Methanobacteriales) 

methanogens in these reactors. The sequence numbers of archaeal phylogenetic 

groups during each operating condition are shown in Table C-1.2. The proportion 

of acetoclastic methanogens increased when COD loading was increased to the 

test reactors (T-1 and T-2). Acetoclastic methanogens have been found to 

predominate under stable operating conditions where the molecular hydrogen 
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concentration is low (Kim et al., 2014). Methanosaeta is the dominant acetoclastic 

methanogen at low acetate concentrations under stable operating conditions. This 

is in agreement with the parameter values listed in Table 5.3 for the T-1 and T-2 

operating conditions. 

 

 

 

Figure 5.1. Distribution of family level of archaeal community categorized in brackets 

for order level 

 

During Stage 1, the 150% relative COD loading to reactor T-1 resulted in 

only a 3% decrease in the total number of archaeal sequences compared to the C-1 

reactor (see Table C-1.1). Although the archaeal community in reactor C-1 was 

distributed equally between hydrogenotrophic and acetoclastic methanogens, 67% 

of the archaeal sequences in T-1 consisted of acetoclastic methanogens, 

predominantly of the family Methanosaetaceae (Figure 5.1). Therefore, the 47% 

increase in methane yield in T-1 compared to the C-1 (see Table 5.3) was 

accompanied by a 35% increase in the relative abundance of acetoclastic 

methanogens and a 30% decrease in acetate concentration. Typically, over 70% of 

methane production is carried out by this group of archaea under stable reactor 

conditions (Kundu et al., 2014). The genus Methanosaeta has a lower half 

saturation coefficient than does the genus Methanosarcina (Conklin et al., 2006; 
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McMahon et al., 2004; among others). Therefore, Methanosaeta is dominant in 

the presence of a low acetate concentration. Hori et al. (2006) reported that the 

genus Methanosaeta grows more rapidly than Methanosarcina at acetate 

concentrations lower than 1mM while the genus Methanosarcina are the 

predominant acetoclastic methanogens at acetate concentrations higher than 

1mM. As shown in Table 5.3, the acetate concentration in the T-1 reactor was 

well below the 1 mM threshold where the genus Methanosaeta would 

predominate over the genus Methanosarcina.  

During Stage 2, 3592 archaeal sequences were obtained for reactor T-1 

during its 190% relative COD loading, whereas the control C-2 reactor yielded 

2330 archaeal sequences. This represents a 54% increase in T-2 archaeal 

sequences relative to C-2. Approximately 76% of the archaeal sequences from T-

2 belonged to acetoclastic methanogens with relative abundances of 69% and 3% 

for Methanosaeta and Methanosarcina, respectively. This is consistent with 

Methanosaeta outcompeting Methanosarcina in the presence of a low acetate 

concentration (see Table 5.3). The increase in the relative abundance of 

acetoclastic methanogens was accompanied by 120% and 85% increases in biogas 

production and methane yield in the T-2 reactor relative to C-2, respectively (see 

Table 5.3).  The predominance of this genus also represents a stable reactor as 

indicated in previous studies (Ariesyady et al., 2007; Raskin et al., 1994). 

The distribution and dynamics of methanogens in the anaerobic co-digestion 

of lipid-rich materials under mesophilic conditions have not been documented. 

Martín-González et al. (2011) investigated the thermophilic anaerobic co-

digestion of FOG with the organic fraction of municipal solid wastes and 

observed the genus Methanosarcina to be the predominant acetoclastic 

methanogens in their samples. It should be noted that they did not detect the 

genus Methanosaeta during their investigation. In contrast, the genus 

Methanosaeta represented the largest number of acetoclastic populations in the 

present study, whereas the relative abundance of Methanosarcina sequences 

remained low during all steady state sampling periods and were only observed to 

increase in number during the overloading period (Figure 5.1).  
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As shown in Figure 5.1, the hydrogenotrophic pathway was primarily 

associated with the family Methanomicrobiaceae within the order 

Methanomicrobiales at all loadings.  Members of the order Methanobacteriales 

were present throughout the study in all reactors, but their numbers of sequences 

accounted for only 1.4 to 3% of the total methanogen population. The increase of 

GTW loading at the 400% relative COD loading (overload condition) resulted in 

changes in both the acetoclastic and hydrogenotrophic communities as shown in 

Figure 5.1.  The total number of archaeal sequences obtained during the overload 

condition (reactor T-2′) decreased by 7% compared to those obtained from reactor 

T-2 (the same reactor) during the 190% relative COD loading. Thus, the total 

number of archaeal sequences changed little despite signs of instability in the 

reactor such as low pH, high VFA concentrations and reduced biogas production 

(Table 5.3), among others.  The major change was in the distribution of the 

archaeal community. As shown in Figure 5.1, the relative abundance of 

hydrogenotrophic methanogens increased considerably compared to that at the 

previous 190% relative COD loading. The relative sequence abundance 

Methanomicrobium within the family Methanomicrobiaceae and the order 

Methanomicrobiales increased from 18.0% to 28.3%. This indicates that the 

community response to the GTW overloading that caused a reduction in the 

reactor performance was an increase in the activity of hydrogenotrophic 

methanogens due presumably to an increase in the H2 partial pressure.  Padmasiri 

et al. (2007) also observed similar behavior of hydrogenotrophic methanogens 

during decreased reactor performance. Kim et al. (2014) reported Methanoculleus 

bourgensis of the order Methanomicrobiales to become the predominant 

methanogen as the reactor used in their study approached unstable conditions.   

High H2 partial pressure in an anaerobic digester can hamper the syntrophic 

relationship between its microbial communities (Kundu et al., 2014). This can 

cause the dominance of hydrogenotrophic populations such as 

Methanobacteriales and Methanomicrobiales over acetoclastic methanogens. 

Although the hydrogenotrophic communities did not become predominant at the 

400% relative COD loading in terms of sequence abundance, the proportion of 
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hydrogenotrophic methanogens did increase to approximately 42% of the total 

archaeal sequences. If Methanosarcina which can produce methane using either 

H2/CO2, acetate or methyl are included 

The Methanosarcina sequences increased to 22% of the total number of 

archaeal sequences during the overloading condition from 2.9% at the previous 

190% relative COD loading (Table 5.4). In contrast, the relative abundance of 

Methanosaeta sequences decreased by approximately 50% under the overloading 

conditions.  This can be attributed primarily to their growth kinetics as discussed 

previously, which allows Methanosarcina to outcompete Methanosaeta in the 

presence of high acetate concentrations.   

 

5.3.3. Bacterial community structure of the ACD 

The bacterial 16S rRNA gene sequence at different taxonomic levels and 

loading percentages are summarized in Figure 5.2 and Table 5.5. The total 

sequence abundance of bacteria in the inoculum sample was 9,139 (see Table C-

1.1). This is almost three times the total sequence abundance of the archaeal 

population in the inoculum sample. The genus Candidatus Cloacamonas was the 

dominant bacterial community in the inoculum as well as in the reactors at all 

loading rates (Tables C-1.3 and C-1.4). Candidatus Cloacamonas ssp. are 

syntrophic fermentation bacteria found in a number of anaerobic digesters and 

were recently categorized under the phylum Spirochaetes (Pelletier et al., 2008). 

Spirochaetes are gram-negative bacteria with a distinctive spiral shape and are 

able to ferment carbohydrates and amino acids into mainly acetate, H2 and CO2 in 

anaerobic digesters (Lee et al. 2013).     

During the two 100% MWS loadings stages, as shown in Figure 5.2, the 

bacterial distributions remained almost constant in the control reactors regardless 

of the different batches of sludge used.  However, compared to the inoculum, the 

total number of bacterial sequences was reduced by 10% and 41% in control 

reactors C-1 and C-2, respectively (Table C-1.1). These changes could be 

attributed to several factors including alteration and availability of substrates. In 

these reactors the bacterial sequences were predominantly affiliated with the 
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genus Candidatus Cloacamonas within the phylum Spirochaetes with the relative 

abundance of 82.0% and 82.2% in C-1 and C-2, respectively.  The number of 

sequences in the phylum Actinobacteria in inoculum was very low, but was 

slightly increased in the control reactors possibly due to the variation of MWS 

and feeding mode in the bench-scale reactors.       

 

 

Figure 5.2. Distribution of order level of bacterial community categorized in brackets for 

class level 

        

The total number of bacterial sequences was reduced by 33% in reactor T-1 

at the 150% relative COD loading, compared to that of the C-1 reactor (see the 

Table C-1.1 in the Appendix) while the distribution of the bacterial community 

changed very little, as shown in Table 5.5. Sequences from four phyla were 

identified in the reactors as shown in Table 5.5. The dominant sequence identified 

in reactor T-1 was associated with the phylum Spirochaetes (80.4%), followed by 

the phyla Proteobacteria (12.1%), Actinobacteria (1.5%) and Chloroflexi (2.1%). 

While the genus Candidatus Cloacamonas remained the dominant community in 

reactor T-1, the sequence abundance of the genus Esherichia within the phylum 

Proteobacteria increased by 12% compared to the C-1 reactor (see Table C-1.4). 

In addition, although the phylum Chloroflexi was a minor population in the 

control reactor, C-1, with the addition of GTW, the sequence abundance of 
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phylum Chloroflexi decreased by 68% compared to the C-1 reactor and the 

affiliated genus Caldilinea was not measurable (see Table C-1.4).   

 

Table 5.5. Relative abundance of phylogenetic groups of bacteria in reactors 

Reactor  C-1 T-1  C-2 T-2 T-2′   

% Loading  100 150  100 190 400   

  
a
 % of total bacterial sequence reads 

b
PF 

Phylum Genus (similarity %)  Stage 1  Stage 2   

Spirochaetes Spaerochaeta(95) 

Candidatus Cloacamonas(99) 

 

0.4 

82.0 

0.4 

80.0 

 0.3 

82.2 

0.3 

80.3 

0.0 

78.9 

 U 

S 

Actinobacteria Demequina(99) 

Dermatophilus(92) 

 

0.2 

2.0 

0.0 

1.5 

 0.3 

1.2 

0.0 

1.6 

0.0 

1.4 

 F 

H 

Proteobacteria Desulfarculus(93) 

Esherichia(97) 

 

2.2 

7.2 

2.0 

12.1 

 1.7 

8.1 

1.5 

12.5 

2.6 

14.2 

 A 

A 

Chloroflexi Anaerolinea(95) 

Caldilinea(94) 

 

2.3 

2.1 

2.1 

0.0 

 2.4 

2.3 

2.3 

0.0 

1.0 

0.0 

 F 

F 

Other  1.6 1.9  1.5 1.5 1.9   

a
 The relative abundance of taxon defined as the number of sequences divided by the total 

number of sequence per sample;  
b
 Putative function; U: unknown, S: syntrophic, F: 

fermentative, H: hydrolysis, A: acidogenesis. 

 

During Stage 2, the 190% relative COD loading to the T-2 reactor resulted in 

little change to the total sequence abundance of bacteria compared to the C-2 

reactor (Table C-1.1). Despite the addition of GTW to reactor T-2, the relative 
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distribution of bacterial strains remained similar to that in the control reactor 

(Table 5.5) with the greatest changes in relative sequence abundance being within 

the genera Esherichia (+54%) and Caldilinea (-100%), which carry out 

acidogenesis and fermentation, respectively. As shown in Figure 5.2 and Table 

5.5, the genus Candidatus Cloacamonas remained the prevailing bacterial 

community with a relative sequence abundance of 80.3% in the T-2 reactor at the 

190% relative COD loading. 

At the 400% relative COD loading, the total sequence abundance of bacterial 

populations decreased by approximately 18% in the T-2′ reactor compared to the 

control reactor (C-2) and to reactor T-2 at the 190% relative COD loading (Table 

C-1.1).  The larger changes in relative sequence abundances shown in Table 5.5 at 

the highest relative COD loading were in the genera Esherichia (+20%) and 

Anaerolinea (-57%), compared to those in reactor T-2. The genus Caldilinea 

remained undetectable in reactor T-2′. As shown in Figure 5.2, the genus 

Candidatus Cloacamonas within the phylum Spirochaetes constituted the 

dominant percentage of the total bacterial sequences under all loading conditions. 

The abundance and distribution of Spirochaetes in anaerobic digesters have been 

rarely investigated because of the inadequate knowledge of this phylum. The 

relative sequence abundance of phylum Proteobacteria, as the second largest 

population found in this study at all loadings, increased by 71% in reactor T-2′ 

under the overloaded conditions compared to that in C-2.  Chen et al. (2008) 

reported that even low concentrations of long chain fatty acids (LCFA) from the 

degradation of lipid-rich materials could be detrimental to anaerobes, particularly 

for the gram-positive bacteria. The phylum Actinobacteria was the only gram-

positive bacteria community found in this study. However, the relative abundance 

of genera in this phylum was low in all reactors. The affiliated genus Demequina 

completely disappeared after the GTW was added even during the “safe” loadings 

of the T-1 and T-2 reactors. However, the response of the genus Dermatophilus 

was not as clear (Table 5.5).  LCFA inhibition was not investigated in this study, 

however because GTW is converted to LCFA before the breakdown to VFA 

compounds, the decrease in the phylum Actinobacteria after the addition of GTW 
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could be attributed to the existence of such intermediate lipid-degradation 

products. It should be noted that, as Chen et al. (2008) indicated, because 

methanogens’ cell wall resembles that of gram-positive bacteria they are more 

vulnerable to the LCFA concentration than is the bacterial community. 

  

5.3.4. Correlation between environmental parameters and microbial 

dynamics 

 The correlation between the microbial (bacterial and archaeal) community 

and the reactor’s performance and stability parameters was investigated by 

performing a Canonical Correspondence Analysis (CCA).  The CCA evidenced 

significant correlations (p < 0.0001) between the microbial communities (major 

genera of bacterial and archaeal communities), and the environmental variables 

pH, alkalinity and VFA concentration. A triplot of the CCA results is shown in 

Figure 5.3, and a review of its interpretation is given in Appendix B. As shown in 

Figure 5.3, both ordination axes combined explained 96.7% of bacterial and 

archaeal community variations, indicating that these environmental variables were 

major factors shaping the microbial community dynamics. The significance 

analysis of the environmental variables revealed that VFA accounted for much of 

the difference in both bacterial and archaeal community distributions arising from 

the addition of GTW to the feed. The VFA variable was negatively associated 

with the pH and alkalinity variables, as would be expected. 

The archaeal and bacterial genera shown in Figure 5.3 represent 

approximately 90% and 95% of total sequence abundance of archaea and bacteria 

listed in Tables 5.4 and 5.5, respectively. The genus Candidatus Cloacamonas, 

represented as B4 in Figure 5.3, is located near the origin of the plot. This location 

indicates that the number of Candidatus Cloacamonas sequences had little 

response to changes in the environmental variables during the experiment. This is 

possibly due to its syntrophic characteristics. The location of Esherichia (B2) 

indicates that this genus was more abundant in test digesters than in the controls 

and was somewhat more abundant at higher than average VFA concentration and 

lower than average pH and alkalinity. In fact the abundance of Esherichia 
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sequences had the lowest coefficient of variation of any bacterial genus and was 

present in greatest abundance at low to moderate VFA concentration. Therefore, 

the variation in Esherichia sequence abundance may be due to random error or to 

an environmental variable not considered during the analysis. Additionally, Ter 

Braak and Verdonshot (1995) indicate that inferences drawn from a triplot are not 

always accurate because the plot represents multi-dimensional relationships in 

only two dimensions. 

   The sequence abundance of Anaerolinea (B1) was greater at low VFA 

concentrations and higher pH and alkalinity. The genus Dermatophilus (B3) 

represented at most 3% of the total sequences under any loading condition and 

showed very little response to any of the environmental factors considered 

(Tables 5.5 and C-1.4).  

In terms of the reactor loading conditions (sites), Figure 5.3 shows that the 

environmental conditions in reactors T-1 and T-2 were similar, as were those in 

C-1 and C-2. However, the environmental conditions in reactor T-2′ were 

characterized by higher than average VFA and lower than average pH and 

alkalinity. The number of genus Esherichia (B2) sequences was highest during 

the moderate GTW loadings (T-1 and T-2), but this genus reached its greatest 

relative sequence abundance during the overloading condition (T-2′).   

As shown in Figure 5.3, it is apparent that the archaeal genera points are not 

as closely clustered around the origin as are those of the bacterial community, 

indicating a generally greater response to changes in environmental factors than 

was the case for the bacterial genera. This was expected because methanogenic 

communities are generally more sensitive to changes in environmental conditions, 

including pH, alkalinity and VFA concentration.   

With respect to the archaeal community, Methanomicrobium (A1) and 

Methanosaeta (A3) were the dominant methanogens throughout the study, with 

the genus Methanosaeta being particularly abundant in reactors T-1 and T-2. As 

shown in Figure 5.3, the sequence abundance of Methanosaeta was greatest under 

average values of the environmental factors considered. This suggests that these 

acetoclastic methanogens were important populations during stable operation and 
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increased in sequence diversity with the addition of GTW at the 150% and 190% 

relative COD loadings. The numbers of sequences of genus Methanosarcina (A2) 

were greatest at high VFA concentration during the overload condition in T-2. 

This behavior could be attributed to the higher growth rates of Methanosarcina at 

high acetate concentrations and their ability to produce methane via either the 

acetoclastic or hydrogenotrophic pathway.  

 

 

Figure 5.3. Canonical correspondence analysis (CCA) triplot showing the relationship 

between the relative sequence abundance of the major bacterial and archaeal 

communities and the environmental variables pH, alkalinity and VFA concentration in 

the different stages of GTW COD loadings (●). The environmental variables are shown 

as vectors in the plot. The open triangle symbols (∆) represent the genera of bacterial 

populations that include B1: Anaerolinea; B2: Esherichia; B3: Dermatophilus; B4: 

Candidatus Cloacamonas. The open circle symbols (○) represent the genera of archaeal 

populations that include A1: Methanomicrobium; A2: Methanosarcina; A3: 

Methanosaeta.  
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The 50% reduction in Methanosaeta sequence abundance during the overload 

condition in reactor T-2′ compared to that in the same reactor (T-2) at the 190% 

relative COD loading was accompanied with an 80% reduction in methane yield 

during the overloading condition compared to that at the 190% relative COD 

loading in T-2. Although the sequence abundance of Methanosarcina and 

Methanomicrobium increased considerably during overloading, these populations 

could not compensate for the loss of Methanosaeta sequences in methane 

production within the 21 days of reactor operation at the 400% relative COD 

loading. The triplot shown in Figure 5.3 indicates that the genus 

Methanomicrobium (A1) was most abundant under average environmental 

conditions and that sequence numbers were similar under all loading conditions.   

Recently, a similar archaeal composition was reported during the mesophilic 

anaerobic co-digestion of organic wastes (Ike et al., 2010; Supaphol et al., 2011). 

This suggests that co-digestion of mixed organic wastes can promote a superior 

diversity of nutrients which can result in a broader diversity of microbial 

populations and greater reactor stability and performance. It should be noted that, 

understanding the role of syntrophic bacteria such as Candidatus Cloacamonas 

within the phylum Spirochaetes and their interactions with methanogens is key to 

the understanding of reactor performance and should be investigated further, 

particularly in the anaerobic co-digestion of mixed-substrates. 

 

5.4. Conclusions 

Mesophilic co-digestion of GTW with MWS under stable operating 

conditions led to enhanced biogas production and methane yield with acetoclastic 

methanogens (Methanosaeta) being the dominant population in terms of genus 

diversity. Increasing the proportion of GTW in digester feed to 300% COD 

loading relative to the MWS in the feed resulted in a decline in pH, alkalinity, 

biogas production and methane yield and an increase in VFA concentration. At 

this loading the absolute and relative sequence abundance of acetoclastic 

methanogens was reduced while the sequence abundance of hydrogenotrophic 

methanogens increased. The genus Candidatus Cloacamonas of the phylum 
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Spirochaetes remained dominant at all digester loadings throughout the study. 

The CCA triplot indicated that VFA concentration accounted for much of the 

major shifts in microbial sequence abundance. 
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CHAPTER 6. PILOT-SCALE ANAEROBIC CO-DIGESTION OF 

MUNICIPAL WASTEWATER SLUDGE WITH BIODIESEL WASTE 

GLYCERIN* 

 

 

6.1. Introduction 

 Anaerobic digestion is a widely used process for the degradation and 

stabilization of organic waste due to its environmental and economical benefits. 

Direct anaerobic treatment of many industrial organic wastes is not practical 

because the wastes do not provide sufficient buffering capacity or nutrients to 

ensure stable operation, particularly at small scales. Conversely, municipal 

wastewater sludge is a reliable source of micro-nutrients and many municipal 

facilities do not employ all of the capacity available in on-site anaerobic sludge 

digesters (Schwarzenbeck et al. 2008). Therefore, co-digestion of industrial 

organic waste with municipal wastewater sludge allows beneficial use of 

materials that cannot be digested alone. 

 The biodiesel production industry generates a large amount of waste glycerin 

representing about 10% (wt) of the initial raw material (Chi et al., 2007). Annual 

waste glycerin generation increased rapidly after 2006 and is expected to reach 

8.8 billion kg annually by 2015 (Ayoub and Abdullah, 2012).  This has led to a 

surplus of waste glycerin and a dramatic decline in crude glycerin price (Yazdani 

and Gonzalez, 2007).  The lack of an economical purification process for waste 

glycerin (Slinn et al., 2008), together with the variability of its quality have made 

the marketing of waste glycerin uneconomical (Robra et al., 2010). Therefore, 

beneficial disposal methods for waste glycerin have been investigated (Ayoub and 

Abdullah, 2012; Gu and Jerome, 2010). 

Several studies have evaluated the benefits of co-digesting waste glycerin 

with organic wastes such as municipal solid waste  (Fountoulakis et al., 2010),  

manure and energy crops (Holm-Nielsen et al., 2008) and pig manure  (Amon et 

                                                 
*
 A version of this chapter has been published. Razaviarani et al. Bioresource Technology, 

133(2013) 206-212. 
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al., 2006; Astals et al., 2012). Most studies have been conducted at lab-scale. Yet, 

pilot-scale studies which more closely resemble full scale operating conditions are 

required to assess several operational parameters.  

   The objective of this study was to identify the upper loading limit of 

biodiesel glycerin waste (BGW) during its co-digestion with municipal 

wastewater sludge (MWS) under mesophilic conditions at pilot scale.  Volatile 

solids destruction, total COD reduction, biogas generation, and methane 

production were also measured at several organic loading rates.  

 

6.2. Materials and Methods 

6.2.1. Substrates  

Municipal wastewater sludge (MWS) consisting of a 3:1 (v/v) mixture of 

primary treatment scum and sludge (PS) and thickened waste activated sludge 

(TWAS), was obtained from a Wastewater Treatment Plant (WWTP) in 

Edmonton, Alberta, Canada. Biodiesel waste glycerin from canola oil biodiesel 

production was collected from a biorefinery in Calgary, Alberta, Canada. 

Digested sludge from a full scale mesophilic anaerobic digester WWTP was used 

as the inoculum (seed) for the start-up of the digesters. The characteristics of 

MWS and BGW varied somewhat during the study as shown in Table 6.1. The 

BGW is an organic readily digestible material which had a high pH and alkalinity 

compared to the MWS. The SCOD/COD ratio indicates the level of the feed 

solubilization which directly affects the biogas production (Tang et al., 2010). 

This ratio was approximately 0.98 in the BGW which was almost 14 times higher 

than that of the MWS.  
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Table 6.1. Characteristics of municipal wastewater sludge (MWS) and biodiesel waste 

glycerin (BGW) 

Feed      Parameters
 

Nominal COD loading (%)
 

100 130 150 180 

MWS
 

COD (g/L) 34.1±4.5
a
 37.83±2.32 31.06±1.06 31.50±1.35 

SCOD (g/L) N/A
b
 2.75±0.25 2.29±0.60 1.60±0.07 

TS (g/L) 26.5±1.4 23.90±1.33 23.15±1.92 22.10±1.15 

VS (g/L) 20.5±1.3 18.05±1.12 16.18±1.06 16.33±0.87 

TA
c
 (mg/L) 1520±8.5 1487±8.0 1506±9.2 1500±8.7 

pH
 

6.0±0.2
 

5.65±0.22 5.77±0.29 5.71±0.18 

BGW COD (g/L) N/A 1830±21.21 1707±24.75 1707±24.75 

SCOD (g/L) N/A 1790±6.36 1678±4.95 1678±4.95 

TS (g/L) N/A 488±3.64 484±1.06 484±1.06 

VS (g/L) N/A 426±2.56 442±5.65 442±5.65 

TA
c
 (mg/L) N/A 9454±11.5 9448±9.3 9448±9.3 

pH
 

N/A 8.39±0.02 8.33±.035 8.33±0.35 

a 
Standard deviation;  

b 
Not applicable; 

c
 Total alkalinity (TA) represented as mg/L CaCO3. 

 

6.2.2. Semi-continuous Pilot Digester 

Two 1300 L (1200 L active volume) completely mixed digesters housed in a 

trailer were received from the King County Wastewater Treatment Division in 

Washington. The trailer pilot plant was transferred to and set up at the Gold Bar 

WWTP. The continuously stirred tank reactors (CSTR) were operated in the 

mesophilic temperature range (36±1°C) with a solids retention time (SRT) of 20 

days. Each digester was initially fed 1200 L of seed sludge and then 60 L of 
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digested material was withdrawn and replaced with the same volume of feed each 

day (7 days/week) to provide a 20 day SRT. The control digester was fed only 

municipal wastewater sludge (MWS) while the test digester received the same 

MWS with BGW as a co-substrate. The organic loading rate was determined on 

the basis of total COD. 

Each digester was heated via an external thermal jacket. The digesters’ 

temperatures were monitored by type J thermocouples. A top-mounted three-

bladed digester mixer was operated at a nominal shaft speed of 100 rpm in each 

digester. A data logger collected and logged the digesters’ internal temperatures, 

volumes of biogas produced, and digester active volumes every 5 minutes. 

 

6.2.3. Digester Feed and Organic Loading Rate Protocols 

Initially, the digesters received the same amount and type of feed (MWS) in 

order to establish their baseline performance. This operating mode was continued 

for 30 days. Subsequently, the COD loading to the test digester was increased 

with the addition of BGW to the MWS feed to achieve the desired COD loading, 

while maintaining the 20-day SRT. Each COD loading to the test digester 

(expressed as a percentage of the control digester’s COD loading) was maintained 

for at least 20 days (Table 6.2). The test digester loading rate was increased 

progressively by adding greater volumes of BGW to eventually reach the 

maximum nominal COD loading of 180% relative to the control digester COD 

loading. 
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Table 6.2. Organic loading rate (OLR) at various increments 

Nominal COD loading (%) 

 

           OLR (kgVS/m
3
d)          OLR (kgCOD/m

3
d) 

 Control    Test   Control    Test  

100 

130 

150 

180 

1.03±0.10
a
 

0.90±0.01
 
 

0.81±0.05 

0.82±0.04
 

1.03±0.10 

1.03±0.01 

1.04±0.04 

1.18±0.04 

1.71±0.20 

1.85±0.06 

1.55±0.06 

1.58±0.06 

1.71±0.20 

2.34±0.08 

2.38±0.06 

2.88±0.11 

a 
Standard deviation 

 

Each day, a volume of MWS sufficient to meet the line flushing and feeding 

requirements for both digesters (approximately 70 L for each digester) was 

obtained from the on-site sludge blend tanks and transferred to a grinder tank 

where it was thoroughly mixed prior to being transferred to a feed tank (see Fig. 

5.1). Before feeding, 60 L of digested sludge were drained from the control 

digester to its effluent tank. Samples were collected from the feed and the effluent 

tanks for subsequent analysis. The control digester feed line was flushed with the 

MWS and 60 L of MWS were then pumped from the feed tank to the control 

digester to return its active volume of 1200 L. Then, feed tank and control 

digester feed lines were emptied and flushed with clean water.  The volume of 

MWS in the grinder tank was determined, and a quantity of BGW was added to 

the grinder tank in order to achieve the required total COD target (130%, 150% or 

180% of the control digester feed COD). After thorough mixing, the feed was 

transferred to the feeding tank. 60 L of digested sludge were drained from the test 

digester to its effluent tank prior to start feeding. Samples were collected from the 

feed and effluent tanks for subsequent analysis. The test digester feed line was 

then flushed with the MWS-BGW mixture and 60 L of the mixture were pumped 

to the test digester to return its active volume to the 1200 L level. Finally, the test 

digester feed line and all tanks were emptied and flushed with clean water.  



 

 

93 

 

Grinder tankFeeding tank

Control digester Test digesterControl effluent Test effluent

WasteWaste

 

Figure 6.1. Schematic of the pilot scale anaerobic digester setup 

 

6.2.4. Analytical Methods 

 A Hewlett Packard 5890 series II gas chromatograph (GC) was used to 

measure the CH4 and CO2 contents in the biogas. The GC was equipped by a 

Hayesep Q column and a thermal conductivity detector (TCD). Total and soluble 

chemical oxygen demand (COD, SCOD) in influents and effluents were measured 

with the closed reflux (5220C) method using HACH DR/4000U 

spectrophotometer and Orion COD125 thermo reactor. Total solids and volatile 

solids were measured according to standard methods 2540C and 2540E, 

respectively. Total alkalinity (TA), partial alkalinity (PA) and pH were measured 

using Thermix stirrer 120S and ACCUMET AB15 Plus pH meter. The titration 

end point for partial alkalinity was pH 5.75 and that for total alkalinity was pH 

4.30 using the 2320B titration method. All the above measurements were 

quantified according to the standard methods in triplicate (APHA, 2005). Volatile 

fatty acids (acetate, propionate, iso-butyrate, n-butyrate, iso-valerate and n-

valerate) in the digester effluents were quantified by a Dionex, ICS-2500 with N2 

as the carrier gas equipped with a self-regenerating suppressor (CSRS  ultra ΙΙ, 

4mm) and auto sampler AS50 with a 25 l injection volume. 10 mN NaOH 

solution was used as the eluent at the ambient temperature with a flow rate of 1.2 

ml/min. Samples used for the VFA analysis were all centrifuged at 3030 rpm for 5 

min and filtered through a 0.22 m sterile syringe driven filter (Millex -GV). 

Sulfate (SO4
2+

) was measured with the Sulfa Ver 4 method using Sulfa Ver 
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reagent and HACH DR/4000U spectrophotometer based on an internally 

developed method.  

 

6.3. Results and Discussions 

6.3.1. Baseline Operation 

Baseline operation was conducted to achieve steady state in the two digesters 

and assess the equivalence of their performance. The mean values and standard 

deviations of the six parameters monitored during this stage are listed in Table 

6.3. Paired two tailed t-tests performed on the data indicated that the parameter 

means were not significantly different for the two digesters as shown by the p-

values given in Table 6.3. This indicates that an equivalent baseline performance 

level had been established in the digesters. 

 

Table 6.3. Comparison of digester performance during baseline operation 

Parameter 

Mean value ± standard deviation 

p-value Feed Control effluent Test effluent 

TCOD (g/L) 34.1±4.5
a
 13.4 2.7 14.1 1.1 0.40 

VS (g/L) 20.5 1.3 10.8 0.4 11.3 0.4 0.44 

Methane production (m
3
/d) N/A

b
 0.63 0.1 0.58 0.1 0.39 

pH 6.0 0.2 7.2 0.1 7.2 0.1 0.34 

PA (mg CaCO3/L ) N/A 2577 92 2535 85 0.27 

TA (mg CaCO3/L ) 1520 8.5 3656 139 3599 95 0.30 

a 
Standard deviation; 

b 
Not applicable. 
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6.3.2. Reactor Performance  

Reactor performance was assessed in terms of COD and VS removal 

efficiencies and methane production.   

 

6.3.2.1. COD Removal Efficiency 

The COD removal efficiency is a measurement of organic waste stabilization. 

The %COD removals are shown in Fig. 5.2 as are the percentages of the test 

digester COD loadings due to BGW. At the baseline, the COD removal 

efficiencies of 61% and 59% were achieved in the control and test digesters, 

respectively. These values represent mean COD removal rates of 1.04 and 1.00 kg 

COD/(m
3

d) in control and test digesters, respectively. When the test digester 

COD loading was increased to 130% of the control COD loading its COD 

removal efficiency increased to 115% of that of the control (Fig. 5.2). The COD 

removal rates during this loading period were 1.22 kg COD/(m
3

d) and 1.88 kg 

COD/(m
3

d) in the control and test digesters, respectively.  Taking into account 

the mean COD loadings of 1.85 kg COD/(m
3

d) and 2.34 kg COD/(m
3

d) to the 

control and test digesters, respectively, the COD loading that was not removed 

and would appear in the effluent was 0.63 kg COD/(m
3

d) and 0.46 kg 

COD/(m
3

d) for the control and test digesters respectively, indicating a superior 

quality of test digester effluent in terms of COD stabilization.   

 

Figure 6.2. COD removal efficiency and BGW COD percentage at various loadings. 
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At the nominal 150% test digester COD loading relative to the control, COD 

from BGW represented 35% of its total COD loading (Fig. 5.2).  The efficiency 

of COD removal in the test digester was 1.35 times that of the control digester at 

this loading.  During this period, the COD removal rates in the control and test 

digesters were 0.93 kg COD/(m
3

d) and 1.69 kg COD/(m
3

d), respectively. The 

COD values in the control and test digester effluents were 0.62 kg COD/(m
3

d) 

and 0.69 kg COD/(m
3

d), respectively. These results indicate that the increased 

loading did not adversely affect the test digester effluent quality in terms of COD 

and used the digester treatment capacity more effectively. The observed 

improvement in the COD removal efficiency due to the BGW addition is similar 

to the results of previous studies. Astals et al. (2012) co-digested pig manure with 

crude glycerol under mesophilic conditions in a 4 L working-volume reactor. 

COD removal efficiency was reported to increase by 61% during the co-digestion 

of a mixture in which COD from BGW amounted to 65% of the total 3.56 kg 

COD/(m
3

d) loading. 

A reduction in COD removal efficiency was noted when the test digester 

loading was increased to 180% of the control digester’s COD loading. Under this 

condition, the COD due to BGW represented 46% of the test digester’s total COD 

loading (Fig. 5.2). COD removal efficiency in the test digester declined to only 

70% of the control digester’s COD removal efficiency.  Clearly this loading was 

not sustainable as it allowed 58% of the applied COD to be released in the 

digester effluent.   

 

6.3.2.2. Volatile Solids Removal Efficiency 

Volatile solids removal is a major anaerobic digestion performance indicator 

as it relates to the mass of organic solids destroyed. VS removals as well as the 

percentages of total VS due to BGW in test digester feed are shown in Fig. 5.3. 

The VS removal efficiency in the control and test digesters was not significantly 

different at the baseline loading (100%) when they achieved average VS removals 

of 47% and 45%, respectively. These represent VS removal rates of 0.49 and 0.46 

kg/ (m
3

d) in the control and test digesters, respectively. During the 130% COD 
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loading period when VS from BGW represented 13% of the total 1.03 kg 

VS/(m
3

d) test digester loading, its VS removal efficiency was 12% greater than 

that of the control, as shown in Fig. 5.3. Given the higher test digester VS loading, 

this corresponds to a 45% greater VS removal rate being achieved in the test 

digester compared to the control. During this period, the actual VS removal rates 

were 0.38 and 0.55 kg VS/(m
3

d) in the test and control, respectively. These 

loading and removal rates indicate that the amounts of VS loading that was not 

removed and would appear in the effluent were 0.52 and 0.48 kg VS/(m
3

d) for 

the control and test digesters, respectively. At the test digester loading of 150 

%COD, when VS from BGW accounted for 23% of the total 1.04 kg VS/(m
3

d) 

loading, the VS removal rates in the control and test digesters were 0.32 and 0.52 

kg/ (m
3

d), respectively. This corresponds to a 64% increase in VS removal rate in 

the test digester relative to the control. These loading and removal rates indicate 

that the amounts of VS loading that was not removed and would appear in the 

effluent were 0.49 and 0.52 kg VS/(m
3

d) for the control and test digesters, 

respectively. Improvement in VS removal due to the addition of waste glycerin is 

in agreement with previous studies. Astals et al. (2012) reported that BGW 

addition amounting to 67% to the total 1.9 kg VS/(m
3

d) loading increased the VS 

removal efficiency up to 107% compared to the digestion of pig manure alone.  

Increasing the VS from BGW to 31% of the total 1.18 kg VS/(m
3

d) test 

digester loading resulted in its VS removal efficiency being approximately 30% 

lower than that of the control digester (Fig 5.3). This indicates that a process upset 

had occurred in the test digester. 
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Figure 6.3.VS removal efficiency and BGW VS percentage at various loadings. 

 

6.3.2.3. Biogas and Methane Production Rates   

The gas production rate (GPR) and methane production rate (MPR) are two 

major performance indicators in the anaerobic process. The GPR and MPR, 

expressed as the volume of biogas or methane produced daily per unit reactor 

volume, are shown in Fig. 5.4. At the baseline, no statistically relevant difference 

was found for the mean GPR or MPR of the test and control digesters when only 

MWS was fed to both digesters (Table 6.3). Progressive addition of BGW to the 

test digester feed increased its GPR as well as MPR relative to the control (Fig. 

4). The test digester GPR and MPR increased to 1.45 and 0.93 m
3
/(m

3
d) at its 

130% COD loading. These represented 39% and 48% increases in the GPR and 

MPR relative to the control digester, respectively. As the BGW addition was 

increased to the 150% COD level in test digester, its GPR and MPR were 65% 

and 83% greater than those of the control digester. The MPR values in the control 

and test digesters were 0.47 and 0.86 m
3
/(m

3
d), respectively. Therefore, the 

addition of BGW enhanced the methane production by 0.39 m
3
/(m

3
d).  At this 

150% loading, the test digester feed contained 1.1% (v/v) of BGW. Fountoulakis 

and Manios (2010) reported that the addition of 1% (v/v) BGW to sewage sludge 

increased the MPR in their 3 L anaerobic digester from 0.16 to 0.4 m
3
/(m

3
d). As 
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shown in Fig. 5.4, when the test digester %COD loading was increased to 180% 

relative to the control, its GPR and MPR declined dramatically. 

 

 

Figure 6.4. Gas production rate and methane production rate at various loadings 

 

6.3.3. BGW Loading and Specific Methane Production 

To express how effectively the BGW addition influences the methane 

production, the specific methane production (SMP) was determined in terms of 

COD and VS added as shown in Fig. 5.5.  The SMP is defined here as the volume 

of methane produced daily per unit mass of COD or VS added to the reactor daily.  

There was no significant difference between control and test digester SMP at 
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observed during the 180% loading period with 48% and 34% decreases in the test 

digester SMP in terms of COD and VS added compared to the control (Fig. 5.5). 

Enhancements in biogas and methane production by addition of BGW to 

organic wastes have been reported by a number of researchers (Castrillon et al., 

2011; Fountoulakis et al., 2010; Ma et al., 2008; Robra et al., 2010; Tokumoto 

and Tanaka, 2012). The improvement in methane production was linked to the 

increase in the overall degradation of the feed organics (in terms of VS) as 

solubilization of BGW is significantly higher than that of the MWS (Table 6.1) 

and the higher methane potential of BGW. 

 

 

Figure 6.5. SMP in terms of COD and VS added in various loadings 
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The process stability was determined through the investigation of sensitive 
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were always lower than those of in the control digester and the VFA 

concentrations were generally greater in the test. The VFA/Alkalinity ratio 

remained below 0.03; 10 times lower than the maximum safe values of 0.3 
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reported by Siles et al. (2010). The ratio of intermediate alkalinity (IA) to partial 

alkalinity (PA) was reported by Astals et al. (2012) and Ferrer et al. (2010) as a 

highly sensitive parameter to assess the stability of an anaerobic process.  This 

ratio should remain below 0.4 for stable operation.  The IA/PA ratio did not 

exceed 0.4 in either of digesters until it reached 0.45 in the test digester at the 

180% COD nominal loading. A reduction in alkalinity is typically caused by an 

increase in VFA and CO2 generation. During the process, VFA and %CO2 in both 

digesters remained at acceptable levels but increases were observed at the 180% 

loading in test (Table 6.4). These results suggest that a large reduction in PA 

(below 2500 mg CaCO3/L) in the test digester beginning from the period of 180% 

loading resulted a considerable decline in the test digester’s buffering capacity 

where the system was exhibiting signs of instability.  

It is well-known that the anaerobic digestion process involves interactions 

and syntrophy among the several groups of bacteria and archaea. Syntrophy and 

competition between sulfur reducing bacteria (SRB) and methane producing 

bacteria (MPB) in the reactors is presented in terms of a COD/SO4
2+

 ratio in Table 

6.4. The predominance of either of SRB or MPB depends on a combination of 

factors involved in the anaerobic process. At the COD/SO4
2+

 ratio of 2, while the 

MPB prevail over the SRB in acetate degradation, the SRB are more dominant in 

H2 utilization (O'Reilly and Colleran, 2006). During co-digestion, the COD/SO4
2+

 

ratios were above approximately 4 in both the test and control digesters. O'Reilly 

and Colleran (2006) also indicated that at a COD/SO4
2+

 ratio of 4 and above, the 

MPB are the main population involved in acetate degradation and H2 utilization. 

Thus, the MPB were not hampered by SRB predominance during the process as 

the COD/SO4
2+

 ratio were always above 4 in the test. 
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Table 6.4. Characteristics of reactor effluents and emissions 

Parameter
 

Nominal COD loading (%)
 

100 130 150 180 

Control
 

pH 7.22 0.06
c
 7.28 0.07 7.18 0.03 7.21 0.01 

PA
a
 (mg/L) 2577 79 2693 144 2436 98 2372 38 

TA (mg/L) 3656 139 3747 176 3377 135 3256 38 

VFA
b
 (mg/L) 9.01 1.29 7.30 1.56 3.48 1.66 5.78 N/A

d
 

COD/SO4
2+

 5.98 N/A 4.72 N/A 4.73 N/A 3.98 N/A 

%CH4 58 0.75 60 0.84 60 0.74 60 0.63 

%CO2 41.72 0.89 39.67 0.92 39.36 0.10 38.93 0.80 

Test 

 

pH 7.20 0.07 7.25 0.07 7.18 0.05 7.09 0.05 

PA (mg/L) 2534 85 2492 94 2305 134 2041 123 

TA (mg/L) 3599 95 3522 116 3155 203 2970 150 

VFA (mg/L) 16.03 4.84 4.85 2.9 42.1 8.12 91.09 N/A 

COD/SO4
2+

 6.59 N/A 4.98 N/A 5.20 N/A 6.29 N/A 

%CH4 58 0.77 64 1.17 66.5 2.02 56 1.68 

%CO2 41.55 0.66 35.92 0.83 33.48 1.55 43.37 1.69 

a 
Partial alkalinity (PA) and total alkalinity (TA) represented as mg/L CaCO3; 

b 
Volatile 

fatty acids (VFA) represented as mg/L acetic acid; 
c 
Standard deviation; 

d 
Not available. 

 

The accelerated increase in VFA concentration in the test digester and 

decrease in the biogas CH4 content suggest that methanogens inhibition occurred 

at the 180% COD loading.  Consequently, as the proportion of the BGW in the 

feed was increased and reached 1.8% (v/v) of the feed, a reduction in methane 
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production was observed. In a similar study, Fountoulakis et al. (2010) reported 

that adding 3% (v/v) BGW to sewage sludge resulted in VFA accumulation and 

process instability. Robra et al. (2010) proposed another scenario for the 

methanogens inhibition due to the addition of BGW to the cattle slurry in a 4 L 

CSTR digester at mesophilic conditions. They observed that increasing the 

addition of BGW from 5% to 10% (wt) in the feed, no significant improvement in 

biogas production was achieved, although a greater amount of BGW had been 

fed.  This observation was attributed to the high concentrations of methanol and 

KOH in their BGW which inhibited biocenosis and caused process instability.  

 

6.3.5. Maximum Safe Loading Rate 

The maximum safe loading limit for BGW during co-digestion depends on 

the characteristics of the primary substrate and the BGW itself. The limit 

established from the present research, as shown in Figs. 5.2 to 5.5, was found at 

the 150% nominal COD loading where the COD due to BGW was 35% of the 

2.38 kg COD/(m
3

d) loading and the VS from BGW was 23% of the 1.04 kgVS/ 

(m
3

d) loading. This amount of BGW represented 1.1% (v/v) of the feed material.  

 

6.4. Conclusions 

Co-digestion of BGW and MWS at the maximum feasible OLR of 1.1% 

BGW (v/v) increased the GPR and MPR in test by 65% and 83% compared to the 

control digester, respectively.  At this loading, the test digester COD and VS 

removal rates were 82% and 63%, greater than those in the control digester, 

respectively. A considerable decline was observed in the test digester methane 

production, COD and VS removals when the proportion of COD and VS due to 

BGW in its feed was increased to 46% and 31% of the 2.38 kg COD/(m
3

d) and 

1.04 kg VS/(m
3

d) loadings, respectively. 
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CHAPTER 7. ANAEROBIC CO-DIGESTION OF BIODEISEL WASTE 

GLYCERIN WITH MUNICIPAL WASTEWATER SLUDGE: 

MICROBIAL COMMUNITY DYNAMICS AND REACTOR 

PERFORMANCE
*
 

 

7.1. Introduction 

Over the past decades, the production of biodiesel fuels as alternatives to 

fossil fuels has drawn much attention because they are derived from renewable 

resources in a more sustainable manner which is potentially less harmful to the 

environment (Ito et al., 2005). The 2012 European annual combined biodiesel 

production capacity was estimated to be greater than 23 million metric tons 

(MMT) (EBB, 2013), where the biodiesel production in the US exceeded 63 

MMT in 2013 (National Biodiesel Board, 2014). Production of 100 kg of 

biodiesel yields approximately 10 kg of glycerin waste as a co-product. Numerous 

industries such as pharmaceutical, cosmetics, and food processing, use refined 

glycerol as a raw input material. However, the crude glycerin generated as a co-

product of biodiesel production requires purification before being suitable for use 

in these industries. Also, the generation of glycerin waste has exceeded the 

present market demands, which has caused a 10-fold decrease in the price of 

refined glycerol and consequently has resulted in the purification of the biodiesel 

glycerin waste becoming uneconomical (Slinn et al., 2008). Therefore, the crude 

glycerin is often considered a waste stream instead of a co-product, which makes 

its disposal a fundamental environmental concern (Leoneti et al., 2012).  

 Several approaches have been proposed to develop applications of biodiesel 

waste glycerin (BGW) in order to make biodiesel production more economical. 

Among the many approaches proposed to develop commercial applications for 

biodiesel waste glycerin (BGW) in order to make biodiesel production more 

economical, anaerobic co-digestion of BGW has shown great promise because it 

is based on a proven technology and both stabilizes the waste and produces 

                                                 
*
 A version of this chapter has been submitted for publication. Razaviarani and Buchanan,     

Water Research (July 2014). 
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biogas. BGW is a readily degradable material however; the mono digestion of this 

industrial waste is not practical due to the lack of sufficient nutrients such as 

nitrogen (Razaviarani et al., 2013b).   

Disposal of municipal wastewater sludge (MWS) as a main by-product 

generated in wastewater treatment plants (WWTPs) is a major challenge which 

typically represents up to 50% of the overall operating costs of a WWTP. 

Anaerobic sludge digestion as a reliable technology employed worldwide to 

stabilize organics and reduce solids, destroy pathogens and produce biogas as the 

source of energy (Appels et al., 2008). It is broadly reported in many studies that 

anaerobic co-digestion of a mixture of organic wastes resulted in enhanced biogas 

production and organic matter removal rates (Hosseini Koupaie et al., 2014; 

Razaviarani et al., 2013a). Co-digestion of BGW with other organic wastes has 

been investigated in several studies and the benefits of the addition of BGW to 

improve the reactor’s performance and efficiency were unanimously reported. 

Astals et al. (2011) investigated the potential of biodiesel waste glycerin as the 

major carbon source for methane production in its co-digestion with pig manure 

and reported a methane yield of 0.215 L/gCOD at the maximum BGW loading of 

0.2 (w/w) of the feed.     

The performance and stability of anaerobic digestion depend greatly on the 

microbial activities involved through the four major stages of digestion: 

hydrolysis, acidogenesis, acetogenesis and methanogenesis. Understanding of 

process performance and reactor stability is enhanced greatly by knowledge of the 

relationships between reactor environmental conditions and microbial community 

dynamics (Pervin et al., 2013). Yet, due to the complexity of the microbial 

interactions in such systems, the microbial dynamics and community structure has 

remained essentially a black box in anaerobic digestion systems (Supaphol et al., 

2011). 

Recently, pyrosequencing technology has been broadly used as a high-

throughput sequencing technique in the field of microbial analysis based on the 

sequence-by-synthesis principle. This new technology has the potential 
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advantages of accuracy, flexibility and parallel processing over the current 

conventional methods (Fakruddin et al., 2012).   

The objective of this study was to investigate the linkage between the 

reactors’ performance and stability and microbial community dynamics of BGW 

co-digestion with MWS at various BGW loadings. To assess the effects of adding 

BGW to the MWS on the microbial community structure, the study was carried 

out at (1) steady-state, and (2) BGW overloading conditions. The 454- 

pyrosequencing analysis was applied to identify the methanogenic and the 

bacterial communities.   

 

7.2. Materials and methods 

 

7.2.1. Inoculum and wastes 

The raw materials used as substrate were municipal wastewater sludge 

(MWS) and biodiesel waste glycerin (BGW). The MWS consisting of a 4:1 (v/v) 

blend of primary sludge (PS) and waste activated sludge (WAS), was collected 

from a Wastewater Treatment Plant (WWTP) in Edmonton, Alberta, Canada. The 

BGW was obtained from a canola oil biodiesel refinery in Calgary, Alberta. 

Following collection, substrates were stored at 4°C until their utilization. The 

inoculum (biomass) used for reactor start-up was digested sludge collected from a 

full-scale mesophilic anaerobic reactor at the Edmonton WWTP. The 

characteristics of substrates and inoculum are shown in Table 7.1. 
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Table 7.1. Characteristics of substrates and inoculum 

Parameter Phase 1         Phase 2 Inoculum 

 MWS1 BGW 
 

MWS2 BGW  

Density (kg/L) 0.9 1.10  0.92 1.10 0.98 

COD (g/L) 75.3 1631  40.9 1486 22.9 

TS (g/L) 63.9 277.0  22.9 275.0 22.3 

VS (g/L)  35.7 240.2  18.3 236.0 12.2 

TSS (g/L)  61.5 33.5  19.2 31.5 20.9 

VSS (g/L) 34.8 28.3  15.6 26.0 11.3 

VFA (mg/L)  2982.8 
d
nm  1639.9 

b
nm 7.9 

TKN (mgN/L)  804 nm  794 nm 2140 

TAN (mgN/L) 346 nm  332 nm 755 

a
Alkalinity (mg/L) 1850 nm  2000 nm nm 

pH 5.8 9.0  5.7 10.2 7.3 

a 
 Alkalinity represented as mg/L CaCO3; 

b
  Non-measured. 

 

7.2.2. Reactor setup and operation 

The study was conducted in two separate phases based on the collection of MWS 

at different times from the WWTP. Digestion was carried out in two identical 10 

L (8 L working volume) reactors, mixed by magnetic stirrers and operated under 

mesophilic conditions (37°C) with a solids retention time (SRT) of 20 days. 

Reactor contents were maintained at 37±1 °C using heating tape wrapped around 

the reactors and the temperatures were monitored and controlled by Type K 

thermocouples and digital temperature controllers. An insulating jacket was 

applied around each reactor to minimize heat loss. 

 

Initially, each reactor was filled with 8 L of inoculum and the reactors’ 

headspace was purged with nitrogen gas. Every day, 400 mL of digested material 
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was withdrawn from each reactor and replaced with the same volume of substrate 

to provide a 20 day SRT. During the entire experiment one reactor served as 

control (C1) and received only MWS while the other was operated as the test 

reactor (T1) and was fed with a mixture of MWS and an amount of BGW based 

on a percentage of the control reactor COD loading. During the first phase of the 

experiment, reactors C1 and T1 received the equal amount of MWS1 to establish 

their baseline performance for a period of 30 days (1.5 SRT). When the 

equivalence of the reactors’ performance was established, the COD loading of T1 

was increased with the addition of a known volume of BGW to the MWS1 to 

obtain the desired COD loading of 130% relative to the control reactor. This 

operating mode was continued for 3 SRT (60 days) to reach the steady-state 

conditions and then sampling was conducted daily for 10 days. Similarly, for the 

second phase, the control reactor, C2, and test reactor, T2, were fed with same 

volume of MWS2 for 30 days to establish the baseline performance. Then the T2 

reactor was with fed a mixture of BGW and MWS2 to reach the COD loading of 

150% relative to the C2 reactor. The steady state conditions were achieved after 3 

SRTs when coefficients of variation of effluent COD, VSS and methane daily 

measurements were less than 5%. Thereafter, for a period of 10 days, samples 

were collected for the subsequent analyses. Following this 10-day sampling 

period, the loading to T2 was increased to 200% of the control COD loading by 

increasing the proportion of BGW in its feed.  This loading was continued for 3 

weeks and steady state performance was not attained. Reactor loadings and 

substrate mixture ratios during the experiment are shown in Table 7.2. 
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Table 7.2. Substrate loading characteristics 

Parameters     Unit Phase 1   Phase 2 

Reactor  C 1 T 1   C 2 T 2 

 
a 
COD loading  %  100 130   100 150 200 

BGW in feed % by volume 0.00 1.25   0.00 1.35 2.72 

Organic loading rate  g COD/L·d 3.77 4.82   2.05 3.02 4.01 

a
 COD loading percentages to the Test reactors were relative to the Control reactors in 

each phase 

 

7.2.3. Analytical methods 

Total and soluble chemical oxygen demands (COD, SCOD) of substrates and 

effluents were measured with the close reflux (5220C) method using HACH COD 

reactor and GENESYS20 spectrophotometer. Total solids (TS), volatile solids 

(VS), total suspended solids (TSS) and volatile suspended solids (VSS) were 

quantified using methods 2540G and 2540D, respectively. Total alkalinity (TA), 

partial alkalinity (PA) and pH were determined using Thermix stirrer 120S and 

ACCUMET AB15 Plus pH meter. The titration end points for PA and TA were 

pH 5.75 and 4.3, respectively according to Standard Method 2320B. All the above 

analyses were performed according to the standard methods in triplicate (APHA, 

2005). For the VFA analysis, all samples were centrifuged at 5000 g for 10 min 

and then the supernatants were filtered through the 0.45 m and 0.2 m nylon 

syringes. Individual volatile fatty acids (acetate, propionate, iso-butyrate, n-

butyrate, iso-valerate and n-valerate in the substrates and digested effluents were 

quantified by a Varian 430 gas chromatograph (GC) equipped by Stabilwax-DA 

capillary column and a flame ionization detector (FID). Total ammonia and TKN 

were measured by the Biochemical Analytical Service Laboratory (BASL) staff in 

the University of Alberta according to the standard methods. 

The biogas flow rate from each reactor was quantified by a digital gas flow 

meter and logged to a lab computer. Agilent 7890A gas chromatograph (GC) was 

used to measure the CH4 content in the biogas. The GC was equipped by Agilent 
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GS-Q column and a flame ionization detector (FID). The CO2 percentage in 

biogas was intermittently measured using a Fyrite gas analyzer according to the 

method specified by the manufacturer (Bacharach Inc., 2010).  

 

7.2.4. Microbial community analysis 

 

7.2.4.1. Sludge sampling and DNA extraction 

Well- homogenized effluent sludge samples were collected from the reactors 

during the last 10 days of steady-state period operation at each COD loading. 

Total genomic DNA was extracted from approximately 500 L of sample using 

Fast DNA® Spin kit for soil (Biomedical, USA) according to the manufacturer’s 

instructions. The samples were initially centrifuged at 10,000g for 20min, and the 

supernatant was removed carefully to obtain the settled biomass for DNA 

extraction. NanoDrop® 2000C spectrophotometer was used to determine the 

concentrations, quality and integrity of the extracted DNA (Thakuria et al., 2008). 

Extracted DNAs were stored at -20°C until submitted to the microbiology lab for 

the pyrosequencing analysis. 

 

 

7.2.4.2. Pyrosequencing analysis 

The 16S rRNA genes were amplified using bar-coded universal bacterial and 

archaeal primers for each sample. The sequence of the forward and reverse 

primers for bacterial universal were; (27F: AGR GTT TGA TCM TGG CTC AG, 

519r: GTN TTA CNG CGG CKG CTG) and for archaeal universal were (349F: 

GYG CAS CAG KCG MGA AW, 806r: GGA CTA CVS GGG TAT CTA AT). 

The PCR reactions were conducted in a single step 30 cycle PCR using 

HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA) under following 

conditions: initial denaturation at 94°C for 3 min, followed by 28 cycles of 94°C 

for 30s; annealing at 53°C for 40s and elongation at 72°C for 1 min; after which a 

final elongation step at 72°C for 5 min was performed. All the amplified 16S 

rRNA from different samples was mixed in equal concentrations and purified 
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using Agencourt Ampure beads (Agencourt Bioscience Corporation, MA, USA). 

All samples were subjected to pyrosequencing using Roche 454 FLX Titanium 

instruments and reagents according to the manufacture’s guidelines. Raw 

nucleotide sequence reads were sorted out using a proprietary analysis pipeline. 

Initially, the barcode sequences shorter than 200bp, non-16S rRNA sequences and 

sequences with homo-polymer runs exceeding 6bp were removed from barcode 

sorted sequences. Then, sequences were de-noised and chimera sequences of 

selected reads were also removed. Operational taxonomic units (OTUs) of each 

sequence were identified after removal of singleton sequences, clustering at 3% 

divergence (97% similarity). Final OTUs were taxonomically classified using 

BLAST and database derived from GreenGenes, RDPll and NCBl (DeSantis et 

al., 2006) and compiled into each taxonomic level into both “count” and 

“percentage” datasets. The count dataset contains the actual number of sequences 

while the percentage dataset defined as the ratio of number of assigned sequence 

reads of specific taxon divided by the number of total sequence reads. 

 

7.2.5. Statistical analysis 

Canonical correspondence analysis (CCA) was performed using XLSTAT 

software version 2014 (Addin-soft) to determine the correlation between 

microbial communities (bacteria and archaea) and reactors’ performance and 

stability variables. 

 

7.3. Results and discussion 

 

7.3.1. Reactors’ stability 

The stability of the reactors during different phases was assessed with the 

evolution of pH, volatile fatty acids, alkalinity and the VFA/Alkalinity and 

Propionate/Acetate ratios throughout the experiment. As shown in Table 7.3, the 

pH value in effluent for the different loads remained almost constant in the range 

of 7.3-7.45 throughout the entire experiment excluding in the overloading period. 

These values stayed within the optimum range for methanogens as indicates a 
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stabilized anaerobic reactor (Ferrer et al., 2010). At 200% COD loading, pH 

decreased markedly to the value of 6.2 where the system was exhibiting signs of 

instability. The VFA/alkalinity ratio always remained well below the critical 

value of 0.3 reported by Siles et al., (2010), thus indicating that process operated 

fairly stable during the safe loading of BGW. However, at 200% COD loading 

(overloading), a dramatic increase in VFA was typically resulted a reduction in 

buffer capacity in the reactor where the VFA/Alk ratio jumped considerably to 0.7 

which is well above the maximum safe value. Similar behavior was reported by 

Razaviarani et al. (2013), who observed signs of instability in the BGW co-

digestion with MWS under mesophilic conditions due to the accumulation of 

VFA and a reduction in the pH values as consequences of the BGW overloading. 

The same authors reported that the increase in BGW from 1.1% to 1.8% (v/v) in 

the feed reduced the buffer capacity and resulted signs of instability in the system. 

Fountoulakis et al., (2010) also observed an accelerated increase in VFA when the 

addition of BGW to the sewage sludge increased from 1% to 3% (v/v) and 

resulted process instability. In this study, the signs of reactors’ instability were 

observed when the BGW of 2.72% (v/v) of the feed was introduced to the reactor. 

 As shown in Table 7.3, the main VFA component during the addition of the 

BGW was propionate mostly at phase 2. In T1 and T2 reactors, although the total 

VFA concentration remained low enough according to the low VFA/Alkalinity 

ratio, the portion of propionate in the VFA was notably high compared to the 

other VFA components. Interestingly, 70% and 60% of the total VFA 

concentration detected in T2 and Overloading (OL) reactors were propionate with 

the values of 20.9 and 1380 mg/L, respectively. Increase in propionate level after 

addition of BGW to the sewage sludge was also observed by Fountoulakis et al. 

(2010) and was attributed to the high value of maximum specific utilization rate 

( max) of glycerol compared to that of propionate. Fountoulakis et al. (2010) 

reported the glycerin max of 3.6 d
-1

 while the max for the propionate was reported 

0.49 d
-1

 by Angelidaki et al. (1999) in anaerobic systems. The ratio of propionate 

to acetate (Pr/Ac) was reported by Nuchdang and Phalakornkule (2012) as a 

sensitive parameter to assess the stability of anaerobic process. This ratio should 
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remain below 1.4 as indicates that reactor is working under stabilized condition. 

As shown in Table 7.3, the Pr/Ac ratio remained well below the critical value 

during the entire experiment until it reached 2.1 in the reactor at the 200% COD 

loading. In addition, propionate as a major end product of glycerol degradation 

can be optimally utilized in anaerobic digestion when the pH is kept between 6.8 

and 7.3 (Fukuzaki et al., 1990). These results suggest that the overloading of 

BGW causes the propionate accumulation in the reactors and can finally establish 

the reactor instability. The results of this study support the assumption of 

propionate accumulation as the major cause of reactor instability at the 

overloading BGW addition.  

     

Table 7.3. Reactors’ stability and performance parameters at different phases of organic 

loadings. 

Parameters Phase 1  Phase 2 

Reactor C 1 T 1  C 2 T 2 

%
 
COD loading  100 130  100 150 200 

pH 7.3 7.45  7.33 7.30 6.2 

Alkalinity (mg/L) 4060 4909  4180 4193 2820 

VFA (mg/L) 39.5 109.9  54.1 29.7 2333.3 

         Acetic ac.(mg/L) 21.7 56.5  33.8 13.8 661.1 

         Propionic ac.(mg/L) 7.0 41.8  4.4 15.9 1380.4 

         Butyric ac.(mg/L) 22.2 7.0  6.4 
b
nd 116.8 

         Valeric ac.(mg/L) 4.5 4.8  9.5 nd 175.0 

Pr/Ac 0.3 0.7  0.1 1.1 2.1 

a
VFA : Alkalinity  0.01 0.03  0.003 0.006 0.7 

Biogas production (L/d) 8.2 12.2  4.5 9.0 4.8 

Methane yield (LCH4/gVSadded) 0.34 0.53  0.33 0.70 0.25 

a 
Alkalinity represented as mg/L CaCO3; 

b
 VFA represented as mg/L acetic acid. 
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7.3.2. Reactors’ performance 

Biogas production and methane yield are two major performance indicators 

that are to be enhanced in co-digestion systems.  As shown in Table 7.3, addition 

of BGW to the test reactors’ feed increased the biogas production and methane 

yield relative to the control reactors in each phase. In phase 1, the biogas 

production and methane yield increased to 12.2 L/d and 0.53 L/gVSadded at the 

130% COD loading to reactor T1.These represented 48% and 56% increases in 

biogas production and methane yield compared to the C1 reactor, respectively. At 

this COD loading, the T1 reactor feed contained 1.25% (v/v) of BGW. At 150% 

relative COD loading in Phase 2, the addition of 1.35% (v/v) BGW to the T2 feed 

resulted 100% and 121% increases in biogas production and methane yield 

relative to the C2 reactor, respectively. Progressive addition of 2.72% (v/v) BGW 

added to the reactor T2 feed resulted in a substantial reduction in biogas 

production and methane yield. These results indicated that addition of BGW in a 

safe loading range as a co-substrate can enhance biogas production and methane 

yield.  

The COD and VS removal efficiencies in anaerobic reactor are two essential 

stabilization indicators as they are related to the amount of destroyed organic 

material. The COD and VS removal percentages at two different phases are 

shown in Figure 7.1. In phase 1, when the T1 reactor relative COD loading was 

increased to 130% of the C1 reactor COD loading, the COD and VS removal 

percentages in T1 increased by 23% and 27% relative to the C1 reactor, 

respectively. The COD and VS removal rates at this loading were 2.52 g COD/L.d 

and 1.2 g VS/L.d in the T1 reactor, respectively. These represented 58% and 34% 

increases in COD and VS removal rates after addition of 1.25% (v/v) BGW to the 

feed of reactor T1 compared to the C1 reactor. The efficiency of COD and VS 

removals at 150% COD loading in T2 reactor were 1.46 and 1.38 times that of the 

C2 reactor, respectively. These represent the COD removal rates of 0.85 and 1.82 

g COD/L.d, and VS removal rates of 0.4 and 0.6 g VS/L.d in the C2 and T2 

reactors, respectively. Improvement in COD and VS removals arising from the 

addition of BGW is in agreement with previous studies. Razaviarani et al., (2013) 
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observed increases of 81% and 64% of COD and VS removal rates when they 

added 1.1% (v/v) BGW to the feed. Astals et al., (2011) also reported the 

increases of 61% and 107% of COD and VS removal efficiencies when BGW 

amounted to 65% of the total 3.56 kg COD/m
3
.d organic loading.  

As shown in Figure 7.1, further increase in the addition of BGW at 200% 

COD loading resulted in reductions of COD and VS removal efficiencies. This 

loading with 2.72% (v/v) BGW in the feed resulted in the COD and VS removal 

efficiencies being 40% and 38% lower than those of the C2 reactor, respectively. 

Therefore, this BGW loading was not sustainable as the process upset was 

observed in the T2 reactor. 

 

 

 

Figure 7.1. COD and VS removal percentages at different phases. 

 

7.3.2. Methanogenic community dynamics  

The archaeal 16S rRNA gene sequences at different taxonomic levels and the 

percentage of major phylotypes in each phase are summarized in Table 7.4 (genus 

level) and Figure 7.2 (order and family levels). As shown in Table 7.4, throughout 

the experiment, eight methanogenic genus sequences were identified in the 

archaeal sequence reads that all belong to the phylum Euryarchaeota.  The orders 

Methanomicrobiales and Methanosarcinales were found to be the dominant 
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archaeal communities in both phases, while the number of sequences from the 

Methanobacteriales order were much fewer than those of the two former orders 

(Figure 7.2). The numbers of archaeal phylogenetic groups during each operating 

condition are presented in the Appendix, Table C-2.1. 

The methanogenic community distribution between acetoclastic and 

hydrogenotrophic methanogens remained almost identical despite the different 

batches of MWS being fed to the control reactors in phases 1 and 2. The genus 

Methanomicrobium (hydrogenotrophic methanogens) and the genus 

Methanosaeta (acetoclastic methanogens) were the main methanogenic 

populations and were detected in approximately equal sequence abundance in the 

control reactors (Tables 7.4 and C-2.2). This suggests that both groups of 

methanogens were responsible for the methane production in the control reactors 

which were fed only MWS. This result is in agreement with a previous study that 

reported the genus Methanosaeta as the main acetoclastic methanogens when 

municipal wastewater sludge was fed to the digester (Demirel and Scherer, 2008).  

Kim et al., (2014) reported that an even distribution of hydrogenotrophic and 

acetotrophic methanogen populations in an anaerobic reactor indicates that the 

reactor is operating under stable conditions. 
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Table 7.4. Relative abundance of phylogenetic groups of archaeal in reactors   

Rank and Taxon  
a
Abundance (%) in the relevant 

genus 

 

Class Genus (
b
PF)   Phase 1  Phase 2  

Reactor  C 1 T 1  C 2 T 2  

%
 
COD loading   100 130 100 150 200 

Methanomicrobia Methanomicrobium (
c
H) 

Methanospirillum (H) 

Methanoculleus (H) 

42.0 

2.1 

3.5 

1.6 

3.8 

0.0 

41.1 

1.4 

3.2 

69.9 

0.7 

1.6 

95.7 

0.0 

0.3 

 Methanosarcina (
d
A/H) 

Methanosaeta (A) 

 

4.7 

43.9 

5.4 

85.9 

 3.7 

47.8 

2.5 

23.7 

0.2 

3.4 

 

Methanobacteria Methanobacterium (H) 

Methanosphaera (H) 

Methanobrevibacter(H) 

 

1.5 

2.1 

0.2 

2.3 

0.0 

0.0 

 1.4 

0.0 

1.4 

1.6 

0.0 

0.0 

0.1 

0.0 

0.0 

 

Other  0.0 0.9  0.0 0.0 0.3  

Phylum; Euryarchaeota; 
a 
the relative abundance of taxon defined as the number of 

sequences divided by the total number of sequence per sample; 
b 
Putative function;

                 

c 
Hydrogenotrophic methanogens; 

d
 Acetoclastic methanogens.  

 

During the 130% relative COD loading period, the total number of archaeal 

community sequences remained almost unchanged in reactor T1 relative to the C1 

reactor (see Table C-2.1). However, at this loading with the addition of 1.25% 

(v/v) BGW to the feed, more than 85% of the archaeal sequence reads were 

assigned to the genus Methanosaeta within the order Methanosarcinales (Table 

7.4). In comparison to reactor C1, the sequence abundance of genus 

Methanosaeta (acetoclastic methanogens) more than doubled while that of the 
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genus Methanomicrobium (hydrogenotrophic methanogens) decreased by a 96% 

in the T1 reactor (Table C-2.3). These methanogenic population dynamics were 

accompanied by 48% and 56% increases in biogas production and methane yield, 

respectively, in T1 reactor compared to C1. Typically, two-thirds of the methane 

is produced through the pathway of acetate in anaerobic processes (Kundu et al., 

2014).  Leclerc et al. (2004) reported that only one acetoclastic methanogen 

group, either Methanosarcina or Methanosaeta, dominates in an anaerobic 

digester with the dominance being based partly on the type of substrate and 

reactor loading. Methanosaeta have a lower half-saturation constant and 

maximum growth rate when utilizing acetate, while Methanosarcina have a 

higher half-saturation constant and maximum growth rate when using acetate 

(Conklin et al., 2006). Thus, Methanosaeta tend to dominate at low acetate 

concentrations and Methanosarcina generally dominate at higher acetate 

concentrations. As shown in Table 7.3, it is evident that during this loading, the 

concentration of acetic acid stayed well below (<1mM) and Methanosaeta were 

observed to be most abundant sequences. McMahon et al. (2001) investigated the 

microbial population in the mesophilic anaerobic co-digestion of municipal solid 

waste with the MWS and observed that Methanosarcina were the predominant 

acetoclastic methanogens in an unstable co-digester when the acetate 

concentration was high. The low acetate concentration and predominance of 

Methanosaeta suggest that the T2 reactor was operating under stable conditions.  

In Phase 2, the 150% relative COD loading to the T2 reactor resulted in 

approximately a 168% increase in the total sequence abundance of archaea 

compared to the C2 reactor (see Table C-2.1). The biogas production and methane 

yield in reactor T2 at this loading were 2.0 and 2.2 times that of the C2 reactor, 

respectively (Table 7.3). At this loading, with the addition of 1.35 % (v/v) BGW 

to the feed, the sequence abundances of the genera Methanomicrobium and 

Methanosaeta increased 4.6 and 1.3 fold compared to those of the control reactor 

(C2), respectively (Table C-2.2). Degradation of propionic acid, as the main 

product of glycerol degradation, is accelerated in the present of H2-utilizing 

methanogens (Fukuzaki et al., 1990). The same authors reported that the 
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production of methane from propionate degradation is thermodynamically 

feasible only when the H2 partial pressure is kept low enough (0.1 to 10.1 Pa) by 

H2-utilizing methanogens. During 150% relative COD loading, the pH value and 

VFA/Alkalinity ratio in reactor T2 remained in the optimum ranges (Table 7.3) 

indicating stable reactor operation.  Moreover, the reduction of CO2 by H2 via the 

hydrogenotrophic pathway is more energetically favorable than acetoclastic 

reactions (Leclerc et al., 2004), this may have resulted in the development of 

many more hydrogenotrophic populations than acetoclastic methanogens in 

reactor T2. These findings suggested that much of the CH4 was produced from the 

H2/CO2 pathway and that a greater number of hydrogenotrophic methanogens was 

present in the T2 reactor compared to the C2 reactor (Figure 7.2 and Table 7.4). 

Yang et al. (2008) also reported that hydrogenotrophic methanogens were the 

essential dominant archaeal group during the digestion of glycerol-containing 

synthetic wastes.   

At the 200% relative COD loading, the total sequence abundance of 

methanogens increased by approximately 45% in reactor T2 compared to the 

same reactor at the 150% relative COD loading (See Table C-2.1). However, the 

50% increase in BGW COD loading resulted in an 80% reduction of acetoclastic 

methanogen total sequence abundance and an 89% increase in hydrogenotrophic 

methanogen total sequence abundance compared to those measured at the 150% 

relative COD loading (Table C-2.3). Acetic acid and propionic acid accumulated 

in T2 when it received 2.72% (v/v) BGW in its feed at the 200% relative loading 

(Table 7.3). Ziganshin et al. (2010) reported that accumulation of acetic acid and 

propionic acid could be attributed to the inhibition of syntrophic propionate-

oxidizers as well as inefficient acetate utilization by acetoclastic methanogens 

which resulted in a reduction of methane yield and as a result an increase in 

hydrogenotrophic methanogens. Karakashev et al. (2006) indicated that in the 

presence of inhibitors such as high VFA concentrations, acetate is metabolized by 

syntrophic acetate oxidation to H2 and CO2 with methane formation occurring via 

the hydrogenotrophic pathway. This occurs mostly in the absence of a 

Methanosaeta community. The similar results obtained from the BGW 
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overloading in this study support the involvement of the syntrophic acetate 

oxidation pathway at the 200% relative COD loading.  

 

 

Figure 7.2. Distribution of family level of archaeal community categorized in brackets 

for order level. 

 

7.3.3. Bacterial community dynamics 

The 16S rRNA gene sequences of the bacterial community in each reactor 

during the first and second phases of operation are presented in Figure 7.3 and 

Table 7.5. In both phases, the inoculum contained three times more bacterial 

sequences than archaeal sequences (see Table C-2.1). Bacterial phyla 

Spirochaetes and Proteobacteria were found dominant in the inoculum bacterial 

community with relative abundance of 87% and 9.4%, respectively (see Table C-

1.2). The genus Candidatus Cloacamonas affiliated within phylum Spirochaetes 

was present in the greatest number of sequences in all reactors during the 

experiment could be attributed to the inoculum, in which the genus Candidatus 

Cloacamonas was dominant.  Yet, the presence and abundance of Spirochaetes in 

anaerobic digesters have rarely been investigated, possibly because the 

importance of this phylum in anaerobic digestion has not been fully appreciated 
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(Lee et al., 2013). The genus Candidatus Cloacamonas branching from the 

Spirochaetes was previously found to be hydrogen-producing syntrophs that are 

involved in the oxidation of propionate into acetate and CO2 (Pelletier et al., 

2008). This reaction is thermodynamically favorable only when the H2 partial 

pressure remains low by coupling the propionate-oxidizing reaction with the 

hydrogen-utilizing reaction mediated by hydrogenotrophic methanogens. Thus, 

the prevalence of Spirochaetes and its affiliated genus Candidatus Cloacamonas 

throughout this study could be attributed to these interesting characteristics and 

roles in anaerobic systems. 

As shown in Figure 7.3, the bacterial distributions in control reactors during 

the study remained quite stable despite the different batches of MWS being fed. 

However, the total number of bacterial sequences in C1 and C2 decreased by 10% 

and 47% compared to the inoculum, respectively. This alteration could have 

arisen from various factors such as changing substrate characteristics in the feed. 

The phylum Spirochaetes was dominant in C1 and C2 reactors with relative 

sequence abundances of 82.0% and 82.2%, respectively. The phyla 

Proteobacteria, Chloroflexi and Actinobacteria were also identified as the other 

three major populations in the reactors. 

The relative sequence abundance of Spirochaetes and Actinobacteria 

increased in reactor T1 at the 130% relative COD loading compared to reactor C2 

(Table 7.5). In contrast, the relative abundances of Proteobacteria and Chloroflexi 

were diminished considerably in T1 at this loading compared to C1. As shown in 

Table 7.5, about 93% of the total bacterial sequence abundance in T1 belonged to 

the genus Candidatus Cloacamonas which is a 13% increase relative to C1.  
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Table 7.5. Relative abundance of phylogenetic groups of bacteria in reactors   

Taxon  
a
Genus % of total bacterial sequence 

reads 

 

Phylum Genus (
b
PF)  Phase 1  Phase 2 

 

Reactor  C 1 T 1  C 2 T 2 

 %
 
COD 

loading  

 100 130  100 150 200 

Spirochaetes Spaerochaeta (U) 

Candidatus Cloacamonas (S) 

0.4 

82.0 

0.5 

92.9 

 0.3 

82.2 

0.2 

90.0 

0.0 

95.7 

Actinobacteria Demequina (F) 

Dermatophilus (H) 

0.2 

2.0 

0.4 

2.9 

 0.3 

1.2 

0.0 

7.8 

0.0 

1.8 

Proteobacteria Desulfarculus (A) 

Esherichia (A) 

2.2 

7.2 

0.0 

0.0 

 1.7 

8.0 

0.0 

0.0 

0.0 

0.0 

Chloroflexi Anaerolinea (F) 

Caldilinea (F) 

2.3 

2.1 

1.8 

0.0 

 2.4 

2.3 

0.0 

0.0 

0.0 

0.0 

Other  1.6 1.5  1.6 2.0 2.5 

a
 The relative abundance of taxon defined as the number of sequences divided by the total 

number of sequence per sample; 
b
 Putative function; U: unknown, S: syntrophic, F: 

fermentative, H: hydrolysis, A: acidogenesis. 

 

In Phase 2, with the addition of 1.35% (v/v) BGW to the feed, the total 

number of bacterial sequences increased from 4841 in C2 to 6056 in T2 reactor. 

This represents a 25% increase in total bacterial sequences in T2 compared to that 

of the C2 reactor. As shown in Figure 7.3, 90% of the total sequence abundance 

belonged to the Candidatus Cloacamonas affiliated within phylum Spirochaetes. 

Despite the increased loading, the propionic acid concentration remained 

relatively low (Table 7.3) suggesting that the increased numbers of 

hydrogenotrophic methanogen sequences also detected in reactor T2 (Table C-
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2.3) maintained H2 concentrations low enough to prevent inhibition of propionic 

acid oxidizing bacteria. These findings suggested that both microbial populations, 

syntrophic bacteria and H2-utilizing methanogens, contributed to accelerate the 

degradation of VFAs. These results indicate that a stable and resilient bacterial 

community was established at this loading.  

At the 200% relative COD loading, the total bacterial sequence abundance 

diminished to 3076 which was 37% lower than that in C2 and 49% lower than of 

T2 at its 150% loading. These reductions in bacterial sequence abundance 

occurred simultaneously with the drastic decline of acetoclastic methanogens and 

the reactor exhibiting signs of instability.  

 

 

Figure 7.3. Distribution of family level of bacterial community categorized in brackets 

for order level. 

 

7.3.4. Correlation between environmental variables and microbial dynamics 

A multivariate canonical correspondence analysis (CCA) was performed 

using XLSTAT software to illustrate potential correlations between the sequence 

reads of bacteria and archaea and the environmental variables pH, alkalinity and 

VFA throughout the experiment. A triplot of the CCA results is shown in Figure 
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7.4 and a review of its interpretation is given in the Appendix B. In the triplot, the 

ordination axes combine to explain 97.48% of total bacterial and archaeal 

community variations, indicating that these environmental variables were major 

factors shaping the microbial community dynamics. Significant correlations 

(p<0.05) were observed between microbial communities (bacterial and archaeal 

communities) and the environmental variables pH, alkalinity and VFA. As shown 

in Figure 7.4, the VFA variable was negatively associated with the pH and 

alkalinity variables, as would be expected.  

As shown in Figure 7.4, genus Candidatus Cloacamonas (B7) is located near 

the origin of the plot, indicating that this genus was affected only slightly by 

changes in the environmental conditions considered. Candidatus Cloacamonas 

remained predominant for all reactor loadings, possibly because of being 

syntrophic bacteria. In general, this genus was more abundant at lower than 

average VFA concentrations and higher than average pH and alkalinity.  Lee et al. 

(2013) found that the abundance of Spirochaetes is negatively correlated to the 

alkalinity variable and that this phylum is likely to be dominant under the weekly 

alkaline conditions. 

The location of Dermatophilus (B6) indicates that the response of this genus 

to the environmental variables resembled that of Candidatus Cloacamonas (B7), 

as the two genera are grouped close together in the plot. The location of genus 

Demequina (B5) indicates that this genus was more abundant in the test reactors 

than in controls and was somewhat more abundant at lower than average VFA 

concentration and higher than average pH and alkalinity.  

The sequence numbers of genera Anaerolinea (B1), Caldilinea (B2), 

Esherichia (B3) and Desulfarculus (B4) were more abundant in control reactors 

than in tests and all these genera were more abundant at lower than average VFA 

concentration and higher than average pH and alkalinity. In fact, none of these 

genera were detected at COD loadings above 130% relative to the control reactor 

loadings, and the genera Esherichia (B3) and Desulfarculus (B4) affiliated within 

phylum Proteobacteria were absent at all test digester loadings.  
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As shown in Figure 7.4, the reactors’ locations indicate that the 

environmental conditions in reactors T1 and T2 were similar, as were those in C1 

and C2. However, the environmental conditions during the overload condition of 

reactor T2 (shown as OL in the figure) were characterized by much higher than 

average VFA and much lower than average pH and alkalinity.     

 

 

Figure 7.4. Canonical correspondence analysis (CCA) triplot showing the 

correlation between the sequence abundance of microbial communities and 

the environmental variables [pH, Alkalinity and VFAs] in the various COD 

loadings (●).The environmental variables represented in CCA are shown as 

vectors in the plot. The triangle symbol (Δ) represents the sequence genus of 

bacterial communities that include: B1: Anaerolinea; B2: Caldilinea; B3: 

Escherichia; B4: Desulfarculus; B5: Demequina; B6: Dermatophilus; B7: 

Candidatus Cloacamonas. The open circle symbols (○) represent the genus of 

archaeal populations that include A1: Methanomicrobium; A2: 

Methanospirillum; A3: Methanoculleus; A4: Methanosarcina; A5: 

Methanosaeta; A6: Methanobacterium.   
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The sequences of Methanomicrobium (A1) and Methanosaeta (A5) were 

generally present in greatest abundance throughout the study with sequences of 

the genus Methanosaeta being most abundant in reactor T1 (the 130% relative 

COD loading). The hydrogenotrophic genus Methanomicrobium (A1) sequences 

were more abundant at higher than average BGW loadings in reactor T2 and 

particularly during the overloaded condition (OL in Figure 7.4). These findings 

suggest that the hydrogenotrophic methanogens were important populations 

during higher BGW loadings and increased in sequence abundance with the 

addition of BGW at the 150% and 200% relative COD loadings. The dominance 

of hydrogenotrophic populations in digesters in which   inhibitory conditions 

prevail has been reported in literature (Demirel and Scherer, 2008). The 89% 

increase in hydrogenotrophic methanogens sequences (A1) during the BGW 

overloading compared to that in the same reactor (T2) at the 150% relative COD 

loading was accompanied with 80% reduction in the number of acetoclastic 

methanogen sequences. The CCA triplot shown in Figure 7.4 indicates that genera 

Methanosarcina (A4) and Methanosaeta (A5) were more abundant at higher than 

average pH and alkalinity and lower than average VFA concentration. The 

methanogenic population changes during the overload condition was 

accompanied by 47% and 64% reductions in biogas production and methane yield 

compared to those in T2 at the 150% relative COD loading. This, together with 

the increase in propionate and the decline in the number of bacterial sequences, 

suggests that H2 had built-up in the system and inhibited propionic acid oxidizing 

bacteria. Despite the large increase in the number of hydrogenotrophic 

methanogen sequences sufficient population numbers were not achieved within 

the 21 days of reactor operation at the 200% relative COD loading to restore 

stability to the reactor and methane production declined.  

The location of Methanoculleus (A3) indicates that this genus was more 

abundant in control reactors. In fact Methanoculleus sequences were present in 

the lowest abundance at low and high BGW loadings (130% and 200% relative 

COD loadings). The response of this genus to the environmental conditions was 

not monotonic and the variation in its sequence abundance may be due to random 
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error or to an environmental variable not considered during the analysis. The 

genera Methanospirillum (A2) and Methanobacterium (A6) were present in each 

reactor during stable operation (not present during overloading conditions) and 

their sequences were more abundant at higher than average pH and alkalinity and 

lower than average VFA concentration.  

These microbial dynamics results suggest that co-digestion of mixed organic 

wastes under stable operating conditions can support a broader diversity of 

microbial populations, and particularly of methanogenic populations compared to 

mono-digestion of MWS. This may be due to the availability of greater variety 

and concentrations of nutrients. It should be noted that, understanding the role of 

syntrophic bacteria such as Candidatus Cloacamonas within the phylum 

Spirochaetes and their interactions with methanogens is key to the understanding 

of reactor performance and should be investigated further, particularly in the 

anaerobic co-digestion of mixed-substrates. 

 

7.4. Conclusions 

Co-digestion of BGW with MWS under stable mesophilic operating 

conditions resulted in faster and greater reductions of VS and COD, as well as in 

enhanced biogas production and methane yield. Stable operating conditions were 

achieved at BGW loadings that represented 50% of the MWS feed COD, which 

for the BGW used in the study represented 1.35% of the feed by volume.  These 

higher loadings correlating were associated with increased numbers of 

methanogen sequences. The acetoclastic methanogens (mostly Methanosaeta) 

sequences were dominant at moderate BGW loading (30% of the MWS feed 

COD), while hydrogenotrophic (mostly Methanomicrobium) populations 

prevailed at higher BGW loadings (50% and 100% of the MWS feed COD). 

Reductions in pH, alkalinity, biogas production and methane yield at the highest 

BGW loading (100% of MWS feed COD) were accompanied with a dramatic 

increase in VFA concentrations, mainly propionic acid. The genus Candidatus 

Cloacamonas was the predominant bacterial genus in all reactors throughout the 

study.    
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CHAPTER 8. GENERAL CONCLUSIONS AND RECOMMENDATIONS 

 

8.1. Thesis Overview 

Anaerobic digestion (AD) is a complex biological process performed in the 

absence of oxygen to produce biogas, mainly CH4 and CO2, and stabilize organic 

matter. This process is a robust technology that has been applied at municipal 

wastewater treatment plants (WWTPs) for decades to treat the sewage sludge. 

However, the mono-digestion of a single substrate can possess some weakness 

and disadvantages related to the type and source of the substrate. The lack of 

enough buffer capacity and source of micro-nutrients, producing inhibitor by-

products and compounds are some of the drawbacks in the AD of individual 

substrate. Most of these issues can be overcome by the simultaneous AD of two 

or more substrates in a process called anaerobic co-digestion (ACD). Generally, 

ACD focuses on mixing different substrates to benefit from positive interactions 

including nutrient balance and dilution of inhibitory compounds. Under such 

circumstances, reactor performance and stability is enhanced which has mainly a 

consequence of improvement in biogas and methane production. Despite these 

benefits of ACD, selection of appropriate co-substrates with an optimal blend 

ratio to provide the best synergisms is a key in such systems. Therefore, ACD of 

different organic waste and the decisions on their ratios require more attention to 

the critical parameters such as, buffer capacity, pH, and micro-nutrient balance. 

Municipal wastewater sludge (MWS) is one of the most highly ranked co-

substrates used in anaerobic co-digesters mainly because of its special 

characteristics such as relatively low C/N ratio and high buffer capacity. 

Moreover, the AD capacity in WWTPs is not fully utilized by MWS mono-

digestion and this surplus is a major driving force behind the MWS co-digestion.   

Restaurant grease trap waste (GTW) and biodiesel glycerin waste (BGW) are 

two of the major commercial and industrial organic waste streams produced in 

large quantities in the world. The restaurant GTW characteristics can vary mostly 

depending on the sources and the collection devices. The restaurant GTW has a 

high biochemical oxygen demand with a high content in fat, oil and grease (FOG) 
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which make it a reliable source of energy. Depending on the portion of FOG, the 

dewatered GTW contains high methane production potential. However, the mono-

digestion of GTW is not practical because of a number of issues such as, 

inhibition of methanogens, clogging in the liquid or gas systems, foaming and 

biomass floatation. The BGW is a readily digestible substrate with the potential of 

complete COD degradation. But, anaerobic mono-digestion of BGW is not viable 

due to the lack of important micronutrients such as nitrogen.  

Therefore, ACD of MWS with GTW or BGW allows beneficial use of these 

organic wastes that cannot be digested alone. The advantages of co-digestion of 

MWS with these organic wastes were investigated in the literature. Yet, there was 

a lack of a thorough investigation on the reactor’s behaviors during the ACD of 

MWS with these organic wastes.  

This work focused on assessing the reactor’s behaviors during ACD of MWS 

with GTW and BGW in two separate trials at three different phases; (1) the 

maximum feasible loading of each co-substrate, (2) modeling the GTW co-

digestion system at steady state condition, and (3) correlations between reactor 

performance and stability and microbial community dynamics during steady state 

and overloading conditions. The objectives of this research were achieved through 

accomplishing these steps in different phases.    

In order to achieve these objectives, in the first phase, pilot-scale study was 

performed to investigate the reactor performance and stability during the ACD of 

MWS with GTW and BGW in two separate trials. The maximum feasible organic 

loading of both co-substrates based on COD were determined through the pilot 

study in two 1300 L reactors. In the second phase, two 10 L reactors were used to 

calibrate the Anaerobic Digestion Model No.1 (ADM1) for steady state anaerobic 

co-digestion of MWS with GTW. At this phase, the anaerobic respirometry test 

was also carried out for 10 days period for the calibration of kinetic parameters. 

Given that anaerobic digestion comprises multiple biological reactions mediated 

by microbial activities, the reactor performance and stability is strongly correlated 

to the microbial community structures during addition of co-substrate to the feed. 

In the third phase, two 10 L reactors were used to investigate this relationship at 
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steady state and overloading of co-substrate (GTW or BGW) in two separate 

trials. Pyrosequencing analysis was applied to determine the sequence abundance 

of microbial (bacterial & archaeal) community and canonical correspondence 

analysis (CCA) was used to determine the correlations between the microbial 

community dynamics and reactor performance in each trial. The reactors in all 

three phases were operating under mesophilic condition at a 20 day SRT. 

 

8.2. Conclusions  

Based on the experimental results and analyses obtained from all three phases in 

this research, the following conclusions were drawn:  

 

1. At the pilot scale GTW co-digestion, the test digester loading was 

increased incrementally to a maximum of 280% of the control digester 

COD loading. The highest feasible GTW loading was determined to be 

23% and 58% in terms of its total 1.58 kg VS/(m
3
.d) and 3.99 kg 

COD/(m
3
.d) loadings, respectively. This test digester COD loading 

represented 240% of the control digester COD loading. At this loading, 

test digester biogas production was 67% greater than that of the control. 

During the test digester quasi steady state loading period when VS from 

GTW represented 19% of its total VS loading, the test digester COD and 

VS removal rates were 2.5 and 1.5 fold those of the control digester, 

respectively. The test digester biogas production declined markedly when 

the percentage of VS from GTW in its feed was increased to 30% of its 

total VS loading. Causes of the reduced biogas production were 

investigated and attributed to inhibition due to long chain fatty acid 

accumulation. 

 

2. At the pilot scale BGW co-digestion, the highest proportion of BGW that 

did not cause a process upset was determined to be 23% and 35% of the 

total 1.04 kg VS/ (m
3
.d) and 2.38 kg COD/ (m

3
.d) loadings, respectively. 

At this loading, the biogas and methane production rates in the test 
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digester were 1.65 and 1.83 times greater than of those in the control 

digester which received only MWS, respectively. The COD and VS 

removal rates at this loading in the test digester were 1.82 and 1.63-fold 

those of the control digester, respectively. Process instability was observed 

when the proportion of BGW in the test digester feed was 31% and 46% 

of the 1.18 kg VS/ (m
3
·d) and 2.88 kg COD/ (m

3
·d) loadings, respectively. 

 

3. The Anaerobic Digestion Model No.1, implemented in the GPS-X 

computational simulator, was calibrated to simulate the steady state 

anaerobic co-digestion of municipal wastewater sludge and restaurant 

grease trap waste (GTW). Substrate characterizations combined with 

anaerobic respirometric analysis were applied for model calibration. Initial 

biomass concentrations and distributions were estimated using methane 

production rate curves together with effluent values from full-scale 

anaerobic digesters. Two separate datasets obtained from steady state 

mesophilic lab-scale experiments were used to calibrate and validate the 

model. The modified model was able to predict reasonably well the 

steady-state results of biogas production, CH4 and CO2 contents, pH, 

alkalinity, COD and VSS observed within the evaluated GTW loading. 

Finally, the calibrated model was validated using pilot-scale co-digestion 

results obtained during the study reported in Chapter 2. The model output 

was in good agreement with measured values of methane production, pH, 

ammonia, alkalinity and COD.  

     

4. Linkage between reactor performance and microbial community dynamics 

was investigated during mesophilic anaerobic co-digestion of restaurant 

grease waste (GTW) with municipal wastewater sludge (MWS) using 10 L 

completely mixed reactors and a 20 day SRT. Addition of GTW to the test 

reactors enhanced the biogas production and methane yield by up to 65% 

and 120%, respectively. Pyrosequencing revealed that Methanosaeta and 

Methanomicrobium were the dominant acetoclastic and hydrogenotrophic 
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methanogen genera, respectively, during stable reactor operation. The 

number of Methanosarcina and Methanomicrobium sequences increased 

and that of Methanosaeta declined when the proportion of GTW in the 

feed was increased to cause an overload condition.  Under this overload 

condition, the pH, alkalinity and methane production decreased and VFA 

concentrations increased dramatically. Candidatus Cloacamonas, affiliated 

within phylum Spirochaetes, were the dominant bacterial genus at all 

reactor loadings. The CCA triplot indicated that among the studied 

environmental variables, VFA concentration accounted for much of the 

major shifts in microbial sequence abundance during GTW co-digestion. 

 

5. Two 10 L completely mixed reactors operating at 37°C and 20 days SRT 

were used to evaluate the relationships between reactor performance and 

microbial community dynamics during anaerobic co-digestion of biodiesel 

waste glycerin (BGW) with municipal wastewater sludge (MWS). The 

addition of up to 1.35% (v/v) BGW to reactor feeds yielded increased VS 

and COD removal rates together with enhanced the biogas production and 

methane yield. This proportion of BGW represented 50% of the MWS 

feed COD. Pyrosequencing analysis showed Methanosaeta (acetoclastic) 

and Methanomicrobium (hydrogenotrophic) to be the methanogenic 

genera present in greatest diversity during stable reactor operation. 

Methanosaeta sequences predominated at the lowest BGW loading while 

those of Methanomicrobium were present in greatest abundance at the 

higher BGW loadings. Genus Candidatus Cloacamonas was present in the 

greatest number of bacterial sequences at all loadings. Alkalinity, pH, 

biogas production and methane yield declined and VFA concentrations 

(especially propionate) increased during the highest BGW loading. 
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8.3. Future Research and Recommendations 

1. In the pilot-scale study, the safe upper limit on co-substrate (GTW and 

BGW) loadings were identified after incremental increases in the 

proportions of co-substrate to the test digester feed. This feeding mode 

continued until the signs of inhibition or instability were observed. 

However, the ability of the digester to recover was not investigated after 

the process distress was observed. Further research is required for 

investigation of the possible process recovery during the incrementally 

addition of GTW or BGW to the MWS at mesophilic anaerobic co-

digestion.  

 

2. During the research, in the pilot and bench scale experiments, the required 

inoculum (biomass) to start up the reactors was the effluent collected from 

a full-scale mesophilic anaerobic digester which was fed by municipal 

wastewater sludge. The effects of inoculum adaptation under the certain 

conditions in terms of feeding mode and type of substrate on the process 

efficiency and performance have been reported in literature. Using the 

acclimatized biomass collected from a reactor effluent working with the 

similar feeding components (GTW and BGW) can improve the 

performance of co-digestion of MWS with either of GTW or BGW. 

Having the acclimated inoculum under similar conditions can increase the 

degradation rate and reduce the inhibitory effects of by-products such as 

LCFA, VFA, ammonia, and others. Therefore, finding the effects of using 

acclimated biomass on the reactor performance, recovery duration and 

increasing the maximum loading level for anaerobic co-digestion of MWS 

with GTW and BGW in different trails is suggested for the future 

research. 

 

3. In the bench-scale study, although the bacterial and archaeal community 

dynamics (sequences) were identified by pyrosequencing analysis, the 

numbers of bacterial and archaeal species during the co-digestion of MWS 



 

 

134 

 

with GTW or BGW remained unknown. For the future research, available 

microbial techniques such as qPCR (the copies number of gene) can be 

applied following the DNA extraction and PCR. Determination of 

numbers of each identified species can elucidate the contribution of the 

target individual sequences to the biodegradation of mixed substrates 

during the anaerobic co-digestion of MWS with GTW or BGW.   

 

4. In this research, the Anaerobic Digestion Model no.1 (ADM1) was 

calibrated to simulate and predict the behavior of steady state anaerobic 

co-digestion of MWS and GTW. Anaerobic respirometric analysis with 

substrate characterizations were applied for the model calibration. For the 

future research, it is suggested to apply a similar method for the 

calibration of ADM1 to simulate the steady state anaerobic BGW co-

digestion with MWS. Several calibrations and modifications of ADM1 are 

available in the literature, but a very limited number of studies have 

focused on the modeling co-digestion systems and none has addressed 

modeling the co-digestion of MWS with BGW.  
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APENDIX A: Pilot-Scale Supplementary Data 
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Figure A2. Pilot Anaerobic Digesters 

 

 

 

Pilot-Scale setup: 

 

 

  

 

 

 

 

         Figure A1. The Pilot Trailer 
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Figure A3. Mixing and Feeding Tanks 

 

 

 

 

 

 

 



 

 

152 

 

A.1. GTW Co-digestion 

The daily biogas production per unit digester active volume of the test and 

control digesters is shown in Figure A1.1 throughout the study period. 

 

 

 

Figure A1.1. Daily biogas production per unit reactor volume of control and test 

digesters. 

 

The control and test digesters received blended sludge during the first 30 

days.  The control digester continued to receive the blended sludge throughout the 

test period.  However, the test digester received restaurant grease in addition to 

the blended sludge beginning at day 30. Data collected during the final 10 days at 

each loading level was used to calculate digester performance.  

True steady state could not be achieved because of the changes in the influent 

sludge characteristics.  Unlike bench-scale studies, which involve smaller feed 

volumes that can be stored under conditions that preserve their characteristics, the 

larger volumes of sludge required in the pilot-scale study (approximately 150 L 

per day including the piping hold-up) required that fresh samples be obtained 

daily from the on-site sludge blend tank.  The control digester was operated 

throughout the 155 day study at the same loading rate and with the same type of 

feed (blended sludge from the full-scale plant).  Because of the varying 
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characteristics of the blended sludge, comparisons are made between the test and 

control digester on an on-going basis. Quasi steady state was deemed to prevail 

when coefficient of variation of effluent COD and VS daily measurements was 

less than 5%. The variability of the test and control digester effluents in terms of 

COD and VS are shown graphically and statistically in the tables and figures.  

The variation in effluent COD concentrations of the test and control digesters 

during the final 10 days of the nominal 100% loading period is illustrated in 

Figures A1.2 and A1.3, respectively.  

 

 

Figure A1.2. Deviation of test digester effluent COD from its mean value during 

the final 10 days of the 100% loading. 
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Figure A1.3: Deviation of control digester effluent COD from its mean value 

during the final 10 days of the 100% loading. 

 

The mean value of effluent COD, its standard deviation and coefficient of 

variation for the test and control digesters during the final 10 days of the 100% 

loading period are shown in Table A1.1.  

 

Table A1.1. Statistical measures of effluent COD variability during the final 10 

days of the nominal 100% loading period. 

Effluent 

COD 

Mean Std. Dev COV 

(g/L) (g/L) (%) 

Control 13.3 1.67 12.5 

Test 14.1 1.07 7.6 

 

The VS concentrations in the test and control digester effluents during the 

final 10 days of the nominal 100% loading period are shown in Figures A1.4 and 

A5.  
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Figure A1.4. Deviation of test digester effluent VS from its mean value during the 

final 10 days of the 100% loading. 

 

 

 

Figure A1.5. Deviation of control digester effluent VS from its mean value during 

the final 10 days of the 100% loading. 

 

The mean value of effluent VS, its standard deviation and coefficient of 

variation for the test and control digesters during the final 10 days of the nominal 

100% loading period are shown in Table A1.2.  
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Table A1.2. Statistical measures of effluent VS variability during the final 10 days 

of the nominal 100% loading period. 

Effluent 

VS 

Mean Std. Dev COV 

(g/L) (g/L) (%) 

Control 10.8 0.4 4.1 

Test 11.5 0.4 3.8 

 

The variation in effluent COD concentrations of the test and control digesters 

during the final 10 days of the nominal 190% loading period is illustrated in 

Figures A1.6 and A1.7, respectively.  

 

 

Figure A1.6. Deviation of test digester effluent COD from its mean value during 

the final 10 days of the 190% loading. 
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Figure A1.7. Deviation of control digester effluent COD from its mean value 

during the final 10 days of the 190% loading. 

 

 

 

The mean value of effluent COD, its standard deviation and coefficient of 

variation for the test and control digesters during the final 10 days of the nominal 

190% loading period are shown in Table A1.3.  

 

Table A1.3. Statistical measures of effluent COD variability during the final 10 

days of the nominal 190% loading period. 

Effluent 

COD 

Mean Std. Dev COV 

(g/L) (g/L) (%) 

Control 14.8 0.5 3.6 

Test 14.6 0.7 4.6 

   

   The VS concentrations in the test and control digester effluents during the 

final 10 days of the nominal 190% loading period are shown in Figures A1.8 and 

A1.9.  
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Figure A1.8. Deviation of test digester effluent VS from its mean value during the 

final 10 days of the 190% loading 

 

 

 

Figure A1.9. Deviation of control digester effluent VS from its mean value during 

the final 10 days of the 190% loading. 
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The mean value of effluent VS, its standard deviation and coefficient of 

variation for the test and control digesters during the final 10 days of the nominal 

190% loading period are shown in Table A1.4.  

 

Table A1.4. Statistical measures of effluent VS variability during the final 10 days 

of the nominal 190% loading period. 

Effluent 

VS 

Mean Std. Dev COV 

(g/L) (g/L) (%) 

Control 10.4 0.5 4.4 

Test 10.2 0.5 4.6 
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A.2. BGW Co-digestion 

The control and test digesters received blended sludge during the first 30 

days.  The control digester continued to receive the blended sludge throughout the 

test period.  However, the test digester received biodiesel waste glycerin in 

addition to the blended sludge beginning at day 30. Data collected during the final 

10 days at each loading level was used to calculate digester performance.  

The daily measurements of influent and effluent COD concentrations throughout 

the study period are shown in Figure A2.1. 

 

Figure A2.1. Influent and effluent COD concentrations throughout the study 

period. 

 

Methane production in the control and test digesters was measured during the 

final 10 days of each test digester loading level and is shown in Figure A2.2.   

Other measurements that were made during the final 10 days of each test digester 

loading level are: the volatile solids concentrations in the influent and effluent of 

each digester (Figure A2.3); the total and partial alkalinity of each digester 

effluent (Figure A2.4); and the pH of each digester effluent (Figure A2.5).  
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Figure A2.2. Daily methane production during the final 10 days of each loading 

level. 

 

 

 

Figure A2.3. Daily influent and effluent volatile solids concentrations during the 

final 10 days of each loading level. 
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Figure A2.4. Total (TA) and partial (PA) alkalinity in each digester during the 

final 10 days of each test digester loading level. 

 

 

Figure A2.5. pH in each digester during the final 10 days of each test digester 

loading level. 
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APENDIX B: GTW Modeling Supplementary Data
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B.1. GTW Calibration Model 

The initial concentration parameters represent the inoculum characteristics used in ADM1. 

These parameters have been adjusted through the simulation of full-scale anaerobic digester 

where the inoculum was sampled. The parameters which were adjusted in this study are listed in 

Table B1. The MPR curves obtained from the respirometry analysis and used throughout the 

study are also presented here in Figure B1. 

 

Table B1. Initial concentrations values in ADM1 

Parameters Symbol Unit Adjusted Default 

Initial methane isCH4 [mg COD/L] 51.0 50.0 

Initial inorganic carbon isIC [mole C/m
3
] 84.3 100 

Initial inorganic nitrogen isIN [mgN/L] 929 3200 

Initial total acetate isac [mg COD/L] 5.54 180 

Initial total propionate ispro [mg COD/L] 0.92 15 

Initial total butyrate isbu [mg COD/L] 3.94 15 

Initial total valerate isva [mg COD/L] 0.0 10 

Initial monosaccharide issu [mg COD/L] 28.5 10 

Initial amino acids isaa [mg COD/L] 6.22 5.0 

Initial long chain fatty acids isfa [mg COD/L] 125 100 

Initial soluble inerts isi [mg COD/L] 2710 5500 

Initial composites ixc [mg COD/L] 3080 5500 

Initial carbohydrates ixch [mg COD/L] 50.6 50.0 

Initial proteins ixpr [mg COD/L] 34.0 50.0 

Initial lipids ixli [mg COD/L] 56.9 80.0 

Initial sugar degraders ixsu [mg COD/L] 675 850 

Initial amino acids degraders ixaa [mg COD/L] 345 600 

Initial LCFA degraders ixfa [mg COD/L] 420 700 

Initial valerate and butyrate degraders ixC4 [mg COD/L] 171 300 

Initial propionate degraders ixpro [mg COD/L] 100 135 

Initial acetate degraders ixac [mg COD/L] 594 900 

Initial hydrogen degraders ixH2 [mg COD/L] 294 435 
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(c) 

 

 

Figure B1. Methane production rates in respirometric batch experiments of (a) inoculum, (b) 

MSW, and (c) GTW+MWS. 
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 APENDIX C: Microbial Supplementary Data 
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1- GTW co-digestion with MWS in bench-scale: 

 

Table C-1.1. Total sequence abundance of bacteria and archaea in reactors 

Total Sequence Stage 1  Stage 2   

 C 1 T 1  C 2 T 2 T 2'  Inoculum 

Bacteria 8224 5494  4841 4833 3990  9139 

Archaea 5263 5103  2330 3592 3337  3309 
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Table C-1.2. Sequence numbers of archaeal phylogenetic groups in reactors.   

Reactor   C-1 T-1 
 

C-2 T-2 T-2′ 

% Loading   100 150 
 

100 190 400 

   Number of sequences in the relevant genus 

Class Genus (similarity %) Stage 1   Stage 2 

Methanomicrobia 

Methanomicrobium (97) 2210 1245 
 

958 647 944 

Methanospirillum (99) 111 77 
 

33 154 177 

Methanoculleus (99) 184 0 
 

75 104 33 

 

Methanosarcina (99) 247 388 
 

86 104 737 

Methanosaeta (99) 2310 3041 
 

1114 2461 1161 

       

Methanobacteria 

Methanobacterium (97) 79 128 
 

33 65 73 

Methanosphaera (99) 111 66 
 

0 54 87 

Methanobrevibacter (99) 11 148 
 

33 0 80 

       
Other   0 10   0 4 43 
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Table C-1.3. Sequence numbers of phylogenetic groups of bacteria in the inoculum. 

Phylum Genus (similarity %)  Number of bacterial sequence reads  

Spirochaetes Spaerochaeta (95) 92  

 Candidatus Cloacamonas (99) 7951 

   

Actinobacteria Demequina (99) 196 

 Dermatophilus (92) 262 

   

Proteobacteria Desulfarculus (93) 151 

 Esherichia (97) 292 

   

Chloroflexi Anaerolinea (95) 2 

 Caldilinea (94) 10 

   

Other   184 
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Table C-1.4. Sequence numbers of phylogenetic groups of bacteria in reactors. 

Reactor   C-1 T-1 

 

C-2 T-2 T-2′ 

% Loading 100 150 

 

100 190 400 

   Number of bacterial sequence reads 

Phylum Genus (similarity %)  Stage 1  Stage 2 

Spirochaetes Spaerochaeta (95) 33 22 

 

15 14 0 

 

Candidatus Cloacamonas (99) 6744 4395 

 

3979 3881 3148 

        Actinobacteria Demequina (99) 16 0 

 

15 0 0 

 

Dermatophilus (92) 164 82 

 

58 77 56 

        Proteobacteria Desulfarculus (93) 181 110 

 

82 72 104 

 

Esherichia (97) 592 665 

 

392 604 567 

        Chloroflexi Anaerolinea (95) 189 115 

 

116 111 40 

 

Caldilinea (94) 173 0 

 

111 0 0 

        Other   132 104   73 72 76 
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Interpretation of the Canonical Correspondence Analysis Triplot 

The outcome of the bacterial and archaeal CCA is represented in a triplot that displays 

environmental factors as arrows while genus and reactor (site) scores are shown as points.  In the 

triplot shown in Figure 3, bacterial genera are shown as open triangles, archaeal genera as open 

circle and reactors as closed circles. The genera intend to be dominant in the sites (reactors) that 

are located near them and also be positioned close to the other genera which have distributional 

similarity to each other.  For instance, reactors whose points are close to each other are 

environmentally similar. The proximity of a genus point to a reactor point is related to the 

relative abundance of that genus in that reactor environment compared to the genus relative 

abundance in other reactors. A genus located near a reactor tends to have a higher relative 

abundance of sequences in that reactor than it has in more distant reactors. The relative locations 

of genera indicate their distributional similarity to each other.  

 

Environmental factor arrows radiate from the origin. The length of an environmental factor 

arrow indicates its importance to the ordination axis by which the microbial distribution can be 

explained, while the arrow direction indicates its correlation with each of the axes.  The tail of an 

arrow can be extended through the origin away from its head. This is useful when estimating the 

degree of negative correlations. A small angle between the heads of arrows indicates the two 

environmental factors have a high degree of positive correlation.  A small angle between the tails 

of two environmental factors (tails extended through the origin) means the two environmental 

variables have a high degree of negative correlation. The distance of a genus to an arrow 

indicates the approximate ranking of genus response to that environmental factor. A genus point 

that lies close to the origin is interpreted as the genus very little response to changes in 

environmental factors. The approximate ranking of a genus response to an environmental factor 

is higher than average when a perpendicular drawn from the species to the arrow lies on the same 

side of the origin as the head of the arrow, and is lower than average when the origin lies 

between the perpendicular drawn line and the head of the arrow. 
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2- BGW co-digestion with MWS in bench-scale: 

 

Table C-2.1. Total sequence abundance of bacteria and archaea in reactors 

Total Sequence Phase 1  Phase 2   

 C 1 T 1  C 2 T 2  Inoculum 

Bacteria 8224 6343  4841 6056 3076  9139 

Archaea 5263 5447  2390 6409 9258  3309 
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                  Table C-2.2. Sequence numbers of archaeal phylogenetic groups in reactors. 

Reactor   C 1 T 1 
 

C 2 T 2 T 2 

% Loading   100 130 
 

100 150 200 

   Number of sequences in the relevant genus 

Class Genus (similarity %) Phase 1   Phase 2 

Methanomicrobia 

Methanomicrobium (97) 2210 89 
 

983 4481 8861 

Methanospirillum (99) 111 209 
 

33 44 0 

Methanoculleus (99) 183 0 
 

76 102 28 

 

Methanosarcina (99) 248 296 
 

88 159 18 

Methanosaeta (99) 2310 4679 
 

1143 1517 314 

       

Methanobacteria 

Methanobacterium (97) 80 124 
 

33 102 9 

Methanosphaera (99) 110 0 
 

0 0 0 

Methanobrevibacter (99) 10 0 
 

34 0 0 

       
Other   0 50   0 4 28 
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                        Table C-2.3. Sequence numbers of phylogenetic groups of bacteria in reactors. 

Reactor   C 1 T 1 

 

C 2 T 2 T 2 

% Loading 100 150 

 

100 190 400 

   Number of bacterial sequence reads 

Phylum Genus (similarity %)  Phase 1  Phase 2 

Spirochaetes Spaerochaeta (95) 33 22 

 

15 10 0 

 

Candidatus Cloacamonas (99) 6744 5895 

 

3979 5452 2944 

        Actinobacteria Demequina (99) 16 25 

 

15 5 0 

 

Dermatophilus (92) 164 182 

 

58 477 57 

        Proteobacteria Desulfarculus (93) 181 0 

 

82 0 0 

 

Esherichia (97) 592 0 

 

392 0 0 

        Chloroflexi Anaerolinea (95) 189 115 

 

116 0 0 

 

Caldilinea (94) 173 0 

 

111 5 0 

        Other   132 104   73 106 75 

 


