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ABSTRACT 

This research investigated the early stage of the culture’s adaptation during psychrophilic 

anaerobic digestion (20 ºC) of complex substrates (dairy manure and grass silage) at increasing 

organic loading rate (OLR; 1-5 g VS/L.d) and total solids content (TS; 7-10%) in batch reactors. 

The methane yield from mono-digestion of dairy manure was higher at lower OLRs, while in co-

digestion of the dairy manure and grass silage, the trend was the opposite. Similarly, the reactors 

with lower TS content showed higher methane yield in mono-digestion of dairy manure. 

Introducing grass silage to the bioreactors enhanced the methane yield in all experiments. The 

substrate degradation by inoculum was confirmed by three kinetic models (first-order, Cone, and 

modified-Gompertz). The microbiome analysis revealed that the Bacteroidetes phylum was 

dominant, indicating the inoculum’s capability to degrade and ferment the organic matter in the 

complex substrates. An integrated psychrophilic anaerobic digestion with a dry methane reforming 

plant for green hydrogen production was rigorously simulated using Aspen Plus V11. The results 

indicated that 48.07 kg/h biogas could produce 8.11 kg/h hydrogen. In addition, the proposed 

process reduced the CO2 emission by 398,736 tonnes/year compared to the direct use of biogas for 

electricity production. The current research provides an assessment of the on-farm biogas plants 

potential in cold environments. In addition, the developed process simulation platform could be 

employed to design and optimize the biogas plants. 

 

Keywords: Anaerobic digestion, Psychrophilic, Biogas, Kinetic modeling, Microbiome analysis, 

Hydrogen, Dry methane reforming, CO2 emissions 
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Chapter One 

INTRODUCTION 

1.1. Background 

Climate change due to environmental pollution is increasing the demand for renewable 

energy sources. The shortage of fossil fuels, on the one hand, and the environmental concerns 

related to fossil fuels combustion, on the other hand, push governments, industrial managers, and 

researchers to look for alternative sources of energy. According to the British Petroleum Annual 

Statistical Review, the global primary energy consumption grew by 2.9% in 2018, the highest rate 

since 2010 (British Petroleum, 2019). Consequently, the carbon emission rate has experienced its 

highest growth rate (33890.8 million tonnes) in the last seven years and increased by 2% in 2018 

(British Petroleum, 2019). Figure 1.1 illustrates the share of global primary energy sources over 

25 years (British Petroleum, 2020). Despite that oil and coal remained as the primary energy 

sources, their share decreased over the past decades. Oil and coal provided about 66% of the total 

energy in 1994, while their contribution to energy consumption decreased to 60% in 2019. On the 

other hand, natural gas contribution to the global primary energy sources increased from 21% in 

1994 to 24% in 2019.  

Renewable energy sources include hydro, wind, tidal, solar, geothermal, and biomass. 

Among the renewable energy sources,  the proportion of hydroelectricity contribution in the energy 

consumption remained relatively constant over the past years, while that of nuclear energy 

decreased. The renewable sources' contribution to energy consumption showed the most increasing 

trend; it grew from less than 1% in 1994 to more than 5% in 2019. These facts indicate a constant 
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effort to use clean energy sources such as natural gas and renewable energies. Renewable energy 

sources can compensate for the depletion of fossil fuels and alleviate their environmental impacts. 

 

 
Figure 1.1. Share of various sources in the global primary energy in the period 1994-2019 (British 

Petroleum, 2020) 

 

Furthermore, the large amount of waste produced by agricultural activities imposes several 

environmental issues such as soil-, air-, and water pollution, odor nuisance, low crop yields, and 

degradation of soil quality. Thus, various organic wastes treatments have been employed to reduce 

the negative impacts of waste disposal. Statistics (Figure 1.2) show that 44% of the global waste 

generated is food and green wastes (Kaza et al., 2018). This large amount of food and green wastes 

production implies that waste treatment is essential. About 40% of the waste is disposed of in 

landfills (Figure 1.3). In comparison, about 19% is processed for material recovery using 

composting and recycling (Kaza et al., 2018). 
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Figure 1.2. Global waste composition by source 

(Kaza et al., 2018) 

Figure 1.3. Global waste treatment and disposal 

methods (Kaza et al., 2018) 

 

 

Figure 1.4 shows the total amount of waste disposal in Canada by provinces and territories.  

According to Statistics Canada, Newfoundland and Labrador (NL) produced 407,728 tonnes of 

waste in 2006 (Statistics Canada, 2009) and grew to 499,038 tonnes in 2014 (Dillon Consulting, 

2014). Knowing that the amount of waste is increasing incessantly, developing sustainable 

treatment methods and reuse seems even more important than ever.  

 

 
Figure 1.4. Waste disposal in Canada by province and territories (Statistics Canada, 2009) 
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Anaerobic digestion (AD) is a promising method for renewable energy production, in the 

form of biomethane, from organic wastes (Petropoulos et al., 2017). Energy production, 

environmental protection, and nutrients recovery are motives for developing various methods of 

reusing organic waste (Sadugh et al., 2009; Zabaleta and Rodic, 2015). Carbon, nitrogen, and 

phosphorus are the main elements that should be recovered (Kjerstadius et al., 2015; Reijnders, 

2014; Theobald et al., 2016). Reusing organic wastes is more appealing because of the rising costs 

of nutrients and the decrease in their global availability. 

 

1.2. Research Problems 

The recoverable manure from the livestock sectors in the Atlantic Provinces is around 7,000 

tonnes/day; it could generate about 3,325 GJ/day by anaerobic digestion. The electrical energy 

potential would be 260 MW h/day. If biogas is used to replace heating oil, it could cut 1.2 million 

tonnes of CO2 emissions annually from the Canadian emissions. Simultaneously, large titles of 

methane, one of the most damaging GHGs, could be eliminated from being released into the 

atmosphere (Helwig et al., 2002).  

In Newfoundland, the dairy and poultry farms form the largest farming operations. 

Compared to other farms, dairy and poultry farms produce the largest amount of manure in NL 

(Butler et al., 2017). According to the Department of Natural Resources (2013), around 39 dairy 

producers exist in the province. However, Butler et al. (2017) indicated that NL has only 27 active 

dairy producers. National statistics indicate that NL has around 5,700 dairy cows. In the Avalon 

region, about 141 m3 of dairy manure is produced daily (Dillon Consulting, 2014); other manure 

types are also produced. For example, the Avalon region also generates about 16 tonnes/day of 
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poultry manure and 106 m3/month of mink manure, which could be co-digested with the dairy 

manure. 

Although there is a huge potential of producing biogas, generating electricity, and 

eliminating carbon emissions from manure storage tanks in NL dairy farms, some obstacles need 

to be addressed. In this regard, this study addressed several research problems/questions: 

 As NL is located in a cold region and the temperature is low, the microorganisms’ 

performance will be diminished if not using an acclimated culture with a sufficient 

hydraulic retention time. The lower activity of microorganisms leads to lower biogas 

production. To what extent the low temperature will affect the performance of the 

anaerobic digestion system in terms of biogas production? 

 The performance of the anaerobic digester is directly and strongly connected to the 

ability of microorganisms to convert organic wastes to desired products. To this end, 

the microorganisms need to be adapted to the operating conditions of the anaerobic 

digester. What is the consequence of using an unacclimated inoculum? Are the 

groups of microorganisms able to hydrolyze the organic waste and produce CH4? 

 The first step of each anaerobic digestion system is to adapt microorganisms. 

Microorganism adaptation has the most crucial role in methane yield. 

Microorganisms are adapted based on the specific substrates, and if they are used for 

another substrate, it is normal to see a significant reduction in the methane yield. The 

microorganism adaptation process takes long times, months and years. The early 

stages (early cycles) of the culture adaptation is imperative to continue inoculum 

acclimation and attain an acclimated culture. What groups of microorganisms present 

in the culture during the early stages of the culture adaptation? 
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 Kinetic modeling is a mathematical approach to correlate the experimental data and 

determine the meaningful parameters of the models. What are the kinetic parameters 

for psychrophilic anaerobic digestion at NL conditions?  

 What is the real potential of NL dairy farms in biogas production and electricity 

generation?  

 

1.3. The Knowledge Gap and Novelty of this Study 

Inoculum adaptation is a crucial step before commissioning and operating a biogas plant. 

Several factors should be considered in the adaptation of inoculum: (1) source of inoculum (Saady 

et al., 2012; Wojcieszak et al., 2017); (2) operating parameters (De Vrieze et al., 2015; Ho et al., 

2014; Kundu et al., 2014); (3) type of substrate (Agabo-García et al., 2020; Zahedi et al., 2016); 

and (4) type of process  (batch vs. continuous and wet vs. dry) (Güelfo et al., 2010; Kakuk et al., 

2017). The inoculum source is an essential factor as each source has a specific community in which 

specific microorganisms are dominant (Liu et al., 2017b). The inoculum requires adaptation to the 

operation parameters such as temperature (Ho et al., 2014), organic loading rate (OLR) (Kundu et 

al., 2014), and concentrations of volatile fatty acids (VFAs) and ammonia (De Vrieze et al., 2015). 

The effect of the substrate in the inoculum adaptation is also important. When the inoculum is fed 

a new substrate different from the substrate to which the inoculum is adapted, low biogas 

production is a consequence. Each substrate has its molecular structure, which needs specific 

microorganisms to access its digestible portion. The type of process (wet vs. dry) is also important; 

increasing the solids content to an inoculum adapted to wet anaerobic digestion can negatively 

affect the process performance.  
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The temperature affects the digester performance; decreasing the temperature decreases the 

rate of substrate consumption (i.e., substrate turnover), microbial growth rates, and methane 

production rate. At psychrophilic temperatures, the rate of hydrolysis decreases, indicating a 

reduction in the substrate utilization rate and a lower removal of the influent chemical oxygen 

demand (COD) (Petropoulos et al., 2017; Saady and Massé, 2015). Thermodynamically, a 

decrease in temperature causes an increase in the energy required to convert propionate and 

butyrate to acetate since their reactions are endothermic (Lettinga et al., 2001). Moreover, 

temperature influences methanogenesis and alters the microbial community structure and the 

degradation pathway of organic matter (Chin and Conrad, 1995; Kotsyurbenko, 2005; 

Nozhevnikova et al., 2007). Bowen et al. (2014) observed that using mesophilic anaerobic 

microorganisms in a psychrophilic (<8 ºC) digester lowers the rate of methanogenesis. 

Psychrotolerant microbial communities could adapt, but they need adequate time; otherwise, it can 

cause digester failure. Enhanced digester performance would be attained by using an acclimated 

inoculum. Arikan et al. (2015) showed that operating a digester at 28 ºC could be as effective as a 

mesophilic temperature (i.e., 35 ºC) using an acclimated inoculum. However, reducing the 

temperature to 22 ºC decreased the biogas production rate by 30%. Although the inoculum 

adaptation has a vital impact on the digester performance, it is rarely considered in quantitative 

studies. The early-stage (the first incubation cycle or HRT) of culture’s adaptation is of great 

importance; there is a lack of information in the accessible literature on the early-stage adaptation 

of inoculums to the psychrophilic AD of complex substrates. 

In addition to experimental analysis, the modeling of the AD process is helpful as it provides 

useful information on designing and analyzing AD systems. The most common mathematical 

models developed for AD systems are the Comprehensive Model by Angelidaki et al. (1999) and 
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the Anaerobic Digestion Model No. 1 (ADM1) by Batstone et al. (2002). These models are 

mathematical and theoretical and has been widely applied to the AD systems (Jurado et al., 2016; 

Page et al., 2008; Rivas-García et al., 2013). Implementing these models within simulation tools 

will provide a comprehensive platform, which is capable of simulating the AD process integrated 

with other processes (i.e., biogas upgrading and utilization processes). Peris Serrano (2010) and 

Rajendran et al. (2014) used the concepts of AD from earlier studies and developed the process 

simulation framework in Aspen Plus simulation tool. However, the previous simulation studies are 

valid for the mesophilic and thermophilic range of temperatures. The psychrophilic anaerobic 

digestion process simulation has not been reported yet. 

 

1.4. Scope and Objectives 

Dairy farms are important in NL. For example, Lester’s Dairy Farm (LDF), St. John’s, 

houses 500-600 cows and generates 10.5 tonnes of wet manure daily. This amount of manure 

production provides an opportunity for biogas production. An on-farm simple technology for 

manure-to-biogas conversion will respond to the immediate need of these farms to manage their 

farm waste in an environmentally friendly manner and reduce their energy bills. In addition, such 

technology will reduce the current greenhouse gas (GHG) emissions from the open-top manure 

storage tank and manure spreading on land.  

The objective of this study is to investigate the early stage of inoculum adaptation during 

psychrophilic AD of dairy manure and grass silage. In order to have a successful biogas industry, 

it is necessary to provide the anaerobic digesters with an acclimated inoculum. The acclimated 

culture could be obtained from an anaerobic digester operating at the same operating conditions as 

the proposed AD system. In other words, the AD from which the inoculum is obtained should be 
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fed with the same feedstock(s), work at the same temperature, and operate at the same range of 

OLR and TS. It is more feasible and less costly to adapt an unacclimated culture than importing 

adapted inoculum from other province. This case is considered for remote locations in which no 

similar operating AD could be found nearby.  

This study is for developing a real biogas plant in Eastern Newfoundland. Notice that 

Newfoundland is an island and that adapted microbial culture is not accessible. Thus, the first step 

of establishing the biogas plant is inoculum adaptation. The inoculum seed could be obtained from 

the wastewater treatment facilities, which exist in most urban areas. In this regard, this study used 

inoculum obtained from a wastewater treatment facility in St. John’s. This research aims to assess 

the potential of biogas production from dairy manure and grass silage using psychrophilic (20 ºC) 

on-farm wet anaerobic digestion process to convert the organic waste (dairy manure and grass 

silage) into biogas in laboratory-scale experiments. The early-stage adaptation of the inoculum 

was investigated and monitored during two cycles of experiments. The first cycle of experiments 

was conducted at increasing organic loading rate (OLR) to explore the effect of this parameter on 

the methane yield and the performance of microorganisms. Kinetic modeling and microbial 

community analysis were studied to explain the initial adaptation stages. The second cycle of 

experiments was aimed at investigating the effect of TS on the process performance in terms of 

methane yield and kinetic models. The project focuses on the inoculum adaptation and kinetics of 

biogas production during the initial stage of the start-up phase.  

The research objectives are: 

 To develop, adapt, and characterize anaerobic mixed microbial culture to operate 

at psychrophilic condition (20 ºC) and digest dairy manure and grass silage 
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 To investigate the effect of digestion of dairy manure alone and co-digestion of 

dairy manure and grass silage on biogas production 

 To evaluate the impact of increasing the organic loading rate (OLR, the mass of 

volatile solids fed to the digester daily) on biogas yield and microbiome 

performance  

 To evaluate the impact of increasing the total solid content (TS) of the dairy manure 

and mixture of dairy manure and grass silage on biogas yield and microbiome 

performance 

 To assess the kinetics of biogas production at low temperature through three 

different kinetic models 

 To analyze microbiome during the process to find out the dominant groups of 

microorganisms which indicate the adaptation of inoculum 

 To perform a preliminary analysis on the economics of a proposed biogas plant at 

Lester’s Dairy Farm  

 To simulate the anaerobic digestion process using Aspen Plus, involving the kinetic 

parameters of the fermentation reactions applicable at a wide range of temperatures 

(10 to 65 ºC) 

 To evaluate the potential of hydrogen production from biogas using process 

simulation of the dry methane reforming process  

 

1.5. Structure of the Thesis 

This thesis includes seven chapters. Chapter one contains an introduction, scope and 

objectives, and thesis organization. Chapter two is a comprehensive literature review and presents 
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the different aspects of the anaerobic digestion relevant to biogas production from dairy manure. 

Chapter three presents an experimental study on methane production under increasing OLR and 

its kinetic and microbiome analyses. Chapter four includes the results of anaerobic digestion 

experiments for increasing the TS followed by the kinetic analysis. Chapter five presents the 

economic assessment of biogas production plants using dairy manure in Newfoundland. Chapter 

six includes the assessment of hydrogen production from biomass through integration of anaerobic 

digestion and dry methane reforming processes. Finally, Chapter seven provides the conclusions 

and recommendations. 

 

1.6. Contributions from this Thesis 

This thesis contributes to both scientific and practical aspects of the anaerobic digestion 

systems. On the scientific side, the early stage of inoculum adaptation has rarely been investigated. 

This study explored the response of the microbial community during the adaptation process by 

increasing the organic loading rate and the total solids content of the bioreactors. In terms of 

practical aspects, the results of this study will be used to find the feasibility of constructing an on-

farm biogas plant at a typical farm in St. John’s. The contribution of the thesis are presented below: 

 Abdollah Hajizadeh, Noori M. Cata Saady, Sohrab Zendehboudi (2020). “Evaluating 

Biogas Potential of Dairy Manure from a Typical Dairy Farm in St. John’s Area 

Using Psychrophilic Anaerobic Digestion,” an unpublished project report (pp. 157) 

to the Department of Fisheries and Land Resources, Government of Newfoundland 

and Labrador through the Canadian Agriculture Partnership Program. 

 Abdollah Hajizadeh, Noori M. Cata Saady, Sohrab Zendehboudi (2020). “Biogas 

Production Potential of Dairy Manure and Agricultural Wastes in a Typical Dairy 
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Farm in Newfoundland and Labrador,” oral presentation at 70th Canadian Chemical 

Engineering Conference, 26-30 Oct, Ottawa, Canada. 

 Abdollah Hajizadeh, Noori M. Cata Saady, Sohrab Zendehboudi (2020). “Cost 

Analysis of On-Farm Biogas Plants for Dairy Farms,” oral presentation at 1st Virtual 

Eastern Canadian Symposium on Water Quality Research, 6 Nov, Canada. 

 Abdollah Hajizadeh, Noori M. Cata Saady, Sohrab Zendehboudi (2021). “Evaluation 

of Biogas Production Potential from Dairy Manure and Grass Silage at Low 

Temperature,” oral presentation at 22nd Aldrich Interdisciplinary Conference, 16-25 

Aug, Memorial University, Canada. 

 Abdollah Hajizadeh, Noori M. Cata Saady, Sohrab Zendehboudi, Andrew S. Lang 

(2020). “The Early Stage of Culture Adaptation to Psychrophilic Anaerobic 

Digestion: Kinetics and Microbiome Dynamics”, (submitted). 
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Chapter Two 

LITERATURE REVIEW 

2.1. Introduction 

This chapter presents a literature review of biogas production's scientific and engineering 

aspects from biomass through anaerobic digestion. It reviews the background and basics of 

anaerobic digestion, biogas production, various types of anaerobic digesters, and the inhibition 

phenomena in anaerobic digestion. The microbiology analysis is also presented to provide the 

biological aspect of the process. In the end, the biogas upgrading has been briefly reviewed.  

 

2.2. Anaerobic Digestion 

Some signs are showing that the Assyrian and Persian people were using biogas to warm 

bathing water in the 10th century BCE (Lusk, 1998). Later on, the production of flammable gas in 

lakes, originating from the degradation of organic materials, was observed by Jean Baptiste van 

Helmont in 1662 (Bond and Templeton, 2011). However, the first research attempts to produce 

biogas were carried out by Alessandro Volta in 1776; he experimentally found a direct relationship 

between biomass degradation and gas production (Ferry, 2012). Methane production from cattle 

manure was first observed by Humphry Davy in 1808, where he confirmed methane production 

potential from cattle manure through anaerobic digestion (Lusk, 1998).  

Anaerobic digestion (AD) is a biochemical process in which the organic materials are 

degraded in an oxygen-free (anaerobic) environment. It is a well-known process for treating 

wastewater and industrial organic waste (Lettinga, 1995). It is also used to produce bioenergy from 

animal manure and agricultural residue (Chynoweth et al., 2001). Among various biodegradable 



18 

 

organic materials, agricultural residue, energy crops, silage, cow manure, and sewage are the most 

common feedstock for biogas production (Gunaseelan, 1997). Biogas is produced as an end 

product of the AD process and can be used directly to generate heat energy or electricity. Biogas 

usually contains around 60% methane (CH4), 40% carbon dioxide (CO2), and traces of other gases 

such as nitrogen, hydrogen, ammonia, and hydrogen sulfide (Chynoweth et al., 2001). Also, it is 

favored to remove CO2 from the biogas to produce bio-methane, which can be used for heating 

purposes or compressed as a vehicular fuel (Holm-Nielsen et al., 2009). 

The AD process uses organic matter as feedstock or substrate and produces biogas. This 

process is performed by a set of microorganisms that convert organic matters biologically into 

biogas. The microorganisms have a crucial role in the degradation of organic materials and the 

production of methane/carbon dioxide (Sonakya et al., 2001). The AD process is generally carried 

out through four steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Yuan and 

Zhu, 2016). Figure 2.1 gives a schematic of the anaerobic digestion process.  

 

2.2.1. Hydrolysis 

Hydrolysis is the first step in the anaerobic digestion process. It involves the physical 

conversion of large organic materials (polymers) such as carbohydrates, lipids, and proteins into 

monomers and small substances (Adekunle and Okolie, 2015). As a result, carbohydrates are 

broken down into simple sugars, proteins are degraded into amino acids, and lipids are hydrolyzed 

to long-chain fatty acids (LCFAs) (Figure 2.1). Hydrolytic bacteria secrete extracellular enzymes 

to catalyze these parallel degradation processes. The bacteria directly use the soluble products. The 

hydrolysis step is the most important step when the substrate is complex or hard, such as 

lignocellulosic biomass, because it controls the rate of the process (rate-limiting step) (Pavlostathis 
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and Giraldo-Gomez, 1991). Therefore, the hydrolysis step dramatically affects biogas production 

(El Mashad, 2003; Shrestha et al., 2017). In the hydrolysis step, enzymes play the main role. The 

enzymes such as cellulase, amylase, protease, and lipase break down large molecules into small 

molecules. 

 

2.2.2. Acidogenesis 

During the hydrolysis step, some large molecules are directly converted to hydrogen and 

acetate, which methanogens (the methane-producing microorganisms) can directly use to produce 

methane. However, most of the hydrolysis products are still relatively large and require further 

conversion to smaller molecules such as acetic acid. In acidogenesis, acidogenic bacteria convert 

the products of the hydrolysis step to forms usable by methanogens. In this step, simple sugars, 

amino acids, and fatty acids are degraded to produce acetate, carbon dioxide, and hydrogen. In 

addition, short-chain volatile fatty acids (VFAs) and alcohols are produced. The acidogenic 

reactions are given in Table 2.1. 

 

2.2.3. Acetogenesis 

Acetogenesis follows acidogenesis; acetogenic bacteria convert the previous step’s acidic 

products (such as propionic acid, butyric acid, and valeric acid) to acetic acid, hydrogen, and 

carbon dioxide; substrates that methanogens (the methane-producing microorganisms) consume 

to produce methane. The acetogenic reactions are given in Table 2.1. 

 



20 

 

 
Figure 2.1. Schematic diagram of the anaerobic digestion process (Jha et al., 2011) 

 

Table 2.1. The biochemical reactions involved in anaerobic digestion 

Step Biochemical reaction 

Acidogenesis 𝐶6𝐻6𝑂6 + 2𝐻2 → 2𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂𝐻 + 2𝐻2𝑂 

𝐶6𝐻12𝑂6 → 2𝐶𝐻3𝐶𝐻2𝑂𝐻 + 2𝐶𝑂2 

Acetogenesis 𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂− + 3𝐻2𝑂 → 𝐶𝐻3𝐶𝑂𝑂− + 𝐻+ + 𝐻𝐶𝑂3
− + 3𝐻2 

𝐶6𝐻12𝑂6 + 2𝐻2𝑂 → 2𝐶𝐻3𝐶𝑂𝑂𝐻 + 2𝐶𝑂2 + 4𝐻2 

𝐶𝐻3𝐶𝐻2𝑂𝐻 + 2𝐻2𝑂 → 𝐶𝐻3𝐶𝑂𝑂− + 2𝐻2 + 𝐻+ 

2𝐻𝐶𝑂3
− + 4𝐻2 + 𝐻+ → 𝐶𝐻3𝐶𝑂𝑂− + 4𝐻2𝑂 

Methanogenesis 2𝐶𝐻3𝐶𝐻2𝑂𝐻 + 𝐶𝑂2 → 2𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐶𝐻4 

𝐶𝐻3𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 𝐶𝑂2 

𝐶𝐻3𝑂𝐻 → 𝐶𝐻4 + 𝐻2𝑂 

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂 

𝐶𝐻3𝐶𝑂𝑂− + 𝑆𝑂4
2− + 𝐻+ → 2𝐻𝐶𝑂3

− + 𝐻2𝑆 

𝐶𝐻3𝐶𝑂𝑂− + 𝑁𝑂− + 𝐻2𝑂 + 𝐻+ → 2𝐻𝐶𝑂3
− + 𝑁𝐻4

+ 
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2.2.4. Methanogenesis 

Methanogenesis is the final stage of AD where methane (CH4) is generated either from VFAs 

or directly from hydrogen and carbon dioxide. Methane, a completely reduced carbon molecule 

reduced (i.e., rich in electrons that can be extracted as energy), is an ideal waste product for AD as 

it is sparingly soluble in water. Once it is generated, it leaves the aqueous phase as gas and does 

not further affect the microbial ecology. The methanogenic reactions are given in Table 2.1. 

 

2.3. Biogas Production 

Anaerobic digestion (AD) produces biogas that can be used to generate energy. Livestock 

farmers use AD to offset their electricity bills and reduce their farms’ carbon footprint. The main 

products of AD are biogas and digestate. Biogas is used in an engine to produce electricity and 

heat, whereas the digestate is usually used as a fertilizer, soil amendment, and/or bedding source. 

A wide range of organic wastes can be fed to the anaerobic digester for biogas production. 

Lignocellulosic wastes from agricultural and municipal activities are collected in large quantities 

every day. Animal manure and slurry, sewage sludge and municipal solid waste, and food waste 

are the most typical wastes used for biogas production. Table 2.2 gives the typical amount of 

energy production from different sources of waste. 

 

2.4. Overview of Operational Parameters 

The performance of AD depends parameters that should be taken into account in the design 

and operation of an anaerobic digester. The most important parameters involving in the anaerobic 

digestion process are total solids content, volatile solids content (it refers to the amount of organic 

matter), and Carbon-to-Nitrogen (C/N) ratio of the substrate, pH and alkalinity, temperature, 
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hydraulic retention time, organic loading rate, and inoculum-to-substrate ratio. These parameters 

are described in the following sections.  

 

2.4.1. pH and alkalinity 

The pH has a strong impact on the performance of microorganisms inside the digester. 

Methanogens are highly sensitive to the low pH while high pH leads to the formation of free 

ammonia (or other toxic agents) (Appels et al., 2008). The pH inside the digester is dynamic; i.e., 

it is continuously changing by the steps of the AD process.  

 

Table 2.2. Selected researches on the biogas production from various substrates 

Substrate Biogas yield 

(m3 CH4/kg VS) 

Reference 

Municipal and industrial 

Paper 0.08-0.37 (Owens and Chynoweth, 1993) 

Household waste 0.49 (Khoshnevisan et al., 2018) 

Municipal solid waste 0.12-0.20 (Benbelkacem et al., 2015) 

Organic fraction of municipal 

solid waste 

0.27 (Qian et al., 2016) 

Industrial and commercial waste 

Fruit and vegetable waste 0.16-0.35 (Labatut et al., 2011) 

Kitchen waste 0.501 (Jiang et al., 2018) 

Food waste 0.545 (Li et al., 2018a) 

Molasses 0.31 (Angelidaki and Ellegaard, 2003) 

Agricultural waste 

Swine manure 0.30-0.51 (Ahring et al., 1992; Møller et al., 2004) 

Cow manure 0.15-0.30 (Angelidaki and Ellegaard, 2003) 

Poultry manure 0.30 (Braun et al., 2003) 

Wheat straw 0.197 (Menardo et al., 2012) 

Rice straw 0.182 (Menardo et al., 2012) 

Animal and slaughterhouse waste 

Slaughterhouse wastewater 0.25-0.3 (Jensen et al., 2014) 

Stomach and gut contents 0.40-0.46 (Ahring et al., 1992) 
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Hydrolytic bacteria, acidogens, and methanogens have different ranges of optimal pH in 

which they maintain their maximum rate of reaction. Hydrolytic and acidogenic bacteria can 

operate in a wide range of pH of 4-8.5, while methanogens maintain their activity in a narrow 

range of pH from 6.5 to 7.2 (Appels et al., 2008).  

Alkalinity is the equilibrium of CO2 and bicarbonate ions; it provides the medium's 

resistance against change in pH. Assessing digester imbalance based on alkalinity is more reliable 

than direct pH measurement. Volatile fatty acids (VFAs) production during acidogenesis decreases 

the pH. Methanogens produce alkalinity in the form of CO2 and bicarbonate, which neutralizes 

this reduction in pH. The CO2 concentration in the gas phase and bicarbonate concentration in the 

liquid phase determine the pH value inside the digester. Low alkalinity can be relieved by reducing 

the organic loading rate (OLR), salt addition to convert CO2 to bicarbonate, or by direct addition 

of bicarbonate. Generally, it is recommended to keep alkalinity between 1000 and 5000 mg 

CaCO3/L for optimum methane production (Metcalf, 2003). 

  

2.4.2. Temperature 

Temperature is a critical variable that affects many parameters in the AD process. The 

temperature affects the microbial growth rate, diversity of microorganisms (Jain et al., 2015), 

thermodynamic equilibrium, stability, process kinetics (Fernández-Rodríguez et al., 2013), and 

methane yield (Gil et al., 2018). The anaerobic digester can operate in the temperature range of 20 

ºC to 60 ºC. Based on the operation temperature, AD process is called psychrophilic (20 ºC), 

mesophilic (35 ºC), and thermophilic (60 ºC). Table 2.3 gives the advantages and disadvantages 

of each temperature range. One more configuration in AD is introduced to use the advantages of 

each temperature range which is called temperature-phased AD (Fuess et al., 2018). 
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2.4.3. Carbon to Nitrogen (C/N) ratio 

Carbon and Nitrogen contents of the substrate impact the AD process. Carbon provides the 

required energy source for the anaerobic microorganisms, while nitrogen is responsible for 

increasing the microbial population. The C/N ratio indicates the amount of total ammonia nitrogen 

(TAN) released, accumulation of volatile fatty acids (VFA) inside the digester, and nutrient level 

of feedstock. The C/N ratio is recommended to be between 20:1 to 30:1, while a ratio of 25:1 is 

the optimum for bacterial growth in the AD process (Khalid et al., 2011). To adjust the C/N ratio 

of a specific substrate, another substrate is added; this is called  co-digestion (Piñas et al., 2018).  

 

Table 2.3. Comparison of various operation temperatures in the AD process 

Temperature range Advantages Disadvantages 

Psychrophilic (5-20 ºC)  No energy requirement  Low reaction rate 

Mesophilic (30-45 ºC)  Less energy requirement than 

thermophilic 

 Higher process stability 

 Better biogas quality 

 Energy consumption 

Thermophilic (45-65 ºC)  High reaction rate 

 High growth rate of microbes 

 Low hydraulic retention time 

 High biogas production 

 High pathogens removal 

 High energy requirement 

 Accumulation of propionic 

acid inhibits the methanogens 

 Process instability 

 

2.4.4. Total solids content 

Total solids (TS) content shows the amount of moisture in the substrate. Water is an 

important parameter in the AD process because it contributes to the diffusion of soluble nutrients 

and substrates into the microbial cells. AD process is divided into two types based on the total 

solids content of the substrate: 1) dry (15-40% total solid); and 2) wet AD (10-15% total solid). 
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Dry AD has the advantage of smaller reactor volume, less energy and water consumption, and 

fewer moving parts compared to wet AD. Thus, more than 60% of total installed AD in Europe in 

2005 are dry AD (De Baere, 2008). However, in terms of specific methane production and process 

kinetics, wet AD is more efficient (Zhang and Banks, 2013). 

   

2.4.5. Hydraulic retention time 

Hydraulic retention time (HRT) is the average time a water particle takes to pass the distance 

between the inlet and outlet of the digester. Besides HRT, solid retention time (SRT) is another 

retention time defined as the average time that bacteria spend in the digester. The retention time is 

an important parameter in the AD process; it directly influences the number of microorganisms. 

For instance, methanogens double after 2-4 days (Jain et al., 2015). Process kinetics, substrate 

type, temperature, and OLR are the most important parameters that must be optimized to have an 

effective SRT (Zhang and Banks, 2013). Low HRT increases the risk of biomass washout from 

the reactor which may negatively affect the stability of the entire process. Low SRT has the same 

problem as low HRT plus VFA accumulation and increasing alkalinity.  

 

2.5. Pretreatments 

The first and the limiting step in the anaerobic digestion process is hydrolysis. Different 

techniques (pretreatment methods) have been developed to facilitate the hydrolysis during the AD. 

The pretreatment is to make the organic material more available and accessible to the 

microorganisms. The pretreatment methods could be mechanical, thermal, chemical, and 

biological. In addition, it is possible to combine these methods to bring the advantages of each 

method together. A good pretreatment method should: a) retain the organic contents in the waste 
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biomass; b) improve and facilitate the hydrolysis; c) not produce any toxic material or impose 

inhibition; d) be environmental-friendly; and e) be economically realistic (Choi et al., 2019; 

Derman et al., 2018). A brief description of each type of pre-treatment method is provided in the 

following paragraphs. 

 

2.5.1. Mechanical Pretreatment 

The mechanical pretreatment involves changing the physical structure of the substrate. In 

other words, there is no change in the chemical composition of the substrate during mechanical 

pretreatment processes. Mechanical pretreatment has the advantage of simple technology; it keeps 

the substrate in a safe condition because there are no by-products and/or toxic materials produced 

during the disintegration step (Rodriguez et al., 2018; Tsapekos et al., 2015). The mechanical 

pretreatment techniques increase the biological kinetic rates (Hansen et al., 2007), reduce the 

particle size, polymerization, and crystallization, increase the ratio of surface area to substrate 

volume and pore volume (Jain et al., 2015).  

 

 

Figure 2.2. Schematic of the effect of mechanical pretreatment on the substrate (Kumar et al., 2009) 
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2.5.2. Thermal Pretreatment 

Thermal pretreatment is the process of heating the feedstock to a specific temperature for a 

specific time. The thermal pre-treatment provides the feedstock with the following characteristics: 

making refractory particles soluble (Ariunbaatar et al., 2015; Liu et al., 2012), deflocculating large 

molecules and dewaterability improvement (Jin et al., 2016; Wang et al., 2010), sterilizing which 

helps with disinfecting (Bazargan et al., 2015), and decreasing exogenous pollution. It also 

inactivates methanogenic bacteria in the feedstock. 

 

2.5.3. Chemical Pretreatment 

The chemical pretreatment methods use chemical substances to change the molecular 

structure of the biomass. They include acid-, alkaline-, and oxidative pretreatment, which are 

described below. 

Acid pretreatment: Acid pre-treatment is widely used recommended for substrates rich in 

lignocellulosic (Mancini et al., 2018). During the acid pretreatment, the hydrogen bonds and van 

der Waals forces are disrupted by acid. This results in solubilizing hemicellulose, reducing 

cellulose, and hydrolyzing hemicellulose to produce monosaccharides (Sarto et al., 2019). Dilute 

acid pretreatment can be used for different agricultural wastes such as agricultural residues, wood 

chips, crop waste, and paper waste (Mosier et al., 2005). The acids employed for dilute acid 

pretreatment are H2SO4, HNO3, HCL, H3PO4, C2H4O3, and C2H2O4. The most convenient acid is 

H2SO4 for its availability and low cost. 

Alkaline pretreatment: The alkaline pretreatment improves the hydrolytic enzymes 

accessibility to cellulose and hemicellulose by removing acetyl groups and substituting uronic 

acid. Besides, the internal surface area will increase, the lignin will disrupt, and bonds between 
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lignin and carbohydrates will break by alkaline pretreatment. Alkaline reagents such as NaOH, 

KOH, Mg(OH)2, Ca(OH)2, and NH4OH have been used in previous studies (Bazargan et al., 2015). 

Among these basic materials, NaOH is known to be the most efficient based on COD stabilization 

and followed by KOH, Mg(OH)2, and Ca(OH)2 for WAS (Kim et al., 2006). Alkaline pretreatment 

by NaOH decreases the crystallinity and degree of polymerization and increases the 

biodegradability of the substrate. This advancement is caused by an increase in the substrate's 

internal surface area during pretreatment by NaOH. On the contrary, using NaOH increases the 

cost of the process and leads to an inhibition of the AD process because of the high concentration 

of Na+ (Neves et al., 2006b). Compared to NaOH, Ca(OH)2 is cheaper, safer, and easier to recover 

by CO2 from the AD process. 

Oxidative pre-treatment: Applying the oxidative pretreatment results in higher reaction 

rates in the AD process. It involves exposing the substrate to oxygen or air at high pressure and 

temperature (10 MPa and 260 ºC, respectively). The most conventional methods for oxidative 

pretreatment are Fenton, peroxymonosulfate, dimethyldioxyrane, and the activated oxidation 

process (AOP) (Morone et al., 2018).   

 

2.5.4. Biological Pretreatment 

Biological pretreatment is usually used to improve the digestibility of complex substrates. 

As a result, it breaks the bonds between hemicellulose and lignin and increases the particulate's 

surface area. The biological pretreatment method is suitable for a wide range of substrates, 

including grass, wood, paper, lignocellulosic materials, agricultural wastes, and hardwood. Despite 

being slow and costly, the biological pretreatment methods are environmentally friendly because 

they do not use chemicals. 
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2.5.5. Hybrid Pretreatment 

Each pre-treatment method highly affects a particulate type of substrate. For example, 

chemical pretreatment with NaOH influences lignin instead of hemicellulose. Thus, using hybrid 

pretreatment methods combines the advantages of each method and improves the process of 

pretreatment. Therefore, the pretreated substrate is at its highest readiness for the digestion process. 

The more likely advantages are high methane yield, low pretreatment problems, and improved 

substrate digestion. However, hybrid pretreatment may increase the costs of the process such that 

an economic feasibility study is required (Abudi et al., 2016). 

 

2.6. Co-digestion 

Digesting a single substrate (mono-digestion) has some disadvantages (Mata-Alvarez et al., 

2014), which are directly related to the substrate properties. For example, substrates of high 

nitrogen content release ammonia upon their degradation; a high ammonia concentration inhibits 

the microorganisms. This issue could be solved by co-digesting another substrate that has low 

nitrogen content. Co-digestion improves the biogas production rate. The co-digestion can also be 

categorized as a pre-treatment method because it balances the primary substrate's properties. 

The anaerobic digestion of dairy manure alone has shown to be less attractive as it’s biogas 

production potential per unit mass is low (Zhang et al., 2007b). Thus, dairy manure is usually  co-

digested with another substrate to enhance digestion process and increase the biogas yield. 

Generally, the methane yield potential of feedstocks with higher proportion of fats and lipids is 

more than that of feedstocks containing more proteins and sugars (Neves et al., 2009). Feeding 

dairy manure as the main substrate in co-digestion helps with mitigating GHG emission and energy 

production. In addition, dairy manure is a unique organic compound for anaerobic co-digestion 



30 

 

due to its abundance, buffering capacity, and water content (Li et al., 2009c). Ma et al. (2020) 

carried out a statistical analysis on the effect of co-digesting dairy manure with other feedstocks. 

Using data from 160 batch experiments, they found that the co-digestion of dairy manure with 

various feedstocks significantly increases the CH4 yield (204.1 L CH4/kg VS in co-digestion of 

dairy manure and other feedstocks compared to 147.4 L CH4/kg VS in mono-digestion of dairy 

manure). The selected studies of co-digestion of dairy manure and other substrates are provided in 

Table 2.4. 

 

2.7. Anaerobic Digesters 

The type of anaerobic digester (reactor) choice depends on the substrate's characteristics, the 

cost, and the outcome power. The operation of anaerobic digestion can be categorized as a batch 

or continuous process. Batch reactors are used in the batch processes. On the other hand, various 

types of reactors are used in a continuous process. The continuous stirred tank reactor (CSTR), 

plug flow reactor (PFR), and up-flow anaerobic sludge blanket (USAB) are the most convenient 

continuous reactors. A brief description of each technology is provided in the following sections. 

 

2.7.1. Batch reactor (BR) 

The batch reactor (BR) (Figure 2.3) is operated by loading the reactor once at the beginning 

of the process and the digestate is emptied at the end of the process. The BR can be operated as a 

sequence batch reactor where the digestate is recirculated, i.e., it is reused in the next cycle as 

inoculum.  
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Table 2.4. Selected studies on co-digestion of dairy manure with various feedstocks 

Co-substrate Reactor type Substrate ratio (dairy or cattle 

manure : co-substrate) 

Temp. 

(ºC)  

TS 

(%) 

OLR 

(g VS/L.d) 

CH4 yield 

(m3 CH4/kg VS) 

Reference 

Grass silage CSTR (4 L) 70:30 VS 35 4.7 2 0.268 (Lehtomäki et al., 

2007) 

Meat and bone 

meal 

Batch (1 L) 90:10 VS basis 38 6.74 0.5 0.25 (Andriamanohiaris

oamanana et al., 

2017) 

Food waste Batch (1 L) 68:32 VS basis 35 NA NA 0.282 (El-Mashad and 

Zhang, 2010) 

Wheat straw Batch (1 L) 97.3:2.7 VS basis 35 NA NA 0.211 (Wang et al., 2012) 

Switchgrass Batch 3:1 TS basis 37 6 NA 0.134 (Zheng et al., 2015) 

Glycerine Continuous 96:4 w basis 35 NA NA 0.235 (Castrillón et al., 

2011) 

Aloe peel 

waste 

Batch 3:1 w basis 36 9 NA 0.195 (Huang et al., 2016) 

Rice straw Batch (2.5 L) 2:1 VS basis 37 NA NA 0.181 (Li et al., 2015a) 

Lignocellulosic 

biomass 

Batch (0.54 L) 80:20 VS basis 37 NA NA 0.189 (Awais et al., 2018) 
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Figure 2.3. A typical stirred batch bioreactor for anaerobic digestion process (Ahmad et al., 2019)  

 

In this process, the BR is filled with microbial culture. Then, the feedstock or substrate is 

fed to the microorganisms. The reactor acts as a closed system until a specific retention time. The 

batch reactor consists of a single vessel, which is partly drained at the end of the retention time, 

and then is filled with fresh feedstock for the next batch. During this reaction period, the amount 

(concentration) of cells, substrates, nutrients, vitamins, and products vary with time. The 

fermentation is allowed to run for a determined time, and the products are collected at the end 

(Carberry, 2001). In addition, due to the different speeds of reactions during the retention time, the 

gas production peaks at around 50% of the retention time. The residual sludge formed during the 

previous operation becomes the inoculum for the next batch as this fill-and-draw operation is 

repeated at intervals (Mao et al., 2015); this operation is called a sequence batch reactor. It is 

suitable to process a relatively small volume of feed though the operation can be adjusted for 

different strengths of waste (Zupančič and Jemec, 2010). This type of reactor is used at a laboratory 

scale for bio-methane potential (BMP) tests.  

The anaerobic mixed culture in a batch reactor passes through several growth phases (  

Figure 2.4) in response to the substrate and nutrients availability. The phases are: 
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 Lag phase: A delay in the activity (growth, substrate consumption and product 

generation) of the microorganisms occurs at the beginning of the batch incubation. It 

is perceived as an adaptation period for the culture to the new conditions.  

 Linear or accelerated growth phase: During which the growth of the 

microorganisms proceeds according to straight-line rate kinetics. 

 Log or exponential phase: In this phase, the microbial cell numbers double per unit 

time, and their growth curve attains a constantly increasing slope.  

 Stationary phase: There is no net increase or reduction in cell number in this phase. 

The cell functions such as energy metabolism and some biosynthetic processes go 

on.  

 Death phase: The cells may start to die if the incubation is continued after the 

bacterial population attains the stationary phase. The cells may die due to starvation 

or cell lysis. 

 

   

Figure 2.4. Growth phases of the mixed anaerobic culture in batch reactors (Doran, 2013) 
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The tank is called stirred tank reactor (STR) if it is equipped with an agitator/mixer to mix 

the reactants (Figure 2.3). Moreover, the reactor could be equipped with a heating and cooling 

system. These vessels may vary in capacity from less than 1 liter to more than 2,000 cubic meters. 

The processing capacity depends on the number of feeding- retention-emptying cycles that can be 

completed in a given period of time (Dague, 1993). The produced gases during the process will 

discharge through connections in the top. In general, the liquid can be removed from the bottom. 

The impeller in the STRs is connected to an external motor, which drives the stirrer system. The 

impellers contribute to mixing and maximizing the interfacial area between the gaseous and 

aqueous phases (Garcia-Ochoa and Gomez, 2009; Martín et al., 2008). The design of the impeller 

blades, speed of agitation, and the depth of liquid determine the effectiveness of agitation. The 

important variables that affect mixing and mass transfer rates are the number and types of the 

stirrer, speed of stirrer, and gas flow rate. Improved mixing during anaerobic operation enhances 

performance (Maurina et al., 2014). Batch reactors require inexpensive equipment and are the 

easiest to operate with little attention since they are fed with feedstock and left for a longer period 

before being emptied (Khalid et al., 2011). Methane production is initially high and decreases 

toward the end of the process as the substrate is depleted. 

 

2.7.2. Continuous stirred tank reactor (CSTR) 

Continuous stirred tank reactors (CSTRs) (Figure 2.5) are the most commonly used type of 

reactors in biogas production. In practice, mechanical or hydraulic agitation is required to achieve 

uniform composition and temperature (Martín et al., 2008). The reactor consists of a rectangular 

or cylindrical tank with one or more mechanical stirrers, and the reactants are well mixed in a 

continuous stirred-tank reactor (Mao et al., 2015). However, this type of operation is only possible 
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for substrates that can be pumped for continuous feeding. Otherwise, a semi-continuous process is 

applied with a discrete amount of feed several times a day.  

Typically, the CSTRs are used to process slurries of < 10% total solids (TS) (Browne et al., 

2013). Hence, substrates with total solids > 10% are typically diluted with fresh or recirculated 

process water or will be co-digested with co-substrates of lower TS content. Consequently, the 

substrates used in dry digestion have high solid content (25–40% TS). Hence, a different approach 

regarding waste handling and treatment is needed. The high viscosity in the dry digestion systems 

makes for inadequate heat and nutrient transfer, which is not the case in wet processes; therefore, 

mixing is essential to prevent local overloading and acidification (Luning et al., 2003; Wellinger 

et al., 1993). 

Mechanical mixing maintains good contact between the microorganisms and the waste 

material. However, since conventional mechanical mixers are not appropriate for solid-state 

processes, recirculation of the waste or re-injection of the produced biogas is usually used to 

resolve this type of mixing problem (Luning et al., 2003). Sufficient mixing is crucial to prevent 

accumulation of volatile fatty acids, resulting in souring or acidification of the reactor. 

Acidification inhibits biogas production (Liao et al., 2006; Ozgun et al., 2013). Mixing also affects 

microbial flocs' formation, structure, and metabolic efficacy (Jiang et al., 2016). Mixing may be 

continuous, or intermittent and excessive mixing can reduce the generation of the biogas. 

For continuous bioreactor, fresh feedstock is continuously fed, and the products with the 

culture are removed simultaneously to maintain constant concentrations of nutrients and cells 

throughout the process (Abbott et al., 2013). A continuous process is used for high-volume 

production, reactions using gas, liquid, or soluble solid substrates, and processes involving 

microorganisms with high mutation-stability (Williams, 2002). A chemostat is a typical example 
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of a continuous reactor. The chemostat is a bioreactor to which fresh feedstock is continuously 

added, while culture liquid containing leftover nutrients, metabolic end products, and 

microorganisms are continually removed at the same rate to keep the culture volume constant. 

 

 
Figure 2.5. A typical scheme of the continuous stirred batch reactor (CSTR) (Doran, 2013) 

 

The CSTR design is often used in a single-stage system where the reactor operates in 

conditions favorable to both acidogenic and methanogenic microorganisms. Single-stage systems 

are easy to operate and have lower capital and operating costs (Vandevivere et al., 2003). However, 

a sequence of biochemical reactions perform the conversion of organic matter to biogas; these 

reactions do not necessarily have the same optimal environmental conditions. This led to the 

development of two and multi-stage systems to provide optimal conditions for the different groups 

of microorganisms participating in the degradation process, leading to higher reaction rates and 

higher biogas yields (Ghosh et al., 2000). In two-stage reactors (Figure 2.6), 

hydrolysis/acidification and acetogenesis/methanogenesis are separated. Therefore, the first stage 

can operate at lower pH, which is more favorable for the growth of hydrolytic and acidogenic 

microorganisms, whereas the second stage is optimized to favor the growth of methane-forming 

microorganisms (Ince, 1998). 
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The CSTR requires more energy than some other types of reactors because of the long 

retention times, dilute nature of the digesting matrix, mixing, and heating. This is a major 

disadvantage, but a high concentration of active biomass in the reactor improves the substrate 

conversion and shortens the required retention time (Wu et al., 2008). 

 

 
Figure 2.6. A two-stage continuous stirred tank reactor (updated from (Doran, 2013)) 

 

2.7.3. Plug flow reactor (PFR) 

Plug-flow reactors (PFRs) (Figure 2.7) are typically long rectangular or cylindrical vessels 

with the substrate entering continuously at one end, flowing in unidirection, and leaving at the 

another end in a steady-state system. They are also called tubular or piston-flow reactors. In an 

ideal tubular reactor, the fluids flow as if they were solid plugs or pistons, and reaction time is the 

same for all flowing material at any given tube cross-section. In PFRs, there is little mixing in the 

direction of flow. The tanks, or channels, are generally placed above ground, and the concentration 

of substrates and microorganisms vary throughout the reactor length (Doran, 1995). Tubular 
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reactors and batch reactors function similarly as they provide high driving force initially with 

gradual reduction as the reaction continues along the tubes. 

The PFR can be used in both mesophilic and thermophilic operations (Kim et al., 2003). 

Flow in small diameter tubes could be laminar for highly viscous liquids and turbulent for gases 

with turbulent flow providing better mixing and heat distribution. The heat transfer rate can also 

be optimized using tubes with larger or smaller diameters arranged in parallel. However, 

temperature and heat control can result in undesirable temperature gradients, which is expensive 

to maintain (Purohit, 2012).  

PFRs are used for treating various organic wastes, including slurries of animal manure, 

distillery wastewater, and the organic fraction of municipal solid waste (Rajeshwari et al., 2000; 

Sharma et al., 2000). The PFRs, when compared to single-stage CSTRs, are generally more 

efficient in converting the substrate to biogas and are more stable to operate (Mao et al., 2015). 

In principle, plug flow configuration can provide local environmental conditions favored by 

different steps of anaerobic digestions in different parts of the reactor. For instance, hydrolysis 

may be predominant in the reactor's entry zone, whereas methanogenesis may be the dominant 

activity near the exit (Pal, 2017). 

Furthermore, microbial sludge builds up along the length of the rector due to growth and a 

high overall sludge content explains both the better efficiency and stability of PFR (Mao et al., 

2015). Plug flow reactors with agitators are used to improve local mixing while minimizing mixing 

in the direction of flow. PFRs are also simple to build and maintain (Lansing et al., 2008). 
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2.7.4. Up-flow anaerobic sludge blanket (UASB) 

An up-flow anaerobic sludge blanket (UASB) reactor (Figure 2.8) consists of a rectangular 

or cylindrical unmixed tank fed with the waste stream near its bottom. It is characterized by a bed 

of dense granular sludge confined mainly to the reactor's lower zone where the wastewater enters 

(Mao et al., 2015). 

  
Figure 2.7. A vertical plug flow bioreactor 

(Doran, 2013) 

Figure 2.8. Schematic of up-flow anaerobic sludge 

blanket (Tervahauta et al., 2014) 

 

The up-flow of wastewater and the rising bubbles of biogas keep the granular sludge 

(culture) suspended (Jiang et al., 2014). The top of the reactor may be expanded or modified to 

facilitate retention of the granular sludge by the action of gravity. The reactor's performance 

depends critically on the development and retention of the granular sludge formed through the self-

immobilization of microorganisms (Schmidt and Ahring, 1996). 
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The UASBs can handle high organic loading rates (OLR), especially when compared to the 

anaerobic fluidized bed reactor (AFBR), but are unable to achieve very high percent COD removal 

as the anaerobic baffle reactor (ABR), an improved septic tank with series of baffles under which 

the wastewater is forced to flow (Tilley, 2014). A high sludge load enhances the efficiency and 

results in short hydraulic retention times (HRT) and high permissible OLR (Ahmad et al., 2011). 

Start-up periods can be long because of the slow development of granular sludge (Schmidt and 

Ahring, 1996). Variations in hydraulic loadings can be accommodated within narrow limits, as the 

sludge granules need to remain suspended without being washed out (Liu and Tay, 2004). Both 

the quality of the sludge granules formed and the rate of their formation depend on the type of 

waste being treated (Bhatti et al., 1995). 

 

2.7.5. Airlift bioreactor (ALB) 

In the airlift bioreactor (ALB) (Figure 2.9), air flows up the riser tube, forming bubbles, and 

exhaust gas is released from the top of the column, and the fluid volume is divided by an inner 

draft tube. This improves circulation and equalizes shear forces in the reactor (Veera and Joshi, 

1999). The degassed liquid then flows through the down comer and the product is emptied from 

the bottom of the tank. The down comer tube can be designed to serve as an internal heat 

exchanger, or a heat exchanger can be added to an internal circulation loop (Chisti, 1998). 

Airlift bioreactor, also known as a tower reactor, uses the expansion of compressed gas for 

mixing and can be used for both free and immobilized cells. In the absence of agitation, the reactor 

requires low energy, thereby making it energy efficient. 
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2.7.6. Anaerobic fluidized bed reactor (AFBR) 

Anaerobic fluidized bed reactors (AFBR) (Figure 2.10) are conceptually similar to the 

expanded granular sludge blanket reactor which permit improved mixing and mass transfer 

between the sludge granules and the surrounding liquid. However, instead of granular sludge, the 

AFBR uses relatively heavy small inert particles (e.g., fine sand or alumina) supporting a self-

immobilized microbial biofilm (Zhang et al., 2008).  

  
Figure 2.9. A typical scheme of air lift bioreactor 

(Doran, 2013) 

Figure 2.10. Anaerobic fluidized bed bioreactor 

scheme (Özkaya et al., 2019) 

 

These reactors operate in a continuous state with uniform particle mixing and temperature 

gradients as particles remain sustained in suspension by a constant up-flow of the wastewater (Mao 

et al., 2015). They constitute a packed bed with smaller size particles. Thus, the problems of 

clogging, high liquid pressure drop, channeling, and bed compaction are easily prevented. Good 

mass transfer of organics to the biofilm is achieved through good mixing and the relatively high 
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velocity between suspended solids and liquids. Consequently, due to the high biomass loading and 

good biodegradation activity, the reactors can handle a high organics load and better tolerate 

inhibitory chemicals (Karadag et al., 2015). Some undesirable properties of AFBRs include 

increased reactor vessel size, pumping requirements, pressure drop, particle entrainment, erosion 

of internal components, pressure loss, etc.  

The application of various reactors for anaerobic digestion of cow manure and co-digestion 

of cow manure is presented in Table 2.5. 

 

2.8. Inhibition in Anaerobic Digestion 

Process instability and low methane yield are among the major problems experienced in 

anaerobic digestion, thus preventing this technology’s wide acceptability. Various inhibitors have 

been observed to cause anaerobic digester failure. This is because they are present in a relatively 

high concentration in the wastes used as feedstock. Appreciable research efforts are presently 

being made to address these issues and identify the mechanism and the controlling factors of 

inhibition (Chen et al., 2008). In particular, acclimation and pH can have a strong effect on the 

inhibitory effects of chemicals at different concentrations (Chen et al., 2008). A gradual increase 

in inhibitor concentration allows greater time for microorganisms to acclimate than a sudden spike 

in concentration. The pH can affect the ionization of the inhibitor, thereby affecting the ‘active’ 

concentration, which can produce inhibitory effects on the microbiological community. 
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Table 2.5. Operational and performance data for different bioreactors applied for cow manure 

Reactor type 

and volume 

Feed Temp. 

(ºC) 

OLRa HRT 

(day) 

VS or COD 

removal (%) 

byield 4CH CH4 (%) Reference 

Batch (1 L) CMc 35 NA 14 31.1% VS 0.15 NR (Callaghan et al., 

1999) CM + Fish offal 47.3% VS 0.37 

Mixed and unmixed Beef NR NR NR 7.3% unmixed, 

9.6% mixed 

0.2 NR (Sadaka and 

Engler, 2000) 

CSTR (3 L) CM 55, 65 3 15 NR 0.202, 0.165 NR (Ahring et al., 

2001) 

UASB (8 L) CM 37 2.35 22.5 75.5% COD 0.2-0.39 64 (MarañóN et al., 

2001) 

Batch CM slurry 21-23 NA 14 36.1% VS NR 55 (Kalia and Singh, 

2001) 

UASB (9 L) CM 55 NR 7.3-22.5 79.7% COD NR 67.7 (Castrillon et al., 

2002) 

TPAD system (20 L + 30 

L) 

Dairy manure 55/35 5.8 14 41% VS 0.21 60 (Harikishan and 

Sung, 2003) 

CSTR (3 L) CM + Lipid 37 3 15 37% VS 0.224 NR (Mladenovska et 

al., 2003) 

CSTR (8 L) CM 50, 60 NR 20, 10 NR NR NR (El-Mashad et al., 

2004) 

2-phase (0.6 L + 2.4 L) CM 55, 68 3 3, 12 47.1% VS 0.26 NR (Nielsen et al., 

2004) 

1-phase (2 L) DMd 36 5 20 52% VS  NR NR (Demirer and 

Chen, 2005) 2-phase (0.4 L + 1.6 L) 5-6 10 68% VS 50 

Batch (60000 L) DM 55 6.75 13 NR NR 56 (Aoki et al., 2006) 

USAB (9 L) CM 37 1.5-

3.7e 

14 85% COD NR NR (Marañón et al., 

2006) 

Batch (1 L) DM 37 NA NA NR 0.166 NR (Amon et al., 

2007) 

Bench scale CM 35 1.9 13.8 63% VS NR NR (Karim et al., 

2007) 

Batch (10 L) CM 53 NA 17 78% VS 0.184 65 (Omar et al., 2008) 
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Table 2.5. Continued  

Reactor type 

and volume 

Feed Temp. 

(ºC) 

OLRa HRT 

(day) 

VS or COD 

removal (%) 

byield 4CH CH4 (%) Reference 

Batch CM 37 NA NR NR 0.168 56 (Dubrovskis et al., 

2009) 

Batch (1 L) CM + KWf 35 NA 10, 20 52.5, 65.8 0.298, 0.31 NR (Li et al., 2009b) 

Pilot scale batch (128 L) CM + Whey 

mix 

35 NA 56 74% COD 0.211 51.4 (Comino et al., 

2009) 

Batch (1 L) CM + KW 35 NA 12 61% VS 0.297 50.9 (Li et al., 2009a) 

Semi-cont. (1.05 L) CM + A. 

residue 

20, 35 3 20-30 33-51% VS NR 46.9-56.7 (Alkaya et al., 

2010) 

Pilot CSTR (1500 L) DM 37 4.5, 2.3 10, 20 38% VS, 46% 

VS 

NR 67, 70 (Rico et al., 2011) 

Batch (1 L) DM 20  31, 63, 94  0.145, 0.179, 

0.238 

53, 50, 66 (Saady and Massé, 

2013) 

a. OLR is in kg VS/m3.day; b. CH4 yield in m3/kg VS; c. CM=Cow manure; d. DM=Dairy manure; e. in kg COD/m3.day; f. KW=Kitchen waste 
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The degradation of nitrogenous material found in urea and proteins produces ammonia. 

Methanogenic populations are the most likely to be damaged by ammonia inhibition (Kayhanian, 

1994). Several mechanisms for this inhibition have been proposed, including changes in 

intracellular pH, inhibition of specific enzyme reactions, or increase of the energy required for cell 

maintenance (Yenigün and Demirel, 2013). The ammonia concentrations in the anaerobic 

digestion process are accepted as less than 200 mg/L to avoid ammonia inhibition while providing 

enough nitrogen as an essential nutrient for the microorganisms (Liu and Sung, 2002). However, 

at higher concentrations, inhibition occurs. Several studies reported a wide range of inhibitory 

concentrations ranging from 1.7 to 14 g/L, causing a 50% reduction in methane production 

(Angelidaki and Ahring, 1994; Bujoczek et al., 2000; Hashimoto, 1986; Kroeker et al., 1979; Sung 

and Liu, 2003). The inhibitory concentration is affected by pH, temperature, the presence of cations 

such as sodium (Na+), calcium (Ca2+), and magnesium (Mg2+), and the speed at which ammonia 

concentration has increased, allowing acclimation of the micro-organisms as mentioned above 

(Chen et al., 2008). 

 

2.9. Microbiology of Anaerobic Digestion 

A consortium of microorganisms catalyzes the bioreactions involved in anaerobic digestion. 

The microbial culture could be flocculent, suspended, granular, or biofilm. However, the different 

anaerobic microorganisms interact mutualistically and degrade the complex organic substances to 

basic products: methane and carbon dioxide. Four distinct types of microorganisms (fermentative, 

syntrophic, acetogenic, and methanogenic microorganisms) collaborate to convert complex natural 

organics to CH4 and CO2. They produce a balanced intermediatory mix of acidic by-products (e.g., 
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acetic acid, propionic acid, etc.), which are ultimately converted to CH4 and CO2, and new bacterial 

cells (CH7O2N) (Gerardi, 2003).  

 

2.9.1. Symbiotic relationship among anaerobic microorganisms 

Acetogens (microorganisms that produce acetate) collaborate with methanogens (methane-

producing microorganisms). Acetate is used as a substrate by methanogens. For example, when 

ethanol (CH3CH2OH) is fed to acetogenic microorganisms, carbon dioxide is utilized, and acetate 

and hydrogen are produced (Equation (2-1)). The production of hydrogen accompanies acetate 

production as in Equation (2-1). There is a type of methanogens that uses hydrogen and carbon 

dioxide to produce methane as in Equation (2-2). 

 

𝐶𝐻3𝐶𝐻2𝑂𝐻 + 𝐶𝑂2 →  𝐶𝐻3𝐶𝑂𝑂𝐻 + 2𝐻2 (2-1) 

𝐶𝑂2 + 4𝐻2 →  𝐶𝐻4 + 2𝐻2𝑂 (2-2) 

  

2.9.2. Sulfate-reducing Bacteria (SRB) 

If sulfates are available, sulfate-reducing microorganisms (SBR), for example, desulfovibrio 

desulfuricans, consume hydrogen and acetate; thus, they compete with methanogens and decrease 

the methane yield. Sulfate is converted to hydrogen sulfide (H2S). At substrate-to-sulfate mass 

ratio < 2, sulfate-reducing bacteria out-weight methanogens for hydrogen. At substrate-to-sulfate 

proportions of 2 to 3, the competition is between SBR and methanogens. At substrate-to-sulfate 

proportions > 3, methanogens are favored. The H2S produced by SBR imposes a more prominent 

inhibitory impact on methanogens and acetogens. 
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Methanogens are divided into two groups: hydrogenotrophic methanogens and acetoclastic 

methanogens: The hydrogenotrophic methanogens use hydrogen and carbon dioxide to produce 

methane (Equation (2-4)). The acetoclastic methanogens split acetate into methane and carbon 

dioxide. Hydrogenotrophic methanogens might use the carbon dioxide resulting from acetate 

splitting to produce methane. Most of the methane in an anaerobic digester is produced from 

acetate (70%) and hydrogen (30%), Equation (2-3) and Equation (2-4), respectively.  

 

𝐶𝐻3𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 𝐶𝑂2 (2-3) 

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂 (2-4) 

 

Methanogens are very specific by their substrate. For example, species such as 

Methanobacterium formicarium uses carbon dioxide, formate, and hydrogen, while 

Methanobacterium thermoantotrophicum uses hydrogen, carbon dioxide, and carbon monoxide. 

Methanococcus crisis uses hydrogen, methanol, and methylamine. Methanococcus mazei uses 

acetate, methanol, and methylamine. Methanosarcina bakery uses acetate, carbon dioxide, 

hydrogen, methanol, and methylamine.  

 

2.9.3. Mixed culture fermentation 

Many bacterial species coexist in the anaerobic digester. Species such as Enterobacter, 

Escherichia, Erwinia, Salmonella, Serratia, and Shigella, and Clostridia are very common. They 

ferment carbohydrates to acids (acetate, propionate, butyrate, etc.) and alcohol when the 

environmental conditions are unfavorable. The mixed nature of the culture provides redundancy 
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so that the performance would not be affected if one species suffers from any unfavorable 

conditions. 

 

2.10. Biogas Upgrading and Utilization 

The term “biogas upgrading” is defined as a process that is used to remove impurities (H2O, 

H2S, CO2, etc.) from a biogas stream to obtain a nearly pure CH4 product. It is also called as biogas 

purification, biogas enrichment, or biogas cleaning. Biogas primarily comprises CH4 in a range of 

50-70% and CO2 with concentrations ranging from 30 to 50%. The relative composition of CH4 

and CO2 depends on the substrate nature and operating conditions such as pH. In addition to these 

two major components, several components are considered biogas impurities. The most common 

impurities in biogas are water vapor (H2O), NH3, H2S, N2, and O2. In addition to CO2, all these 

impurities are unwanted because they reduce the useful biogas heat content, which is normally 

expressed as Lower Calorific Value (LCV). The LCV of methane is 50.4 MJ/kg-CH4 or 36 MJ/m3-

CH4 at standard conditions (Angelidaki et al., 2018). Considering biogas with 60-65% CH4 

content, the LCV will be 20-25 MJ/m3-biogas. Moreover, these unfavorable components in biogas 

lead to various operational problems and physical damages to the process equipment. H2S and NH3 

are toxic and corrosive compounds, and when they go through the combustion engine, the resultant 

SO2 will be harmful to the equipment. Thus, there is a necessity for treating the undesirable biogas 

components to make it as CH4-pure as possible for subsequent use. 

The first treatment is “biogas cleaning” which removes the harmful and toxic materials (NH3, 

H2S, volatile organic compounds (VOCs), and other toxic compounds) from the biogas. In 

practice, the main target is removing H2S, and many real biogas plants have the H2S removal units. 

After cleaning biogas, the second treatment aims to increase CH4 content, by removing CO2, which 



49 

 

leads to higher LCV and is called “biogas upgrading” (Angelidaki et al., 2018). The purified biogas 

with specifications similar to natural gas is called biomethane, in which the extent of purity of CH4 

in biogas depends on specific country’s regulations and standards. Still, generally, it should be 

more than 96% (Khan et al., 2017). However, only 5% of biogas was upgraded to biomethane in 

2018, and about 65% of biogas was used for electricity production (International Energy Agency, 

2020). Thus, the biogas upgrading involves CO2 removal and/or its conversion to CH4. 

Several technologies have been used for biogas upgrading (Awe et al. (2017), Khan et al. 

(2017), Miltner et al. (2017)). Generally, these technologies can be categorized as 1) physical and 

chemical technologies or 2) biological technologies. The physical technologies of biogas 

upgrading are developed based on the physical separation phenomenon, such as pressure 

difference and solubility. On the other hand, the chemical methods separate CO2/H2S from the 

biogas stream due to chemical reactions. Both physical and chemical methods are placed in the 

same category to differentiate them from the biological methods in which live species perform the 

biogas upgrading. Multiple physical/chemical biogas upgrading technologies (absorption, 

adsorption, membrane separation, and cryogenic separation (Hosseinipour and Mehrpooya, 2019)) 

have been developed mainly to remove CO2 from the biogas.  

Absorption is the most common process in the industry for separating CO2 from flue gas 

streams. The basic principle of the absorption process is the solubility of various gases in a liquid 

solvent. In biogas upgrading systems, raw biogas containing CH4 and CO2 will contact a solvent 

counter-currently within a column. Then column can tray- and/or and packing-type. As the 

solubility of CO2 is higher, it will be absorbed by the solvent, and the CH4-rich biogas will leave 

the column, while the CO2-rich solvent will then be routed to the solvent regeneration process 

(Cozma et al., 2013). The solvents used in the absorption biogas upgrading systems could be 
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physical or chemical. Some examples of the physical solvents are high-pressure water (Cozma et 

al., 2015) or organics fluids (e.g., methanol, N-methyl pyrrolidone (NMP), and polyethylene glycol 

ethers (PEG)) (Khan et al., 2017). The CO2 solubility in PEG is five times higher than its solubility 

in water (Tock et al., 2010). Amines are the most common chemical solvents, while some other 

inorganic solvents separate CO2 from raw biogas. The most common amines are 

monoethanolamine (MEA), diethanolamine (DEA), and methyl-diethanolamine (MDEA) (Chen 

et al., 2015b). On the other hand, an aqueous solution of alkaline salts are classified as the inorganic 

chemical solvents, in which the salt could be potassium, sodium, ammonium, and calcium (Huang 

et al., 2002). One advantage of the absorption process is its capability of removing CO2 and H2S 

at the same time (Abatzoglou and Boivin, 2009); thus, there might be no need for the biogas 

cleaning step. However, when the concentration of H2S is high, biogas cleaning is necessary (Sun 

et al., 2015b). 

The adsorption process is capable of producing high CH4 concentrations (95-99%). In the 

adsorption method, the target component (i.e., CO2) will be transferred from the biogas stream to 

the surface of an adsorbent material due to physical or Van der Waals forces. The most common 

adsorption process is the Pressure Swing Adsorption (PSA) (Kim et al., 2015). The PSA process 

comprises two steps for adsorption and desorption (regeneration). The adsorption step involves 

adsorption of the desired component on the surface of the adsorbent. When the adsorbent material 

reaches a specific point in which more adsorption is not possible, it will be bypassed for 

regeneration purposes. In the PSA process, the adsorption occurs at relatively high pressures and 

the regeneration occurs by reducing the pressure. 

 



51 

 

References 

Abatzoglou, N. and Boivin, S., 2009. A review of biogas purification processes. Biofuels, 

Bioproducts and Biorefining. 3, 42-71. 

Abbott, M., Harvey, A., Perez, G.V. and Theodorou, M., 2013. Biological processing in oscillatory 

baffled reactors: operation, advantages and potential. Interface focus. 3, 20120036. 

Abudi, Z.N., Hu, Z., Sun, N., Xiao, B., Rajaa, N., Liu, C. and Guo, D., 2016. Batch anaerobic co-

digestion of OFMSW (organic fraction of municipal solid waste), TWAS (thickened waste 

activated sludge) and RS (rice straw): Influence of TWAS and RS pretreatment and mixing 

ratio. Energy. 107, 131-140. 

Adekunle, K.F. and Okolie, J.A., 2015. A review of biochemical process of anaerobic digestion. 

Advances in Bioscience and Biotechnology. 6, 205. 

Ahmad, A., Gao, W. and Engell, S., 2019. A study of model adaptation in iterative real-time 

optimization of processes with uncertainties. Computers & Chemical Engineering. 122, 218-

227. 

Ahmad, A., Ghufran, R. and Wahid, Z.A., 2011. Role of calcium oxide in sludge granulation and 

methanogenesis for the treatment of palm oil mill effluent using UASB reactor. Journal of 

hazardous materials. 198, 40-48. 

Ahring, B., Angelidaki, I. and Johansen, K., 1992. Anaerobic treatment of manure together with 

industrial waste. Water science and technology. 25, 311-318. 

Ahring, B.K., Ibrahim, A.A. and Mladenovska, Z., 2001. Effect of temperature increase from 55 

to 65 C on performance and microbial population dynamics of an anaerobic reactor treating 

cattle manure. Water research. 35, 2446-2452. 



52 

 

Alkaya, E., Erguder, T.H. and Demirer, G.N., 2010. Effect of operational parameters on anaerobic 

co‐digestion of dairy cattle manure and agricultural residues: A case study for the 

Kahramanmaraş region in Turkey. Engineering in Life Sciences. 10, 552-559. 

Amon, T., Amon, B., Kryvoruchko, V., Zollitsch, W., Mayer, K. and Gruber, L., 2007. Biogas 

production from maize and dairy cattle manure—influence of biomass composition on the 

methane yield. Agriculture, Ecosystems & Environment. 118, 173-182. 

Andriamanohiarisoamanana, F.J., Saikawa, A., Tarukawa, K., Qi, G., Pan, Z., Yamashiro, T., 

Iwasaki, M., Ihara, I., Nishida, T. and Umetsu, K., 2017. Anaerobic co-digestion of dairy 

manure, meat and bone meal, and crude glycerol under mesophilic conditions: Synergistic 

effect and kinetic studies. Energy for Sustainable Development. 40, 11-18. 

Angelidaki, I. and Ahring, B., 1994. Anaerobic thermophilic digestion of manure at different 

ammonia loads: effect of temperature. Water research. 28, 727-731. 

Angelidaki, I. and Ellegaard, L., 2003. Codigestion of manure and organic wastes in centralized 

biogas plants. Applied biochemistry and biotechnology. 109, 95-105. 

Angelidaki, I., Treu, L., Tsapekos, P., Luo, G., Campanaro, S., Wenzel, H. and Kougias, P.G., 

2018. Biogas upgrading and utilization: Current status and perspectives. Biotechnology 

advances. 36, 452-466. 

Aoki, K., Umetsu, K., Nishizaki, K., Takahashi, J., Kishimoto, T., Tani, M., Hamamoto, O. and 

Misaki, T. (2006) Thermophilic biogas plant for dairy manure treatment as combined power 

and heat system in cold regions, pp. 238-241, Elsevier. 

Appels, L., Baeyens, J., Degreve, J. and Dewil, R., 2008. Principles and potential of the anaerobic 

digestion of waste-activated sludge. Progress in energy and combustion science. 34, 755-

781. 



53 

 

Ariunbaatar, J., Panico, A., Yeh, D.H., Pirozzi, F., Lens, P.N. and Esposito, G., 2015. Enhanced 

mesophilic anaerobic digestion of food waste by thermal pretreatment: Substrate versus 

digestate heating. Waste Management. 46, 176-181. 

Awais, M., Gulfraz, M., Asad, M.J., Kabir, F., Khan, K.S. and Naqvi, S.M.Z.A., 2018. Mesophilic 

anaerobic co-digestion of cattle manure with Malus domestica and Dalbergia sissoo during 

biomethane potential assays. BioResources. 13, 3144-3156. 

Awe, O.W., Zhao, Y., Nzihou, A., Minh, D.P. and Lyczko, N., 2017. A review of biogas utilisation, 

purification and upgrading technologies. Waste and Biomass Valorization. 8, 267-283. 

Bazargan, A., Bazargan, M. and McKay, G., 2015. Optimization of rice husk pretreatment for 

energy production. Renewable Energy. 77, 512-520. 

Benbelkacem, H., Bollon, J., Bayard, R., Escudié, R. and Buffière, P., 2015. Towards optimization 

of the total solid content in high-solid (dry) municipal solid waste digestion. Chemical 

Engineering Journal. 273, 261-267. 

Bhatti, Z.I., Furkukawa, K. and Fujita, M., 1995. Comparative composition and characteristics of 

methanogenic granular sludges treating industrial wastes under different conditions. Journal 

of fermentation and bioengineering. 79, 273-280. 

Bond, T. and Templeton, M.R., 2011. History and future of domestic biogas plants in the 

developing world. Energy for Sustainable development. 15, 347-354. 

Braun, R., Brachtl, E. and Grasmug, M., 2003. Codigestion of proteinaceous industrial waste. 

Applied biochemistry and biotechnology. 109, 139-153. 

Browne, J.D., Allen, E. and Murphy, J.D., 2013. Improving hydrolysis of food waste in a leach 

bed reactor. Waste management. 33, 2470-2477. 



54 

 

Bujoczek, G., Oleszkiewicz, J., Sparling, R. and Cenkowski, S., 2000. High solid anaerobic 

digestion of chicken manure. Journal of Agricultural Engineering Research. 76, 51-60. 

Callaghan, F.J., Wase, D., Thayanithy, K. and Forster, C., 1999. Co-digestion of waste organic 

solids: batch studies. Bioresource technology. 67, 117-122. 

Carberry, J.J., 2001. Chemical and catalytic reaction engineering, Courier Corporation. 

Castrillón, L., Fernández-Nava, Y., Ormaechea, P. and Marañón, E., 2011. Optimization of biogas 

production from cattle manure by pre-treatment with ultrasound and co-digestion with crude 

glycerin. Bioresource technology. 102, 7845-7849. 

Castrillon, L., Vázquez, I., Maranon, E. and Sastre, H., 2002. Anaerobic thermophilic treatment of 

cattle manure in UASB reactors. Waste management & research. 20, 350-356. 

Chen, X.Y., Vinh-Thang, H., Ramirez, A.A., Rodrigue, D. and Kaliaguine, S., 2015. Membrane 

gas separation technologies for biogas upgrading. Rsc Advances. 5, 24399-24448. 

Chen, Y., Cheng, J.J. and Creamer, K.S., 2008. Inhibition of anaerobic digestion process: a review. 

Bioresource technology. 99, 4044-4064. 

Chisti, Y., 1998. Pneumatically agitated bioreactors in industrial and environmental bioprocessing: 

hydrodynamics, hydraulics, and transport phenomena. 

Choi, J.-H., Jang, S.-K., Kim, J.-H., Park, S.-Y., Kim, J.-C., Jeong, H., Kim, H.-Y. and Choi, I.-

G., 2019. Simultaneous production of glucose, furfural, and ethanol organosolv lignin for 

total utilization of high recalcitrant biomass by organosolv pretreatment. Renewable energy. 

130, 952-960. 

Chynoweth, D.P., Owens, J.M. and Legrand, R., 2001. Renewable methane from anaerobic 

digestion of biomass. Renewable energy. 22, 1-8. 



55 

 

Comino, E., Rosso, M. and Riggio, V., 2009. Development of a pilot scale anaerobic digester for 

biogas production from cow manure and whey mix. Bioresource technology. 100, 5072-

5078. 

Cozma, P., Ghinea, C., Mămăligă, I., Wukovits, W., Friedl, A. and Gavrilescu, M., 2013. 

Environmental impact assessment of high pressure water scrubbing biogas upgrading 

technology. CLEAN–Soil, Air, Water. 41, 917-927. 

Cozma, P., Wukovits, W., Mămăligă, I., Friedl, A. and Gavrilescu, M., 2015. Modeling and 

simulation of high pressure water scrubbing technology applied for biogas upgrading. Clean 

Technologies and Environmental Policy. 17, 373-391. 

Dague, R.R. (1993) Anaerobic sequencing batch reactor, Google Patents. 

De Baere, L., 2008. Partial stream digestion of residual municipal solid waste. Water Science and 

Technology. 57, 1073-1077. 

Demirer, G. and Chen, S., 2005. Two-phase anaerobic digestion of unscreened dairy manure. 

Process biochemistry. 40, 3542-3549. 

Derman, E., Abdulla, R., Marbawi, H. and Sabullah, M.K., 2018. Oil palm empty fruit bunches as 

a promising feedstock for bioethanol production in Malaysia. Renewable Energy. 129, 285-

298. 

Doran, P.M., 1995. Bioprocess engineering principles, Elsevier. 

Doran, P.M. (2013) Bioprocess Engineering Principles, Second Edi, Elsevier Ltd. 

Dubrovskis, V., Plume, I. and Straume, I., 2009. Investigation of biogas production from mink and 

cow manure. Engineering Rural Develop, Jeglava. 28. 



56 

 

El-Mashad, H.M., Zeeman, G., Van Loon, W.K., Bot, G.P. and Lettinga, G., 2004. Effect of 

temperature and temperature fluctuation on thermophilic anaerobic digestion of cattle 

manure. Bioresource technology. 95, 191-201. 

El-Mashad, H.M. and Zhang, R., 2010. Biogas production from co-digestion of dairy manure and 

food waste. Bioresource technology. 101, 4021-4028. 

El Mashad, H., 2003. Solar thermophilic anaerobic reactor (STAR) for renewable energy 

production. 

Fernández-Rodríguez, J., Pérez, M. and Romero, L., 2013. Comparison of mesophilic and 

thermophilic dry anaerobic digestion of OFMSW: Kinetic analysis. Chemical Engineering 

Journal. 232, 59-64. 

Ferry, J.G., 2012. Methanogenesis: ecology, physiology, biochemistry & genetics, Springer 

Science & Business Media. 

Fuess, L.T., Klein, B.C., Chagas, M.F., Rezende, M.C.A.F., Garcia, M.L., Bonomi, A. and Zaiat, 

M., 2018. Diversifying the technological strategies for recovering bioenergy from the two-

phase anaerobic digestion of sugarcane vinasse: An integrated techno-economic and 

environmental approach. Renewable energy. 122, 674-687. 

Garcia-Ochoa, F. and Gomez, E., 2009. Bioreactor scale-up and oxygen transfer rate in microbial 

processes: an overview. Biotechnology advances. 27, 153-176. 

Gerardi, M.H., 2003. The microbiology of anaerobic digesters, John Wiley & Sons. 

Ghosh, S., Henry, M., Sajjad, A., Mensinger, M. and Arora, J., 2000. Pilot-scale gasification of 

municipal solid wastes by high-rate and two-phase anaerobic digestion (TPAD). Water 

Science and Technology. 41, 101-110. 



57 

 

Gil, A., Siles, J., Martín, M., Chica, A., Estévez-Pastor, F. and Toro-Baptista, E., 2018. Effect of 

microwave pretreatment on semi-continuous anaerobic digestion of sewage sludge. 

Renewable energy. 115, 917-925. 

Gunaseelan, V.N., 1997. Anaerobic digestion of biomass for methane production: a review. 

Biomass and bioenergy. 13, 83-114. 

Hansen, T.L., la Cour Jansen, J., Davidsson, Å. and Christensen, T.H., 2007. Effects of pre-

treatment technologies on quantity and quality of source-sorted municipal organic waste for 

biogas recovery. Waste Management. 27, 398-405. 

Harikishan, S. and Sung, S., 2003. Cattle waste treatment and Class A biosolid production using 

temperature-phased anaerobic digester. Advances in Environmental Research. 7, 701-706. 

Hashimoto, A.G., 1986. Ammonia inhibition of methanogenesis from cattle wastes. Agricultural 

Wastes. 17, 241-261. 

Holm-Nielsen, J.B., Al Seadi, T. and Oleskowicz-Popiel, P., 2009. The future of anaerobic 

digestion and biogas utilization. Bioresource technology. 100, 5478-5484. 

Hosseinipour, S.A. and Mehrpooya, M., 2019. Comparison of the biogas upgrading methods as a 

transportation fuel. Renewable energy. 130, 641-655. 

Huang, H., Chang, S.-G. and Dorchak, T., 2002. Method to regenerate ammonia for the capture of 

carbon dioxide. Energy & fuels. 16, 904-910. 

Huang, X., Yun, S., Zhu, J., Du, T., Zhang, C. and Li, X., 2016. Mesophilic anaerobic co-digestion 

of aloe peel waste with dairy manure in the batch digester: Focusing on mixing ratios and 

digestate stability. Bioresource technology. 218, 62-68. 

Ince, O., 1998. Performance of a two-phase anaerobic digestion system when treating dairy 

wastewater. Water research. 32, 2707-2713. 



58 

 

International Energy Agency, I., 2020. Outlook for biogas and biomethane: Prospects for organic 

growth. 

Jain, S., Jain, S., Wolf, I.T., Lee, J. and Tong, Y.W., 2015. A comprehensive review on operating 

parameters and different pretreatment methodologies for anaerobic digestion of municipal 

solid waste. Renewable and Sustainable Energy Reviews. 52, 142-154. 

Jensen, P.D., Sullivan, T., Carney, C. and Batstone, D.J., 2014. Analysis of the potential to recover 

energy and nutrient resources from cattle slaughterhouses in Australia by employing 

anaerobic digestion. Applied Energy. 136, 23-31. 

Jha, A.K., Li, J., Nies, L. and Zhang, L., 2011. Research advances in dry anaerobic digestion 

process of solid organic wastes. African Journal of Biotechnology. 10, 14242-14253. 

Jiang, J., Li, L., Cui, M., Zhang, F., Liu, Y., Liu, Y., Long, J. and Guo, Y., 2018. Anaerobic 

digestion of kitchen waste: The effects of source, concentration, and temperature. 

Biochemical Engineering Journal. 135, 91-97. 

Jiang, J., Wu, J., Poncin, S. and Li, H.Z., 2016. Effect of hydrodynamic shear on biogas production 

and granule characteristics in a continuous stirred tank reactor. Process Biochemistry. 51, 

345-351. 

Jiang, J., Wu, J., Zhang, J., Poncin, S. and Li, H.Z., 2014. Multiscale hydrodynamic investigation 

to intensify the biogas production in upflow anaerobic reactors. Bioresource technology. 

155, 1-7. 

Jin, Y., Li, Y. and Li, J., 2016. Influence of thermal pretreatment on physical and chemical 

properties of kitchen waste and the efficiency of anaerobic digestion. Journal of 

environmental management. 180, 291-300. 



59 

 

Kalia, A.K. and Singh, S.P., 2001. Effect of mixing digested slurry on the rate of biogas production 

from dairy manure in batch fermenter. Energy Sources. 23, 711-715. 

Karadag, D., Köroğlu, O.E., Ozkaya, B. and Cakmakci, M., 2015. A review on anaerobic biofilm 

reactors for the treatment of dairy industry wastewater. Process Biochemistry. 50, 262-271. 

Karim, K., Klasson, K.T., Drescher, S.R., Ridenour, W., Borole, A.P. and Al-Dahhan, M.H., 2007. 

Mesophilic digestion kinetics of manure slurry. Applied biochemistry and biotechnology. 

142, 231-242. 

Kayhanian, M., 1994. Performance of a high‐solids anaerobic digestion process under various 

ammonia concentrations. Journal of Chemical Technology & Biotechnology: International 

Research in Process, Environmental AND Clean Technology. 59, 349-352. 

Khalid, A., Arshad, M., Anjum, M., Mahmood, T. and Dawson, L., 2011. The anaerobic digestion 

of solid organic waste. Waste management. 31, 1737-1744. 

Khan, I.U., Othman, M.H.D., Hashim, H., Matsuura, T., Ismail, A., Rezaei-DashtArzhandi, M. 

and Azelee, I.W., 2017. Biogas as a renewable energy fuel–A review of biogas upgrading, 

utilisation and storage. Energy Conversion and Management. 150, 277-294. 

Khoshnevisan, B., Tsapekos, P., Alvarado-Morales, M. and Angelidaki, I., 2018. Process 

performance and modelling of anaerobic digestion using source-sorted organic household 

waste. Bioresource technology. 247, 486-495. 

Kim, H.J., Kim, S.H., Choi, Y.G., Kim, G.D. and Chung, T.H., 2006. Effect of enzymatic 

pretreatment on acid fermentation of food waste. Journal of Chemical Technology & 

Biotechnology: International Research in Process, Environmental & Clean Technology. 81, 

974-980. 



60 

 

Kim, M., Gomec, C.Y., Ahn, Y. and Speece, R., 2003. Hydrolysis and acidogenesis of particulate 

organic material in mesophilic and thermophilic anaerobic digestion. Environmental 

technology. 24, 1183-1190. 

Kim, Y.J., Nam, Y.S. and Kang, Y.T., 2015. Study on a numerical model and PSA (pressure swing 

adsorption) process experiment for CH4/CO2 separation from biogas. Energy. 91, 732-741. 

Kroeker, E., Schulte, D., Sparling, A. and Lapp, H., 1979. Anaerobic treatment process stability. 

Water Pollution Control Federation. 718-727. 

Kumar, P., Barrett, D.M., Delwiche, M.J. and Stroeve, P., 2009. Methods for pretreatment of 

lignocellulosic biomass for efficient hydrolysis and biofuel production. Industrial & 

engineering chemistry research. 48, 3713-3729. 

Labatut, R.A., Angenent, L.T. and Scott, N.R., 2011. Biochemical methane potential and 

biodegradability of complex organic substrates. Bioresource technology. 102, 2255-2264. 

Lansing, S., Víquez, J., Martínez, H., Botero, R. and Martin, J., 2008. Quantifying electricity 

generation and waste transformations in a low-cost, plug-flow anaerobic digestion system. 

ecological engineering. 34, 332-348. 

Lehtomäki, A., Huttunen, S. and Rintala, J., 2007. Laboratory investigations on co-digestion of 

energy crops and crop residues with cow manure for methane production: effect of crop to 

manure ratio. Resources, conservation and recycling. 51, 591-609. 

Lettinga, G., 1995. Anaerobic digestion and wastewater treatment systems. Antonie van 

leeuwenhoek. 67, 3-28. 

Li, D., Liu, S., Mi, L., Li, Z., Yuan, Y., Yan, Z. and Liu, X., 2015. Effects of feedstock ratio and 

organic loading rate on the anaerobic mesophilic co-digestion of rice straw and cow manure. 

Bioresource Technology. 189, 319-326. 



61 

 

Li, R., Chen, S. and Li, X., 2009a. Anaerobic co-digestion of kitchen waste and cattle manure for 

methane production. Energy Sources, Part A: Recovery, Utilization, and Environmental 

Effects. 31, 1848-1856. 

Li, R., Chen, S., Li, X., Saifullah Lar, J., He, Y. and Zhu, B., 2009b. Anaerobic codigestion of 

kitchen waste with cattle manure for biogas production. Energy & Fuels. 23, 2225-2228. 

Li, X., Li, L., Zheng, M., Fu, G. and Lar, J.S., 2009c. Anaerobic co-digestion of cattle manure with 

corn stover pretreated by sodium hydroxide for efficient biogas production. Energy & Fuels. 

23, 4635-4639. 

Li, Y., Jin, Y., Li, H., Borrion, A., Yu, Z. and Li, J., 2018. Kinetic studies on organic degradation 

and its impacts on improving methane production during anaerobic digestion of food waste. 

Applied Energy. 213, 136-147. 

Liao, B.-Q., Kraemer, J.T. and Bagley, D.M., 2006. Anaerobic membrane bioreactors: applications 

and research directions. Critical Reviews in Environmental Science and Technology. 36, 

489-530. 

Liu, T. and Sung, S., 2002. Ammonia inhibition on thermophilic aceticlastic methanogens. Water 

Science and Technology. 45, 113-120. 

Liu, X., Wang, W., Gao, X., Zhou, Y. and Shen, R., 2012. Effect of thermal pretreatment on the 

physical and chemical properties of municipal biomass waste. Waste Management. 32, 249-

255. 

Liu, Y. and Tay, J.-H., 2004. State of the art of biogranulation technology for wastewater 

treatment. Biotechnology advances. 22, 533-563. 

Luning, L., Van Zundert, E. and Brinkmann, A., 2003. Comparison of dry and wet digestion for 

solid waste. Water science and technology. 48, 15-20. 



62 

 

Lusk, P., 1998. Methane recovery from animal manures the current opportunities casebook. 

Ma, G., Ndegwa, P., Harrison, J.H. and Chen, Y., 2020. Methane yields during anaerobic co-

digestion of animal manure with other feedstocks: A meta-analysis. Science of The Total 

Environment. 728, 138224. 

Mancini, G., Papirio, S., Lens, P.N. and Esposito, G., 2018. Increased biogas production from 

wheat straw by chemical pretreatments. Renewable energy. 119, 608-614. 

Mao, C., Feng, Y., Wang, X. and Ren, G., 2015. Review on research achievements of biogas from 

anaerobic digestion. Renewable and Sustainable Energy Reviews. 45, 540-555. 

Marañón, E., Castrillón, L., Fernández, J.J., Fernández, Y., Peláez, A.I. and Sánchez, J., 2006. 

Anaerobic mesophilic treatment of cattle manure in an upflow anaerobic sludge blanket 

reactor with prior pasteurization. Journal of the Air & Waste Management Association. 56, 

137-143. 

MarañóN, E., Castrillón, L., Vázquez, I. and Sastre, H., 2001. The influence of hydraulic residence 

time on the treatment of cattle manure in UASB reactors. Waste management & research. 

19, 436-441. 

Martín, M., Montes, F.J. and Galán, M.A., 2008. On the contribution of the scales of mixing to the 

oxygen transfer in stirred tanks. Chemical Engineering Journal. 145, 232-241. 

Mata-Alvarez, J., Dosta, J., Romero-Güiza, M., Fonoll, X., Peces, M. and Astals, S., 2014. A 

critical review on anaerobic co-digestion achievements between 2010 and 2013. Renewable 

and sustainable energy reviews. 36, 412-427. 

Maurina, G., Rosa, L., Beal, L., Baldasso, C., Gimenez, J., Torres, A. and Sousa, M., 2014. Effect 

of internal recirculation velocity in an anaerobic sequencing batch reactor (ASBR). Brazilian 

Journal of Chemical Engineering. 31, 895-903. 



63 

 

Menardo, S., Airoldi, G. and Balsari, P., 2012. The effect of particle size and thermal pre-treatment 

on the methane yield of four agricultural by-products. Bioresource technology. 104, 708-

714. 

Metcalf, E., 2003. Wastewater engineering, treatment and reuse. New York: McGraw-Hill. 

Miltner, M., Makaruk, A. and Harasek, M., 2017. Review on available biogas upgrading 

technologies and innovations towards advanced solutions. Journal of Cleaner Production. 

161, 1329-1337. 

Mladenovska, Z., Dabrowski, S. and Ahring, B.K., 2003. Anaerobic digestion of manure and 

mixture of manure with lipids: biogas reactor performance and microbial community 

analysis. Water science and technology. 48, 271-278. 

Møller, H.B., Sommer, S.G. and Ahring, B.K., 2004. Methane productivity of manure, straw and 

solid fractions of manure. Biomass and bioenergy. 26, 485-495. 

Morone, A., Sharma, G., Sharma, A., Chakrabarti, T. and Pandey, R., 2018. Evaluation, 

applicability and optimization of advanced oxidation process for pretreatment of rice straw 

and its effect on cellulose digestibility. Renewable Energy. 120, 88-97. 

Mosier, N., Wyman, C., Dale, B., Elander, R., Lee, Y., Holtzapple, M. and Ladisch, M., 2005. 

Features of promising technologies for pretreatment of lignocellulosic biomass. Bioresource 

technology. 96, 673-686. 

Neves, L., Oliveira, R. and Alves, M., 2009. Co-digestion of cow manure, food waste and 

intermittent input of fat. Bioresource technology. 100, 1957-1962. 

Neves, L., Ribeiro, R., Oliveira, R. and Alves, M., 2006. Enhancement of methane production 

from barley waste. Biomass and Bioenergy. 30, 599-603. 



64 

 

Nielsen, H., Mladenovska, Z., Westermann, P. and Ahring, B., 2004. Comparison of two‐stage 

thermophilic (68 C/55 C) anaerobic digestion with one‐stage thermophilic (55 C) digestion 

of cattle manure. Biotechnology and bioengineering. 86, 291-300. 

Omar, R., Harun, R.M., Mohd Ghazi, T., Wan Azlina, W., Idris, A. and Yunus, R. (2008) 

Anaerobic treatment of cattle manure for biogas production, pp. 1-10. 

Owens, J. and Chynoweth, D., 1993. Biochemical methane potential of municipal solid waste 

(MSW) components. Water Science and Technology. 27, 1-14. 

Ozgun, H., Dereli, R.K., Ersahin, M.E., Kinaci, C., Spanjers, H. and van Lier, J.B., 2013. A review 

of anaerobic membrane bioreactors for municipal wastewater treatment: integration options, 

limitations and expectations. Separation and Purification Technology. 118, 89-104. 

Özkaya, B., Kaksonen, A.H., Sahinkaya, E. and Puhakka, J.A., 2019. Fluidized bed bioreactor for 

multiple environmental engineering solutions. Water research. 150, 452-465. 

Pal, P., 2017. Industrial water treatment process technology, Butterworth-Heinemann. 

Pavlostathis, S.G. and Giraldo-Gomez, E., 1991. Kinetics of anaerobic treatment. Water science 

and technology. 24, 35-59. 

Piñas, J.A.V., Venturini, O.J., Lora, E.E.S. and Roalcaba, O.D.C., 2018. Technical assessment of 

mono-digestion and co-digestion systems for the production of biogas from anaerobic 

digestion in Brazil. Renewable Energy. 117, 447-458. 

Purohit, S.D., 2012. Introduction to plant cell tissue and organ culture, PHI Learning Pvt. Ltd. 

Qian, M., Li, R., Li, J., Wedwitschka, H., Nelles, M., Stinner, W. and Zhou, H., 2016. Industrial 

scale garage-type dry fermentation of municipal solid waste to biogas. Bioresource 

technology. 217, 82-89. 



65 

 

Rajeshwari, K., Balakrishnan, M., Kansal, A., Lata, K. and Kishore, V., 2000. State-of-the-art of 

anaerobic digestion technology for industrial wastewater treatment. Renewable and 

sustainable energy reviews. 4, 135-156. 

Rico, C., Rico, J.L., Muñoz, N., Gómez, B. and Tejero, I., 2011. Effect of mixing on biogas 

production during mesophilic anaerobic digestion of screened dairy manure in a pilot plant. 

Engineering in Life Sciences. 11, 476-481. 

Rodriguez, C., Alaswad, A., El-Hassan, Z. and Olabi, A.-G., 2018. Improvement of methane 

production from P. canaliculata through mechanical pretreatment. Renewable energy. 119, 

73-78. 

Saady, N.M.C. and Massé, D.I., 2013. Psychrophilic anaerobic digestion of lignocellulosic 

biomass: a characterization study. Bioresource technology. 142, 663-671. 

Sadaka, S. and Engler, C., 2000. Effects of mixing on anaerobic composting of beef manure. 

Effects of mixing on anaerobic composting of beef manure. 1-9. 

Sarto, S., Hildayati, R. and Syaichurrozi, I., 2019. Effect of chemical pretreatment using sulfuric 

acid on biogas production from water hyacinth and kinetics. Renewable Energy. 132, 335-

350. 

Schmidt, J.E. and Ahring, B.K., 1996. Granular sludge formation in upflow anaerobic sludge 

blanket (UASB) reactors. Biotechnology and bioengineering. 49, 229-246. 

Sharma, V., Testa, C., Lastella, G., Cornacchia, G. and Comparato, M., 2000. Inclined-plug-flow 

type reactor for anaerobic digestion of semi-solid waste. Applied Energy. 65, 173-185. 

Shrestha, S., Fonoll, X., Khanal, S.K. and Raskin, L., 2017. Biological strategies for enhanced 

hydrolysis of lignocellulosic biomass during anaerobic digestion: current status and future 

perspectives. Bioresource technology. 245, 1245-1257. 



66 

 

Sonakya, V., Raizada, N. and Kalia, V.C., 2001. Microbial and enzymatic improvement of 

anaerobic digestion of waste biomass. Biotechnology letters. 23, 1463-1466. 

Sun, Q., Li, H., Yan, J., Liu, L., Yu, Z. and Yu, X., 2015. Selection of appropriate biogas upgrading 

technology-a review of biogas cleaning, upgrading and utilisation. Renewable and 

Sustainable Energy Reviews. 51, 521-532. 

Sung, S. and Liu, T., 2003. Ammonia inhibition on thermophilic anaerobic digestion. 

Chemosphere. 53, 43-52. 

Tervahauta, T., Bryant, I.M., Leal, L.H., Buisman, C.J. and Zeeman, G., 2014. Improved energy 

recovery by anaerobic grey water sludge treatment with black water. Water. 6, 2436-2448. 

Tilley, E., 2014. Compendium of sanitation systems and technologies, Eawag. 

Tock, L., Gassner, M. and Maréchal, F., 2010. Thermochemical production of liquid fuels from 

biomass: Thermo-economic modeling, process design and process integration analysis. 

Biomass and bioenergy. 34, 1838-1854. 

Tsapekos, P., Kougias, P. and Angelidaki, I., 2015. Biogas production from ensiled meadow grass; 

effect of mechanical pretreatments and rapid determination of substrate biodegradability via 

physicochemical methods. Bioresource technology. 182, 329-335. 

Vandevivere, P., De Baere, L. and Verstraete, W., 2003. Types of anaerobic digester for solid 

wastes, Biomethanization of the organic fraction of municipal solid wastes. Iwa Publishing, 

pp. 111-140. 

Veera, U.P. and Joshi, J., 1999. Measurement of gas hold-up profiles by gamma ray tomography: 

effect of sparger design and height of dispersion in bubble columns. Chemical Engineering 

Research and Design. 77, 303-317. 



67 

 

Wang, W., Hou, H., Hu, S. and Gao, X., 2010. Performance and stability improvements in 

anaerobic digestion of thermally hydrolyzed municipal biowaste by a biofilm system. 

Bioresource technology. 101, 1715-1721. 

Wang, X., Yang, G., Feng, Y., Ren, G. and Han, X., 2012. Optimizing feeding composition and 

carbon–nitrogen ratios for improved methane yield during anaerobic co-digestion of dairy, 

chicken manure and wheat straw. Bioresource technology. 120, 78-83. 

Wellinger, A., Wyder, K. and Metzler, A., 1993. KOMPOGAS-a new system for the anaerobic 

treatment of source separated waste. Water Science and Technology. 27, 153-158. 

Williams, J.A., 2002. Keys to bioreactor selections. Chemical engineering progress. 98, 34-41. 

Wu, S.-Y., Hung, C.-H., Lin, C.-Y., Lin, P.-J., Lee, K.-S., Lin, C.-N., Chang, F.-Y. and Chang, J.-

S., 2008. HRT-dependent hydrogen production and bacterial community structure of mixed 

anaerobic microflora in suspended, granular and immobilized sludge systems using glucose 

as the carbon substrate. International journal of hydrogen energy. 33, 1542-1549. 

Yenigün, O. and Demirel, B., 2013. Ammonia inhibition in anaerobic digestion: a review. Process 

Biochemistry. 48, 901-911. 

Yuan, H. and Zhu, N., 2016. Progress in inhibition mechanisms and process control of 

intermediates and by-products in sewage sludge anaerobic digestion. Renewable and 

Sustainable Energy Reviews. 58, 429-438. 

Zhang, R., El-Mashad, H.M., Hartman, K., Wang, F., Liu, G., Choate, C. and Gamble, P., 2007. 

Characterization of food waste as feedstock for anaerobic digestion. Bioresource technology. 

98, 929-935. 

Zhang, Y. and Banks, C.J., 2013. Impact of different particle size distributions on anaerobic 

digestion of the organic fraction of municipal solid waste. Waste management. 33, 297-307. 



68 

 

Zhang, Z.-P., Show, K.-Y., Tay, J.-H., Liang, D.T. and Lee, D.-J., 2008. Biohydrogen production 

with anaerobic fluidized bed reactors—A comparison of biofilm-based and granule-based 

systems. International journal of hydrogen energy. 33, 1559-1564. 

Zheng, Z., Liu, J., Yuan, X., Wang, X., Zhu, W., Yang, F. and Cui, Z., 2015. Effect of dairy manure 

to switchgrass co-digestion ratio on methane production and the bacterial community in 

batch anaerobic digestion. Applied Energy. 151, 249-257. 

Zupančič, G.D. and Jemec, A., 2010. Anaerobic digestion of tannery waste: semi-continuous and 

anaerobic sequencing batch reactor processes. Bioresource technology. 101, 26-33. 

 

 

 

 



69 

 

Chapter Three 

EFFECT OF ORGANIC LOADING RATE ON METHANE 

PRODUCTION IN PSYCHROPHILIC ANAEROBIC DIGESTION 

OF DAIRY MANURE AND GRASS SILAGE 

3.1. Abstract 

This study aims to examine the early stage of the culture’s adaptation during psychrophilic 

AD (20 ºC) of complex substrates (dairy manure and grass silage) at increasing organic loading 

rate (OLR; 1-5 g VS/L.d) in batch reactors. Kinetically, the first-order, Cone, and modified 

Gompertz models showed that the inoculum degraded the substrates and produced biogas at its 

early stage of adaptation. The methane yield from mono-digestion of dairy manure was higher at 

lower OLRs, while in co-digestion the trend was the opposite. The microbiome analysis revealed 

that the Bacteroidetes phylum was dominant, indicating the inoculum’s capability to degrade and 

ferment the organic matter in the complex substrates. Increasing the OLR from 1 to 5 g VS/L.d 

increased the relative abundance of Bacteroidetes in dairy manure-fed samples from 30.5 to 

42.9%; however, it decreased from 48.2% to 38.4% in dairy manure- and grass silage-fed samples. 

Generally, dairy manure increased the culture diversity compared to the inoculum (Shannon Index 

= 1.65 for dairy manure and 1.18 for inoculum). Shannon Index increased with the OLR in dairy 

manure-fed samples, but the co-digestate reversed the trend. 
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3.2. Introduction 

This study investigated the first cycle of culture adaptation during anaerobic digestion 

experiments with varying organic loading rates (OLR). The OLR is defined as the amount of the 

volatile solids fraction of the substrate fed to the digester per day (Yao et al., 2020). It is considered 

a key operating parameter in the design and operation of the anaerobic digesters. The high OLR 

refers to a high methane yield and treatment capacity, but it also means overloading which may 

cause process instability (Duan et al., 2019), VFA accumulation (Ahring et al., 1995), and foam 

formation (Kougias et al., 2013).  

Implementing AD in cold regions and under ambient conditions could be enhanced by co-

digestion with a specific range of OLR. The co-digestion of cow and pig manure at low 

temperature (18-25 ºC) conditions can be enhanced considering the OLRs up to 4-6 kg VS/m3.d 

(Garfí et al., 2011). The upper limit of OLR differs for various substrates. For example, the 

maximum OLR for anaerobic digestion of swine manure is 0.2 kg VS/m3.d at operating 

temperatures below 20 ºC because of the high biodegradability of the swine manure (Hill et al., 

2001). Also, the impact of different OLR values on the process performance varies at different 

temperatures (Tamkin et al., 2015). Tamkin et al. (2015) investigated three OLR values: high OLR 

(1.3 kg VS/m3.d), medium OLR (0.8 kg VS/m3.d), and low OLR (0.3 kg VS/m3.d) at varying 

temperatures of the bioreactor. The results showed that by decreasing the operating temperature 

from 27 ºC to 10 ºC (during 72 days), the digester performance significantly reduced for all reactors 

leading to 77-94% reduction in biogas production. When the temperature was gradually increased 

from 10 ºC to 27 ºC during 72 days, the reactor with the low OLR recovered and started to produce 

biogas as high as before reducing the temperature (100-270 mL/d). However, the high and medium 

OLR reactors failed to recover and their biogas production remained less than 100 mL/d (Tamkin 
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et al., 2015). Numerous studies recommended low OLRs for digesters operating at temperatures 

below 20 ºC (Alvarez and Lidén, 2008; 2009; Kalia and Kanwar, 1998; Khoiyangbam et al., 2004; 

Safley Jr and Westerman, 1994). Alvarez and Lidén (2008) and Alvarez and Lidén (2009) explored 

the performance of the anaerobic digesters at low temperature (18 ºC) with a mixture of manures; 

generally they recommended the OLRs of 4-6 kg VS/m3.d.  

The objective of this study is to investigate the effect of the OLR on the performance of the 

low-temperature anaerobic digester. The experiments performed in this section are in the first cycle 

of the culture adaptation. Three kinetic models have been applied to correlate the experimental 

methane yield data with incubation time. Various statistical analyses have been used to clarify the 

relationship between the experimental results and kinetic parameters. The molecular biology 

technique has been implemented to explore the behavior of microbial communities. The microbial 

community’s changes due to varying the type of substrate (glucose, manure, and a mixture of 

manure and silage) and OLR (1, 2, 3, 4, and 5 g VS/L.d) have been monitored. The principal 

component analysis (PCA) has been utilized to categorize the response of the microbial community 

towards the examined factors (e.g., type of substrate, OLR, and TS); this helps determine the 

dominant phylum/class/species of microorganisms in each reactor. The brief objectives of this 

chapter are provided below: 

 Investigating the performance of low-temperature anaerobic digester fed with dairy 

manure with varying OLR 

 Investigating the performance of low-temperature anaerobic digester fed with dairy 

manure and grass silage with varying OLR 

 Kinetic modeling to explore the kinetic parameters while changing OLR in the 

bioreactor   
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 Exploring the microbial community composition under various OLR values and 

substrates (i.e., dairy manure and the combination of dairy manure and grass silage) 

 

3.3. Materials and Methods 

3.3.1. Inoculum 

The initial inoculum was obtained from the Riverhead Wastewater Treatment Facility 

(RWTF), which is a conventional treatment plant in St. John’s, NL, Canada. The culture structure 

was in the form of small black granules, which were disintegrated and converted into flocculent 

culture upon storage and incubation. The dilute culture's alkalinity was 1700 mg/L as CaCO3 and 

was adjusted by adding 4.9 g of CaCO3 into 7 L of dilute culture. The final measured alkalinity 

was 2,595 mg/L as CaCO3. 

 

3.3.2. Feedstock 

Fresh manure from dairy cows (M) was collected from the Lester’s Dairy Farm (LDF) on 

the Avalon Peninsula, Newfoundland, from the wet barn and in front of the manure scraper. The 

manure was transferred into a plastic drum and stored at 4 ºC before being fed to the reactors. The 

experiments employed chopped (< 2.5-5.0 mm) grass silage (S). The dairy manure and grass silage 

were subjected to complete physiochemical characterization before they were fed to the reactors 

(Table 3.1). The characterization results are provided in Appendix A. In addition, the experimental 

procedure of determining feedstock characteristics is presented in Appendix B. 
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Table 3.1. Physiochemical characteristics of the substrates 

Parameter Dairy Manure (M) Grass Silage (S) 

pH 6.1 4.1 

Total Solids, TS (%) 8.1 33.3 

Volatile Solids, VS (%) 4.5 31.3 

Acid Detergent Fiber, ADF (%) 33.7 33.0 

Neutral Detergent Fiber, NDF (%) 35.0 58.1 

Cellulose (%) 1.2 7.2 

Hemicellulose (%) 2.23 3.71 

Lignin (%) 2.07 1.37 

Total Nitrogen (%) 3.24 - 

Fat (%) 7.2 1.33 

Protein (%) 4.29 4.22 

Sugars (%) - 0.32 

 

3.4. Batch Anaerobic Digestion Tests 

Two experiments have been conducted using two sets of duplicate batch reactors have been 

operated at different increasing OLRs (from 1 to 5 g VS/L.d). The reactors were bench-top air-

tight batch reactors. The batch reactor is usueful for conducting characterization studies and 

investigating the effects of many design and operational parameters. It is simple to operate with 

the standard protocols are available for test methodology. The system properties, such as microbial 

growth and degradability could be directly observed and measured (IEA Bioenergy Task 37, 

2018). In addition, it is possible to perform several experiments and duplicate experiments at the 

same time. Batch reactor excludes the effects of some parameters that are associated with the 

continuous reactors. The bioreactors were 500-mL Wheaton glass bottles with a working volume 

of 300 mL. Mono-digestion of dairy manure and co-digestion of dairy manure and grass silage 

(3:1 mass ratio) have been carried out in the batch reactors (Lehtomäki et al., 2007). After adding 

the inoculum and substrate(s), the reactors have been purged with N2 gas and sealed to achieve 
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anaerobic conditions (Figure 3.1). The reactors have been incubated in dark containers to prevent 

their exposure to light. The bioreactors were maintained at constant temperature (20±1 ºC). The 

reactors have been manually mixed daily for 1 minute.  

 

 
Figure 3.1. The culture is purged with nitrogen gas to maintain anaerobic conditions. Notice the black 

color of the culture and its flocculent consistency 

 

3.5. Experimental Design 

Multiple sets of duplicate batch reactors were operated to investigate the effect of the OLR 

on the methane production rate and methane yield of dairy manure and the mixture of dairy manure 

and grass silage. The OLR was changed from 1 to 5 g VS/L.d and the reactors were maintained at 

a constant temperature of 20 ºC. The experimental is given in Table 3.2 and Figure 2.1.  

 

3.5.1. Biogas production measurement  

Produced biogas volume was measured daily using a calibrated gas pressure meter (Dwyer 

Instruments Inc.; model: DPGA-10). Methane (CH4) production is reported in normalized liters 
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(NL CH4), i.e., the CH4 volume produced was corrected to standard temperature and pressure 

(STP) (273 K; 1 atm) using Equation (3-1): 

 
Figure 3.2. Schematic of the experimental setup, conditions, and analyses in the first cycle of culture 

adaptation 

 

Table 3.2. The experimental design of first cycle of inoculum adaptation at increasing OLR 

Test no. Substrate(s) OLR (g VS/L) TS (%) Label 

1 Dairy Manure 1.0 2.8 M1 

2 Dairy Manure + Grass Silage 1.0 2.8 MS1 

3 Dairy Manure 2.0 3.5 M2 

4 Dairy Manure + Grass Silage 2.0 3.5 MS2 

5 Dairy Manure 3.0 4.3 M3 

6 Dairy Manure + Grass Silage 3.0 4.3 MS3 

7 Dairy Manure 4.0 5.0 M4 

8 Dairy Manure + Grass Silage 4.0 5.0 MS4 

9 Dairy Manure 5.0 5.8 M5 

10 Dairy Manure + Grass Silage 5.0 5.8 MS5 

 

 

𝑉𝐶𝐻4,𝑆𝑇𝑃
= 𝜀𝑉𝑚

𝑇𝑠𝑃𝑚

𝑇𝑚𝑃𝑠
 (3-1) 
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where, 𝑉𝑚 stands for the measured volume of biogas; 𝜀 is the percentage of CH4 in biogas; 

𝑇𝑚 and 𝑃𝑚 are the actual temperature and atmospheric pressure at the time of measurement; and 

𝑇𝑠 and 𝑃𝑠 are the standard temperature and pressure. 𝑉𝐶𝐻4,𝑆𝑇𝑃
 is the volume of methane at standard 

temperature and atmospheric pressure. 

The CH4 volume produced is corrected to the CH4 produced by the control bioreactors (CH4 

produced in each bioreactor has been calculated by subtracting the amount of CH4 produced in the 

controls). The total specific methane yield (SMY) reported in this study is the cumulative specific 

CH4 yield. Specific CH4 yield has been calculated by dividing the CH4 produced (NL) over the 

mass of the total VS fed to the bioreactor at the beginning of the experiment.  

 

3.5.2. Biogas composition analysis 

Biogas components (CH4 and CO2) were determined weekly using a portable biogas analyzer 

(model: SAZQ) and Agilent gas chromatograph (GC) model 6890. The gas analysis protocol used 

a column (30 m × 0.32 mm × 3.00 µm). The column and the thermal conductivity detector have 

been operated at 200 ºC. Calibration was performed weekly with standard gas. The inlet 

temperature and split ratio were 185 ºC and 30:1, respectively. 200 µL of the sample was injected 

for analysis. The carrier gas was Helium with a rate of 2.0 mL/min.  

 

3.5.3. Characterization of dairy manure and grass silage 

Dairy manure and grass silage have been tested for total chemical oxygen demand (TCOD), 

pH, alkalinity, and volatile and total solids (VS and TS, respectively) according to the standard 

methods (Carranzo, 2012) before they have been fed to the reactors. After incubation, mixed liquor 
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samples have been collected and analyzed weekly for total pH, alkalinity, and VS according to the 

standard method number 5560D.  

 

3.5.4. Volatile fatty acid analysis 

The concentrations of individual volatile fatty acids (VFAs), including acetic, propionic, 

butyric, isobutyric, valeric, and isovaleric acids, have been measured using Agilent gas 

chromatograph (GC) model 6890 fitted with Flame Ionization Detector (FID) and equipped with 

a J&W Scientific DB-FFAP high-resolution column (25 m × 0.32 mm × 0.50 µm). Calibration has 

been performed using 10, 20, 50, 100, and 200 mg/L of the standard VFAs solution. The inlet 

temperature was set to be 260 ºC with a 20:1 split ratio of the carrier gas (Helium, 2.4 mL/min) 

and the sample. In each injection, 0.5 µL of the sample was used. A vial containing a standard 

solution of VFAs was injected after every 5 unknown samples in each analysis.  

 

3.5.5. Fiber analysis 

Fiber analysis has been conducted on dairy manure and grass silage to determine their 

cellulose, hemicellulose, and lignin contents. Serial extractions have been conducted for neutral 

detergent fiber (NDF), acid detergent fiber (ADF), and then acid detergent lignin (ADL), 

respectively. The NDF extraction has been conducted using a sample-containing bag in a soapy 

water solution. During NDF, soluble cell contents such as carbohydrates, lipids, pectin, starch, 

soluble proteins and non-protein nitrogen have been washed off while hemicellulose, proteins 

bound to the cell walls, cellulose, lignin, and recalcitrant materials remained in the bag. During 

ADF, hemicellulose and bound proteins have been washed off using a 1.00 normal H2SO4 and 

detergent solution while cellulose, lignin, and recalcitrant materials have been left. During ADL, 
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cellulose has been washed off using 72% H2SO4 solution while only lignin and recalcitrant 

materials have been left. Hemicellulose has been determined as the difference between NDF and 

ADF, cellulose as the difference between ADF and ADL while lignin has been considered 

equivalent to ADL (Bauer et al., 2009). 

 

3.6. Kinetic Models 

Mathematical models are analytical expressions of system behavior representing the actual 

system. They can simulate the behavior of any system under investigation under different 

conditions. Kinetic models reveal changes in the kinetics of microbial cultures due to adaptation. 

Three kinetic models, including the first-order kinetics (Equation (3-2)), Cone model (Equation 

(3-3)), and the modified Gompertz model (Equation (3-4)), which are commonly used to model 

biogas production (Zhen et al., 2016), have been applied to the experimental methane yield data 

in this study. Each kinetic model has its parameters obtained based on the experimental data and 

used as indicators for system analysis. In addition, calibrating kinetic models on CH4 production 

data generates useful information on culture adaptation. The first-order kinetic and Cone models 

are intended to determine the cumulative methane yield and the hydrolysis rate of the organic 

matter. Besides cumulative methane yield and hydrolysis rate, the modified Gompertz model gives 

evidence on the lag-phase duration.  

𝐵(𝑡) = 𝑓𝑑 (1 − exp(−𝑘ℎ𝑦𝑑𝑡))  ,     𝑡 ≥ 0 (3-2) 

𝐵(𝑡) =
𝑓𝑑

1 + (𝑘ℎ𝑦𝑑𝑡)
−𝑛  ,     𝑡 > 0 (3-3) 

𝐵(𝑡) = 𝑓𝑑. exp {−exp [
2.71828𝑅𝑚

𝑓𝑑

(𝜆 − 𝑡) + 1]}  ,     𝑡 ≥ 0 (3-4) 
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where 𝐵(𝑡) is the specific methane yield (NL CH4/kg VSadded); 𝑓𝑑 stands for the maximum 

specific methane yield (NL CH4/kg VSadded); 𝑘ℎ𝑦𝑑 refers to the hydrolysis kinetic constant (1/day); 

𝑡 introduces the hydraulic retention time (d); 𝑛 is the shape factor; 𝑅𝑚 is the maximum methane 

production rate (NL CH4/kg VSadded.d), and 𝜆 shows the lag-phase duration (d). 

 

3.7. Microbial Community Analysis 

Microbial community profiling has performed on nine DNA samples extracted from the 

samples taken from the bioreactors: Original culture from the wastewater treatment plant (OC); 

inoculum from the original culture after incubation for four weeks without any feed (IN); glucose-

fed culture (GL); dairy manure-fed culture at OLRs of 1, 3, and 5 g VS/L.d (M1, M3, and M5, 

respectively); dairy manure- and silage-fed culture at OLR 1, 3, and 5 g VS/L.d (MS1, MS3, and 

MS5, respectively). The extraction of DNA from culture samples has been conducted using 

QIAGEN RNeasy PowerSoil DNA Elution Kit as per the manufacturer's instructions. 

The kit is designed to isolate DNA to recover the total nucleic acid content of the original 

sample of soli and sludge. The procedure of DNA isolation is given schematically in Figure 3.3. 

DNA samples have been sent to the Integrated Microbiome Resource facility (Halifax, NS, 

Canada), where they have been processed for the determination of community 16S rDNA (regions 

V4-V5) sequences as described (Comeau et al., 2017) using an Illumina MiSeq. The sequence data 

have been then analyzed using the CACTUS pipeline (Verhoeven et al., 2018), with each sequence 

assigned to the appropriate phylum and class. The step-wise procedure is provided below: 

 Transfer the RNA Capture Column of the RNeasy PowerSoil Total RNA Kit to a 15 

ml Collection Tube 
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 Add 1 ml of Solution SR8 (is a salt solution that allows for the preferential release of 

DNA from the RNA Capture Column, leaving residual debris and inhibiting 

substances in the column) to the RNA Capture Column to elute the bound DNA into 

the 15 ml Collection Tube. Allow the solution SR8 to gravity flow into the Collection 

Tube 

 

 
Figure 3.3. The procedure of DNA elution using the RNeasy PowerSoil Kit 
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 Transfer the eluted DNA to a 2.2 ml Collection Tube (provided) and add 1 ml of 

Solution SR4 (is 100% Isopropanol). Invert at least once to mix and incubate at –

15°C to –30 °C for 10 min 

 Centrifuge the 2.2 ml Collection Tube at 13,000 x g for 15 min at room temperature 

to pellet the DNA 

 Decant the supernatant and invert the 2.2 ml Collection Tube onto a paper towel for 

10 min to air dry the DNA pellet 

 Re-suspend the DNA pellet in 100 μl of Solution SR7 (is RNase/DNase-free water 

and is used to re-suspend the pelleted, it contains no EDTA) 

 The eluted DNA is now ready for downstream applications 

 

Diversity analysis (Shannon Index (Shannon, 1948)) has been performed by calculating the 

Shannon Index for each sample according to Equation (3-5) where RAi represents the relative 

abundance of phylum/class i in the sample. 

𝑆ℎ𝑎𝑛𝑛𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 = − ∑ 𝑅𝐴𝑖 × ln (𝑅𝐴𝑖) (3-5) 

 

3.8. Statistical Analysis 

The kinetic models' accuracy in predicting the methane yield data with time was measured 

by the statistical error analysis. The coefficient of determination (R2; Equation (3-6)) and average 

relative deviation (ARD; Equation (3-7)) have been calculated to show the accuracy of the kinetic 

models. Pearson’s correlation has been implemented to correlate the experimental ultimate 

methane yield and the maximum specific methane yield with hydrolysis kinetic constant. The p-

value associated with Pearson’s correlation coefficient indicates the significance of the variable. It 
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is well accepted that p < 0.05 shows a significant relationship while p < 0.01 denotes a highly 

significant relationship between the two variables. 

   

𝑅2 = (
𝑛 ∑ 𝑥𝑦 − (∑ 𝑥)(∑ 𝑦)

√[𝑛 ∑ 𝑥2 − (∑ 𝑥)2][𝑛 ∑ 𝑦2 − (∑ 𝑦)2]
)

2

 (3-6) 

𝐴𝑅𝐷 =
|𝐵𝑒𝑥𝑝 − 𝐵𝑒𝑠𝑡|

𝐵𝑒𝑥𝑝
 (3-7) 

 

The principal component analysis (PCA) has been carried out to explore possible 

relationships among different phyla/classes/species in the samples. The PCA method is useful 

when there are many variables because it reduces the number of dimensions (Behbahani et al., 

2017). It creates a new set of variables named principal components (PC), describing as much 

variation in the data as possible. The Eigenvalue specifies a PC parameter's significance when it 

is larger than or equal to 1. The PCA's product includes two figures named score plot and loading 

plot, which should be interpreted together. The score plot shows the score of each sample in the 

first and second PC domain (PC1 vs. PC2). It identifies each sample's similarity relative to other 

samples; the closer samples, the more similar they are (Minitab Inc., United States). The possible 

groups of samples (i.e., clusters) could be observed depending on how they share similar 

microorganisms. 

On the other hand, the loading plot shows the significance of and relationship between 

variables. The more considerable distance from the plot origin denotes the more substantial 

influence of that variable. In addition, the variables placed next to each other in the loading plot 

are positively correlated, and the opposed variables are negatively correlated. The PCA has been 

conducted using Minitab® v19 software (Minitab Inc., United States).   
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3.9. Results and Discussion 

3.9.1. Effects of the OLR on the mono-digestion of dairy manure  

Methane production rate (MPR) and accumulative specific methane yield (SMY) obtained 

during the initial stage of adaptation from the mono-digestion of dairy manure at different OLRs 

are reported in Figure 3.4 and Figure 3.5, respectively. The highest MPR has been detected in the 

first 2 days of incubation in the reactors fed at OLR of 1 g VS/L.d (Figure 3.4). These reactors also 

exhibited the highest SMY (10.1 NL/kg VSadded.d) during the first 2 days of incubation. It has been 

followed by M2 (2 g VS/L.d), M3 (3 g VS/L.d), M4 (4 g VS/L.d), and M5 (5 g VS/L.d), which 

produced 8.6, 7.4, 6.3, and 4.8 NL CH4/kg VSadded.d, respectively. After a sharp peak has been 

observed on day 2 in all reactors, the reactors experienced a declining MPR with some slight 

fluctuations. The early peak might have resulted from the conversion of readily biodegradable 

soluble organic matter such as VFAs in substrates. The biodegradability of dairy manure is low as 

it is a lignocellulosic feedstock in which the portion of easy-to-digest material has already been 

eliminated by the cow intestine (Zheng et al., 2015). Thus, degrading dairy manure by 

microorganisms that are in the early stages of acclimation to the substrate and low temperature is 

limited. 

Generally, all reactors reached 90% of their ultimate methane yield during the first 10 days 

of the tests. As is seen in Figure 3.5, the reactor fed the lowest OLR produced the highest methane 

yield. The ultimate methane yields (NL CH4/kg VSadded) of reactors M1 to M5 were 28.7, 25.9, 

23.8, 20.7, and 18.3, respectively. 
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Figure 3.4. Methane production rate (MPR) during psychrophilic mono-digestion of dairy manure (M) 

with increasing organic loading rates of 1 to 5 g VS/L.d at 20 ºC 

 
Figure 3.5. Accumulative specific methane yield (SMY) during psychrophilic mono-digestion of dairy 

manure (M) with increasing organic loading rates of 1 to 5 g VS/L.d at 20 ºC 
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A range of methane yield could be found in the literature from mono-digestion of dairy 

manure at psychrophilic temperatures. Saady and Massé (2013) obtained 145±12 NL CH4/kg 

VSadded from 31 days incubation of cow feces at psychrophilic temperature using a fully substrate-

acclimated inoculum. Considering the first 20 days of incubation in Saady and Massé (2013) work, 

the methane yield was 112 NL CH4/kg VSadded, indicating an effect of the incubation period on 

methane yield. Martí-Herrero et al. (2015) conducted psychrophilic AD of cow manure using a 

tubular reactor and obtained a yield of 81 NL CH4/kg VSadded during 80 days of incubation at 16.6 

ºC. Alvarez et al. (2006) carried out psychrophilic AD of cow manure at 11 ºC for two hydraulic 

retention times (HRT) of 20 and 50 days. They fed the reactors with 1.29 kg VS/ m3.d cow manure 

and obtained 12.5 NL CH4/kg VSadded during 20 days and 33.6 NL CH4/kg VSadded during 50 days 

of incubation. The methane yields obtained in the current study are higher than those reported by 

Martí-Herrero et al. (2015) at 20 days and Alvarez et al. (2006) at 50 days.  

Table 3.3 summarizes the results from low-temperature anaerobic digestion of dairy manure 

from this and previous studies. The methane yield (NL CH4/kg VS) varies widely (from 6.4 at 20 

days HRT (Alvarez et al., 2006) to 237.6 at 94 days HRT (Saady and Massé, 2013)), depending 

on the different parameters such as temperature, HRT, TS, OLR, and ISR. However, adaptation 

has rarely been considered in quantitative studies. The inoculum adaptation is a key factor that 

should be considered in comparing the results. Saady and Massé (2013) used an adapted inoculum 

for the experiments, while there is no information on the inoculum adaptation stage in other 

studies.  
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3.9.2. Effects of the OLR on the co-digestion of dairy manure and grass silage  

The profiles of MPR and SMY of co-digestion of dairy manure and grass silage at different 

OLRs (1, 2, 3, 4, and 5 g VS/L.d) are given in Figure 3.6 and Figure 3.7, respectively. Compared 

to the mono-digestion of dairy manure (Figure 3.6), a higher maximum MPR was observed on day 

2 of the co-digestion (Figure 3.6). In contrast to the mono-digestion of dairy manure, the highest 

MPR on day 2 was obtained in the reactor that was fed the highest OLR (i.e., MS5). The MPR 

values were 20.0, 17.8, 14.3, 13.2, and 12.0 NL CH4/kg VSadded.d for MS5, MS4, MS3, MS1, and 

MS2, respectively. A second lower peak of MPR was observed on day 6 in all reactors; this showed 

a jump in the microorganisms’ performance. Multiple successive peaks of the MPR revealed a 

difference in the fermentation kinetics. The first peak was likely due to the conversion of pre-

existing soluble organic matter in the substrate. Moreover, the higher MPR observed in the co-

digestion experiment compared to those observed in the mono-digestion experiment indicate better 

biodegradability of grass silage and dairy manure than dairy manure alone. Then, the 

microorganisms were able to consume the easy-to-digest part of grass silage. 

The same behavior was observed by Zheng et al. (2015), where multiple peaks were obtained 

in the co-digestion of dairy manure and switchgrass. These researchers obtained two main peaks 

when the dairy manure and switchgrass were fed at a 3:1 ratio; the same ratio used in this study. 

Interestingly, upon increasing the ratio of switchgrass in the substrate, the number of peaks and 

their sharpness increased (Zheng et al., 2015).  

The ultimate methane yield measured in the reactors MS5, MS4, MS3, MS2, and MS1 were 

62.0, 58.8, 54.5, 48.8, and 43.5 NL CH4/kg VSadded, respectively (Figure 3.7). Compared to mono-

digestion of dairy manure, the co-digestion of dairy manure and grass silage produced more 

methane at the same OLR. The ultimate methane yield increased by 51.7, 88.3, 129.2, 184.0, and 
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239.4% in the co-digestion experiments for reactors with OLR 1, 2, 3, 4, and 5 g VS/L.d, 

respectively. 

  

Figure 3.6. Methane production rate (MPR) during psychrophilic co-digestion of dairy manure and grass 

silage (MS) with increasing organic loading rates of 1 to 5 g VS/L.d at 20 ºC  

 

Figure 3.7. Accumulative specific methane yield (SMY) during psychrophilic co-digestion of dairy 

manure and grass silage (MS) with increasing organic loading rates of 1 to 5 g VS/L.d at 20 ºC 
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Table 3.3. Comparative performance of low-temperature anaerobic digestion of dairy manure 

Substrate Year Temperature 

(ºC) 

OLR (kg VS/ m3.d) TS % HRT (day) Methane yield 

 (NL CH4/kg 

VSadded) 

Reference 

Dairy manure 2020 20 1.0 2.8 20 28.68 This study 

   2.0 3.5  25.89 This study 

   3.0 4.3  23.79 This study 

   4.0 5.0  20.70 This study 

   5.0 5.8  18.26 This study 

   5.0 7.0  38.12 This study 

   5.0 8.0  34.88 This study 

   5.0 9.0  28.63 This study 

   5.0 10.0  25.58 This study 

Cow manure 2015 16.6 0.43 - 80 81 (Martí-Herrero et al., 

2015) 

Cow manure 2014 16.6 0.26 - 120 108 (Martí-Herrero et al., 

2014) 

  16.6 0.26 - 120 155.1  

Dairy manure 2013 20 3.04 - 31 145 (Saady and Massé, 

2013) 

     61 179  

     94 237.6  

Dairy manure 2013 22 1.26 - 6 190 (Ma et al., 2013) 

Cow manure 2012 20 0.34 - 90 198 (Ferrer et al., 2011) 

Cow manure 2011 25 - - 90 185.6 (Ferrer et al., 2011) 

Cow manure 2009 18 6.2 - 10 12 (Alvarez and Lidén, 

2009) 

     50 100  

Cow manure 2006 11 1.29 20 20 12.5 (Alvarez et al., 2006) 

   3.22 50 20 6.4  

   1.29 50 50 33.6  

   0.52 20 50 24.4  

Dairy manure 1997 23 4.07 1.3 2.3 100 (Powers et al., 1997) 



89 

 

3.9.3. Kinetic modeling with OLR variation 

Three kinetic models were used to model the experimental methane yield from anaerobic 

digestion of dairy manure and grass silage. Table 3.4 presents the kinetic parameters: experimental 

ultimate methane yield (𝐵𝑒𝑥𝑝), the estimated ultimate methane yield (𝐵𝑒𝑠𝑡), and maximum methane 

potential (𝑓𝑑) estimated by the models employed for the reactors fed different OLRs. The estimated 

𝑓𝑑 decreased with the increase of OLR in dairy manure-fed reactors. Feeding grass silage and dairy 

manure to the reactors, an opposite trend was observed and the 𝑓𝑑, estimated by first-order kinetic 

and modified Gompertz models increased with the increase of OLR. However, the Cone model 

showed a reverse trend in reactors with OLR of 4 g VS/L.d. The 𝑅𝑚estimated by a modified 

Gompertz model showed a trend of variation similar to that observed for 𝑓𝑑. Mono-digestion of 

dairy manure in reactor M5 exhibited the lowest 𝑅𝑚 (1.79 NL CH4/kg VSadded.d); this indicated 

difficulty in accessing the digestible portion of the lignocellulosic material in dairy manure (Zheng 

et al., 2015). The highest 𝑅𝑚 was obtained by reactor MS5 (7.52 NL CH4/kg VSadded.d), which 

showed the significance of adding grass silage to dairy manure. Moreover, no lag-phase (𝜆) was 

experienced in both mono-digestion and co-digestion experiments. It should be noted that the Cone 

model estimated the highest 𝑓𝑑  among all models. In summary, the results indicated that co-

digestion of dairy manure with grass silage highly enhanced dairy manure biodegradability and 

methane production rate (Yangin-Gomec and Ozturk, 2013). The hydrolysis reaction rate constant 

(𝑘ℎ𝑦𝑑) indicates the biodegradability of a substrate and the efficiency of digestion. It is believed 

that hydrolysis is the rate-limiting step in the anaerobic digestion process most of the time, 

especially at low temperatures, which leads to poor substrate degradation and methane production 

(Rebac et al., 1999; Vavilin et al., 2008). The present study showed that high 𝑘ℎ𝑦𝑑 led to high 

methane production (Figure 3.8 to Figure 3.11). This trend supported the importance of hydrolysis 
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in the anaerobic digestion (Ge et al., 2011). Figure 3.8 presents the changes in 𝐵𝑒𝑥𝑝, 𝑓𝑑 , and 𝑘ℎ𝑦𝑑 

with the OLR in the reactors fed with dairy manure. Increasing the OLR decreased the values of 

𝐵𝑒𝑥𝑝, 𝑓𝑑 , and 𝑘ℎ𝑦𝑑 (Figure 3.8). The highest 𝑘ℎ𝑦𝑑 value (1/d), i.e., 0.220 for the first-order kinetic 

and 0.285 for the Cone model, corresponded to the reactor M1. The 𝑘ℎ𝑦𝑑 of the first-order kinetic 

model decreased to 0.201, 0.185, 0.173, and 0.131 1/d for M2, M3, M4, and M5, respectively, 

upon increasing the OLR. The same trend is detected by the Cone model when the 𝑘ℎ𝑦𝑑 decreased 

to 0.262, 0.233, 0.220, and 0.180 1/d for M2, M3, M4, and M5, respectively.  

The variation of 𝐵𝑒𝑥𝑝 and 𝑓𝑑 with the 𝑘ℎ𝑦𝑑 reveals the significance of hydrolysis rate in the 

fermentation process. Figure 3.9 shows that by increasing the 𝑘ℎ𝑦𝑑, the 𝐵𝑒𝑥𝑝 and 𝑓𝑑 also increased. 

For the first-order kinetic model, when 𝑘ℎ𝑦𝑑 increased from 0.131 to 0.22 1/d, 𝑓𝑑 increased from 

19.59 to 28.79 NL CH4/kg VSadded. The Cone model detected the same improvement; when 𝑘ℎ𝑦𝑑 

increased from 0.18 to 0.285 1/d, 𝑓𝑑  also increased from 21.27 to 31.64 NL CH4/kg VSadded. 

Although many studies reported the same trend for the effect of hydrolysis on 𝐵𝑒𝑥𝑝 and 𝑓𝑑 (Ge et 

al., 2011), there are studies showing that a higher 𝑘ℎ𝑦𝑑 does not always mean a higher methane 

production (Fernández-Rodríguez et al., 2014; Zhen et al., 2016). Moreover, it was reported that 

the temperature has a great impact on hydrolysis (Donoso-Bravo et al., 2009); higher temperatures 

lead to higher 𝑘ℎ𝑦𝑑 (Ge et al., 2011). 
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Table 3.4. Predicted parameters of three kinetic models for mono-digestion of manure (M) and co-digestion of dairy manure and grass silage (MS) 

with increasing OLR 

Parameter Manure   Manure and Silage  

M1* M2 M3 M4 M5  MS1** MS2 MS3 MS4 MS5 

Experiment            

𝐵𝑒𝑥𝑝 (𝑁𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  28.68 25.89 23.79 20.70 18.26  43.50 48.76 54.52 58.79 61.97 

First-order Kinetic Model (Equation (3-2)) 

𝐵𝑒𝑠𝑡  (𝑁𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  28.44 26.02 23.72 20.88 18.17  48.29 49.85 54.86 59.71 61.69 

𝑓𝑑  (𝑁𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  28.79 26.50 24.32 21.56 19.59  54.45 55.23 58.93 62.25 63.53 

𝑘ℎ𝑦𝑑  (1 𝑑⁄ ) 0.220 0.201 0.185 0.173 0.131  0.109 0.116 0.134 0.160 0.177 

Cone Model (Equation (3-3)) 

𝐵𝑒𝑠𝑡  (𝑁𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  28.79 26.17 23.92 20.99 17.52  45.82 49.95 54.76 59.94 62.10 

𝑓𝑑  (𝑁𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  31.64 28.61 27.06 23.76 21.27  64.69 64.95 67.29 69.03 70.24 

𝑘ℎ𝑦𝑑  (1 𝑑⁄ ) 0.285 0.262 0.233 0.220 0.180  0.124 0.133 0.159 0.201 0.224 

𝑛 1.33 1.43 1.32 1.37 1.20  0.98 1.23 1.27 1.36 1.36 

Modified Gompertz Model (Equation (3-4)) 

𝐵𝑒𝑠𝑡  (𝑁𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  27.55 25.27 22.92 20.25 17.54  42.75 48.21 52.94 57.82 59.77 

𝑓𝑑  (𝑁𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  27.56 25.31 22.97 20.32 17.74  42.91 49.06 53.49 58.11 59.95 

𝑅𝑚 (𝑁𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑. 𝑑)⁄  4.21 3.50 3.02 2.49 1.79  5.18 4.56 5.49 6.73 7.52 

𝜆 (𝑑) 0 0 0 0 0  0 0 0 0 0 

* M1 to M5 denote the reactors fed with dairy manure changing OLR 1 to 5, respectively. 

** MS1 to MS5 represent the reactors fed with dairy manure and grass silage varying OLR 1 to 5, respectively.  
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Figure 3.8. Relationship of the experimental ultimate methane yield (𝐵𝑒𝑥𝑝), maximum methane potential 

(𝑓𝑑), and hydrolysis reaction rate constant (𝑘ℎ𝑦𝑑) with the organic loading rate for mono-digestion of 

dairy manure 

 

Pearson’s correlation was conducted to relate the variations of 𝐵𝑒𝑥𝑝 and 𝑓𝑑 with 𝑘ℎ𝑦𝑑. The 

results (Figure 3.9) show that the Pearson’s correlation positively related the 𝐵𝑒𝑥𝑝 and 𝑓𝑑  with 

𝑘ℎ𝑦𝑑. The Pearson’s correlation coefficient (RP) values obtained for the first-order kinetic and 

Cone models in predicting the experimental ultimate methane yield (𝐵𝑒𝑥𝑝 ) were 0.9690 and 

0.9857, respectively. The RP values from first-order kinetic and Cone models for prediction of 

maximum methane potential (𝑓𝑑) were 0.9633 and 0.9817, respectively. Despite having the RP for 

the first-order kinetic model lower than that of the Cone model for both 𝐵𝑒𝑥𝑝 and 𝑓𝑑, the p-values 

obtained based on both the first-order and Cone models showed the significance of the relationship 

between the studied variables (𝐵𝑒𝑥𝑝 and 𝑓𝑑 with 𝑘ℎ𝑦𝑑). The p-values obtained for the first-order 

kinetic and Cone models in predicting 𝐵𝑒𝑥𝑝 are 0.0065 and 0.0021, respectively. Similarly, both 
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first-order kinetic and Cone models showed a significant relationship between 𝑘ℎ𝑦𝑑 and 𝑓𝑑, having 

p-values equal to 0.0084 and 0.0030, respectively. 

 

 
Figure 3.9. Pearson’s correlations of the experimental ultimate methane yield (𝐵𝑒𝑥𝑝) and maximum 

methane potential (𝑓𝑑) against hydrolysis reaction rate constant (𝑘ℎ𝑦𝑑) for mono-digestion of dairy 

manure 

 

Figure 3.10 presents the relationship of 𝐵𝑒𝑥𝑝, 𝑓𝑑 and the 𝑘ℎ𝑦𝑑 with OLR for the co-digestion 

of dairy manure and grass silage. Unlike the digestion of dairy manure alone, 𝐵𝑒𝑥𝑝, 𝑓𝑑 and the 

𝑘ℎ𝑦𝑑 for co-digestion increased with the increase of OLR. The highest 𝑘ℎ𝑦𝑑 (1/d) was obtained for 

MS5, i.e., 0.177 and 0.224 for the first-order kinetic and Cone models, respectively. However, 

comparing 𝑘ℎ𝑦𝑑 in mono-digestion and co-digestion experiments at the same OLR revealed that 

the values of 𝑘ℎ𝑦𝑑 for the co-digestion were lower than its values in the corresponding mono-
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digestion reactors. In other words, despite that the magnitudes of 𝐵𝑒𝑥𝑝 and 𝑓𝑑 in the co-digestion 

were higher than their magnitudes in the mono-digestion, the value of 𝑘ℎ𝑦𝑑 in the co-digestion was 

lower than its value in the mono digestion. This observed behavior supports the conclusion that a 

higher 𝑘ℎ𝑦𝑑 does not always mean a higher methane yield, i.e., in this case, the hydrolysis rate is 

not the limiting step (Neves et al., 2006a). 

 

 
Figure 3.10. Relationship of the experimental ultimate methane yield (𝐵𝑒𝑥𝑝), maximum methane potential 

(𝑓𝑑), and hydrolysis reaction rate constant (𝑘ℎ𝑦𝑑) with the organic loading rate for co-digestion of dairy 

manure and grass silage 

 

The variation of 𝐵𝑒𝑥𝑝 and 𝑓𝑑 with the 𝑘ℎ𝑦𝑑 for the co-digestion of dairy manure and grass 

silage is shown in Figure 3.11. Similar to the digestion of dairy manure alone, the 𝐵𝑒𝑥𝑝 and 𝑓𝑑 of 

the co-digestion showed an increasing trend with the increase in 𝑘ℎ𝑦𝑑 . Pearson’s correlation 

detected a strong direct (positive) relationship (RP > 0.96) for all pairs of variables (𝐵𝑒𝑥𝑝 with 𝑘ℎ𝑦𝑑 
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and 𝑓𝑑 with 𝑘ℎ𝑦𝑑). The RP for first-order kinetic and Cone models in predicting 𝐵𝑒𝑥𝑝 are 0.9687 

and 0.9656, respectively; and in correlating the two models with 𝑓𝑑  are 0.9880 and 0.9906, 

respectively. Again, a significant correlation between variables was indicted by the p-values, 

which were 0.0066, 0.0076, 0.0016, and 0.0011 for first-order kinetic and Cone models 

correlations with 𝐵𝑒𝑥𝑝 and first-order kinetic and Cone models correlations with 𝑓𝑑, respectively. 

 

 
Figure 3.11. Pearson’s correlations of the experimental ultimate methane yield (𝐵𝑒𝑥𝑝) and maximum 

methane potential (𝑓𝑑) against hydrolysis reaction rate constant (𝑘ℎ𝑦𝑑) for co-digestion of dairy manure 

and grass silage 

 

A few studies investigated the kinetic parameters of dairy manure at psychrophilic 

conditions. Ahmed et al. (2019) validated the first-order kinetic model parameter to the cumulative 

biomethane production data for cow manure at 20 ºC and obtained 0.0688 1/d for the 𝑘ℎ𝑦𝑑. A 

comparison of kinetic parameters for AD of dairy manure has been reported in Table 3.5. 
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According to Table 3.5 a range of first-order kinetic hydrolysis constants (𝑘ℎ𝑦𝑑 ) have been 

reported by different authors. Nikolaeva et al. (2009) reported a 𝑘ℎ𝑦𝑑  equal to 0.34 1/d for 

anaerobic digestion of dairy manure in an up-flow anaerobic fixed-bed digester (UAFBD) at 

reactor temperature varying from 22 to 26 ºC during the experiments. Other studies presented 

lower values for the 𝑘ℎ𝑦𝑑 of first-order kinetic model. Li et al. (2015b) showed that the 𝑘ℎ𝑦𝑑 in 

first-order kinetic model decreased by increasing OLR, which was also observed in this study. The 

𝑘ℎ𝑦𝑑  of the Cone model calculated in this study showed the same behavior; it decreased with 

increasing OLR, which is in agreement with the results of Li et al. (2015b). In terms of the modified 

Gompertz model, no lag-phase was observed in this study, and Kafle and Chen (2016) reported 

the same result. These results confirm the accessibility of microorganisms to the digestible parts 

of dairy manure. However, the results of Li et al. (2015b) showed that there could be a maximum 

of 9 hours lag-phase duration. The maximum methane production rate (𝑅𝑚 ) in the modified 

Gompertz model also followed the same trend as 𝑘ℎ𝑦𝑑 in first-order kinetic and Cone models and 

experienced a reduction when the OLR increased.  

Figure 3.12 compares 𝐵𝑒𝑥𝑝 and 𝑘ℎ𝑦𝑑 (first-order kinetic model) for the mono-digestion of 

dairy manure and co-digestion of dairy manure and grass silage at the same OLRs. At the same 

OLR, the reactors fed only dairy manure had lower 𝐵𝑒𝑥𝑝 compared to the corresponding reactors 

fed dairy manure and grass silage. On the other hand, the values of 𝑘ℎ𝑦𝑑 of the first-order kinetic 

model showed an opposite trend; values of 𝑘ℎ𝑦𝑑 were higher for the reactors fed with dairy manure 

only, except for the reactor with OLR of 5 g VS/L.d.  
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Table 3.5. Selected kinetic studies on anaerobic digestion of dairy manure 

Reactor T (ºC) OLR 

(kg VS/ m3.d) 

Equation (3-2) Equation (3-3) Equation (3-4) Reference 

𝒌𝒉𝒚𝒅 (𝟏 𝒅⁄ ) 𝒌𝒉𝒚𝒅 (𝟏 𝒅⁄ ) 𝒏 𝝀 (𝒅) 𝑹𝒎 (𝑵𝑳 𝒌𝒈 𝑽𝑺. 𝒅)⁄  

Batch 20 1.0 0.220 0.285 1.33 0 4.21 This study 

  2.0 0.201 0.262 1.43 0 3.50  

  3.0 0.185 0.233 1.32 0 3.02  

  4.0 0.173 0.220 1.37 0 2.49  

  5.0 0.131 0.180 1.20 0 1.79  

Batch 20 3.04 0.0688 - - - - (Ahmed et al., 2019) 

Batch 36.5 3.5 0.084 - - 0 11.9 (Kafle and Chen, 

2016) 

Batch 37 8 0.0690 0.10 1.36 0.36 19.08 (Li et al., 2015b) 

  16 0.0788 0.11 1.22 0.15 18.86  

  32 0.0660 0.09 1.16 0.10 13.73  

  64 0.0478 0.06 1.26 0.26 8.33  

Batch 37 7 (TS%) - - - 10.74 7.4 (Adiga et al., 2012) 

UAFBD 22-26 4.4-24 g COD/L.d 0.34 - - - - (Nikolaeva et al., 

2009) 

OLR: organic loading rate; Equation (3-2): first-order kinetic model; Equation (3-3): Cone model; Equation (3-4): modified Gompertz model; 

𝑘ℎ𝑦𝑑: hydrolysis rate constant; 𝑛: shape factor; 𝜆: lag-phase duration; 𝑅𝑚: maximum methane production rate; UAFBD: up-flow anaerobic fixed 

bed digester.  
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Figure 3.12. Comparison of 𝐵𝑒𝑥𝑝𝑡 and 𝑘ℎ𝑦𝑑 of the first-order kinetic model for the mono-digestion of 

dairy manure and co-digestion of dairy manure and grass silage at the same organic loading rate (OLR) 

 

The results imply that for the reactors with the same OLR, the reactor with lower 𝑘ℎ𝑦𝑑 has 

a higher 𝐵𝑒𝑥𝑝 and vice versa, except for the reactor with OLR of 5 g VS/L.d. It can be concluded 

that the relationship between 𝐵𝑒𝑥𝑝 and 𝑘ℎ𝑦𝑑 depends on many parameters, including the type of 

substrate(s), operating temperature, OLR fed to the reactor, and the nature of the inoculum (Gavala 

et al., 1999).  

A statistical error analysis was carried out to assess the accuracy and reliability of the kinetic 

models. The coefficient of determination (R2) and the average relative deviation (ARD) were used 

for the analysis. Generally, all three models predicted the methane yields accurately considering 

R2 was > 0.97 for all models. The first-order kinetic model showed the highest R2 in predicting the 

methane yield results for reactors M2 (0.9986), M4 (0.9979), M5 (0.9984), MS2 (0.9971), MS3 
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(0.9967), MS4 (0.9957), and MS5 (0.9927). The Cone model led in predicting the methane yields 

for reactors M1 and M3 with R2 of 0.9993 and 0.9991, respectively. The reactor MS1 was the only 

reactor for which the modified Gompertz model showed a better R2 (0.9906) than the first-order 

kinetic and Cone models. All three models were applicable to the methane yield data over time. 

However, first-order kinetic and Cone models presented more reliable results (lower ARD 

compared to modified-Gompertz model). When applying models on methane yield data from the 

co-digestion of dairy manure and grass silage, the accuracy of first-order kinetic and Cone models 

decreased. The ARD percentages (ARD%) of the first-order kinetic model in predicting methane 

yield from M1, M2, M3, M4, and M5 reactors were 1.35, 1.38, 1.28, 1.58, and 1.66, respectively, 

which were lower than the ARD% of this model in estimating the methane yield data for 

corresponding co-digestion experiments (7.59, 2.69, 2.66, 2.63, and 3.51 for MS1, MS2, MS3, 

MS4, and MS5, respectively). Table 3.6 described the discrepancy between the experimental and 

predicted cumulative methane yield by the three studied kinetic models over the 20-day retention 

time. Generally, all three models predicted the methane yields accurately (R2 > 0.97 for all 

models). The first-order kinetic model showed the highest R2 in predicting the methane yield 

results for reactors M2 (0.9986), M4 (0.9979), M5 (0.9984), MS2 (0.9971), MS3 (0.9967), MS4 

(0.9957), and MS5 (0.9927). The Cone model led in predicting the methane yields for reactors M1 

and M3 with R2 of 0.9993 and 0.9991, respectively. The reactor MS1 was the only reactor for 

which the modified Gompertz model showed a better R2 (0.9906) than the first-order kinetic and 

Cone models. All three models were applicable to the methane yield data over time. However, 

first-order kinetic and Cone models presented more reliable results (lower ARD compared to 

modified-Gompertz model). When applying models on methane yield data from the co-digestion 

of dairy manure and grass silage, the accuracy of first-order kinetic and Cone models decreased. 
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The ARD percentages (ARD%) of the first-order kinetic model in predicting methane yield from 

M1, M2, M3, M4, and M5 reactors were 1.35, 1.38, 1.28, 1.58, and 1.66, respectively, which were 

lower than the ARD% of this model in estimating the methane yield data for corresponding co-

digestion experiments (7.59, 2.69, 2.66, 2.63, and 3.51 for MS1, MS2, MS3, MS4, and MS5, 

respectively). 

The Cone model showed the same behavior in which the ARD% for M1 to M5 were 0.87, 

2.22, 1.15, 2.57, and 2.84, respectively, which were less than ARD% for the corresponding MS1 

to MS5 reactors (3.89, 3.27, 3.17, 3.39, and 3.95, respectively). In contrast, the modified Gompertz 

model predicted the methane yield data obtained from co-digestion of dairy manure and grass 

silage as accurately as the results of mono-digestion experiments. The ARD% of the modified 

Gompertz model for M1 to M5 were 5.00, 3.34, 4.48, 3.53, and 5.58, respectively, which were 

close to those ARD% of this model in predicting the results of co-digestion experiments (3.75, 

4.16, 4.27, 3.84, and 4.63 for MS1 to MS5, respectively). It could be concluded that the first-order 

kinetic and Cone models were more accurate in the prediction of methane yield data from mono-

digestions. In contrast, the modified Gompertz model could be accurately applied to both mono-

digestion and co-digestion methane yield results.       
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Table 3.6. Statistical error analysis of studied kinetic models 

Model Error Manure Manure + Silage 

M1* M2 M3 M4 M5 MS1** MS2 MS3 MS4 MS5 

First-order kinetic 

(Equation (3-2)) 

R2 0.9984 0.9986 0.9988 0.9979 0.9984 0.9769 0.9971 0.9967 0.9957 0.9927 

ARD 0.0135 0.0138 0.0128 0.0158 0.0166 0.0759 0.0269 0.0266 0.0263 0.0351 

Min 0.0014 0.0014 0.0029 0.0032 0.0004 0.0001 0.0007 0.0053 0.0013 0.0045 

Max 0.0308 0.0350 0.0255 0.0494 0.0651 0.1901 0.1094 0.1228 0.1312 0.1453 

Cone 

(Equation (3-3)) 

R2 0.9993 0.9974 0.9991 0.9966 0.9949 0.9887 0.9966 0.9965 0.9947 0.9916 

ARD 0.0087 0.0222 0.0115 0.0257 0.0284 0.0389 0.0327 0.0317 0.0339 0.0395 

Min 0.0028 0.0066 0.0004 0.0013 0.0001 0.0001 0.0001 0.0013 0.0020 0.0018 

Max 0.0153 0.0578 0.0253 0.0810 0.0728 0.0804 0.1156 0.1162 0.1316 0.1536 

Modified Gompertz 

(Equation (3-4)) 

R2 0.9831 0.9904 0.9864 0.9906 0.9838 0.9906 0.9904 0.9893 0.9902 0.9863 

ARD 0.0500 0.0334 0.0448 0.0353 0.0558 0.0375 0.0416 0.0427 0.0384 0.0463 

Min 0.0121 0.0007 0.0093 0.0008 0.0004 0.0047 0.0046 0.0058 0.0072 0.0069 

Max 0.1641 0.1867 0.1757 0.2060 0.2363 0.2041 0.2086 0.2092 0.2307 0.2423 

* M1 to M5 denote the reactors fed with dairy manure changing OLR 1 to 5, respectively. 
** MS1 to MS5 represent the reactors fed with dairy manure and grass silage varying OLR 1 to 5, respectively.  
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3.9.4. Microbial community dynamics during psychrophilic anaerobic digestion of 

dairy manure and grass silage 

Microbial community structure is strongly affected by environmental factors (Gerardi, 

2003). Temperature is one of the critical factors that change the microbial community structure 

and low temperatures (< 20 ºC) impose inhibitory stress on the degradation of organic matter and 

thus lower the methane yield (Mao et al., 2015). It is reported that the operational taxonomic units 

(OUT) numbers and diversity variations decrease with increasing temperature (Sun et al., 2016). 

Additionally, the substrate impacts the structure of the microbial community by changing the 

buffering capacity of the solution, which causes the accumulation/dissipation of volatile fatty acids 

in the mixture (Zheng et al., 2015). The taxonomic structure of microbial communities is a crucial 

indicator of culture concentration and activity. Figure 3.13 and Figure 3.14 present the taxonomic 

structure of the microbial communities at the phylum and class levels, respectively. The relative 

abundances (RA) of microbes in representative samples of the original culture (OC), inoculum 

(IN), glucose-fed culture (GL), dairy manure-fed culture (M), and dairy manure- and grass silage-

fed culture (MS) are analyzed. Most sequences were classified within eight phyla of Bacteria 

(Bacteroidetes, Chloroflexi, Cloacimonetes, Firmicutes, Planctomycetes, Proteobacteria, 

Spirochaetes, and Synergistetes) and one of Archaea (Euryarchaeota).  

The Bacteroidetes dominated all samples (Figure 3.13) despite the variation in their relative 

abundance from 30.5% to 64.3% within the various reactors. The GL culture showed the highest 

relative abundance of Bacteroidetes (64.3%), followed by IN (59.4%). The dairy manure-fed 

sample at OLR 1 g VS/L.d (M1) showed the lowest relative abundance of Bacteroidetes (30.5%). 

The Bacteroidetes relative abundance increased from 30.5% to 46.9% to 42.9% with increasing 

OLR from 1 to 3 to 5 g VS/L.d in dairy manure-fed samples (M1, M3, and M5, respectively). 
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Compared to GL, the relative abundance of Bacteroidetes decreased in M1 (64.3% vs 30.5%); 

however, it increased with OLR to a higher level 46.9% in M3 and 42.9% in M5. This trend was 

completely the opposite in dairy manure- and grass silage-fed cultures where the relative 

abundance of Bacteroidetes decreased from 48.2% in MS1 to 36.7% in MS3 and 38.4% in MS5. 

It is likely that grass silage introduced a certain component or created a certain micro-

environmental condition that affected the Bacteroidetes. Members of the Bacteroidetes are known 

to contribute to the hydrolysis of complex large molecules of organic matter. For example, they 

are known to help with the degradation of carbohydrates to monosaccharides and then to smaller 

acids, such as acetic acid and lactic acid (Yue et al., 2013). Sun et al. (2016) investigated the effect 

of temperature on the bacterial community during AD of dairy manure. It was found that the 

Bacteroidetes became the dominant phylum at psychrophilic (20 ºC) and mesophilic (35 ºC) 

temperatures, varying from 41.3 to 50.3% after 30 days of incubation (Sun et al., 2016). The 

Bacteroidetes phylum contains organisms with various physiological capabilities, including 

hydrolytic, acidogenic, and fermentative representatives, which play many functions during AD 

(Ariunbaatar et al., 2014). Also, previous research showed that the percentage of Bacteroidetes in 

the microbial community was positively correlated with the hydrolysis of biomass (Regueiro et 

al., 2012).  

The Chloroflexi composition increased upon the co-digestion of dairy manure and grass 

silage, particularly at the higher OLR V/S. The relative abundance (RA) of Chloroflexi in M1, M3, 

and M5 was 18.7, 6, and 11.6%, respectively. In the co-digestion experiments, i.e., MS1, MS3, 

and MS5, the concentration of Chloroflexi was 4.6, 14.1, and 16%, respectively. The same 

experience was observed in a study by Zheng et al. (2015) in which adding switchgrass to dairy 

manure led to an increase in Chloroflexi composition. Additionally, it was reported that the 



104 

 

Chloroflexi have a positive impact on acetic acid production and the degradation of 

polysaccharides and monosaccharides (St-Pierre and Wright, 2014). Acetic acid is the major 

substrate to acetoclastic methanogens and it thus results in higher methane production. This might 

explain the results of the current study that the MS5 reactor, which contained the highest amount 

of Chloroflexi among dairy manure- and grass silage-fed reactors, produced the highest methane 

yield. 

 
Figure 3.13. The relative abundance (RA) of bacteria and archaea at the phylum level 

 

The relative abundance of Synergistetes was 15.4% in the OC and 11.1% in the IN; it 

decreased in GL sample to 8.4%. Its relative abundance decreased with the increase of OLR in 

dairy manure- and grass silage-fed cultures from 19.4% to 15.1% to 7.9% in MS1, MS3, and MS5, 

respectively. However, in dairy manure-fed cultures, it increased with the increase in OLR from 

11.1% to 17.4% and 15.6% in M1, M3, and M5, respectively. It seems that grass silage at high 
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OLR enabled the Synergistetes to grow and maintain a high presence in the reactors. Synergistetes 

members can be found in various anaerobic environments, including soil, oil wells, and wastewater 

treatment plants (Vartoukian et al., 2007). The high relative abundance of Synergistetes in samples 

may imply that they significantly contribute to methane production during the AD process (Zhao 

et al., 2017). 

The Firmicutes is a phylum of bacteria in which many produce endospores. The Firmicutes 

was shown to be the most abundant phylum in biogas reactors fed protein-rich substrates (Pap and 

Maróti, 2016). The Firmicutes RAs ranged from 8.4% in OC to 4.7% in IN and to 4.0% in the GL 

culture. Its RA was quite constant, at 8.8%, 7.2%, and 8.4% at OLR 1 (MS1), 3 (MS3), and 5 

(MS5) g VS/L.d in dairy manure- and grass silage-fed cultures, respectively. Similarly, its RA was 

quite constant, at 5.7%, 6.9%, and 6.8% at OLR 1 (M1), 3 (M3), and 5 (M5) g VS/L.d in dairy 

manure-fed cultures, respectively. Clostridia were the prevailing class within the Firmicutes 

phylum. The Clostridia species formed about 6.7% in OC (Figure 3.14), but they decreased to 

about 3.7% in GL. Generally, feeding dairy manure alone did not affect their abundance, 

particularly at OLR 3 (M3) and 5 (M5) g VS/L.d. Feeding dairy manure and grass silage increased 

their abundance to 7.7 and 7.9% at OLR of 1 (MS1) and 5 (MS5) g VS/L.d, respectively. The class 

Clostridia represents a large group of bacteria characterized by being obligate (or strict) anaerobes 

and oxygen is toxic to them. Most species in the Clostridia are saprophytic and able to ferment 

plant polysaccharides (Boutard et al., 2014). They are common in the environment, particularly in 

the soil, and were dominant in landfills, and mesophilic and thermophilic anaerobic digesters 

(Burrell et al., 2004; Schnürer et al., 1996; Van Dyke and McCarthy, 2002). Clostridia formed 

about 7.03% of the operational taxonomic units (OTUs) in digesters at a wastewater treatment 

plant operated at 34–35 ºC (Świątczak et al., 2017). Cai et al. (2016) found Clostridia dominant in 
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a biogas-producing anaerobic digester that digests municipal sludge and that the culture was rich 

in Clostridia genes encoding functions related to fatty acid and lipid metabolism. Therefore, the 

finding of Cai et al. (2016) explains the decrease in the abundance of Clostridia in glucose-fed 

cultures and its increase in dairy manure-fed cultures; obviously, the dairy manure contained fatty 

acids, fats and lipids, and protein whereas glucose is a simple and pure carbohydrate. The results 

from the current study reveal that members of the Clostridia survived and performed well in the 

dairy manure-fed culture at low temperature (20 ºC). However, it was reported that the contribution 

of Clostridia in dairy manure anaerobic digesters increased with temperature (from 30.4-34.9% at 

37 ºC to 66.8-77.2% at 44 ºC, and 92.4-93.8% at 52 ºC) (Sun et al., 2015a). Thus, these reported 

findings explain the low composition of Clostridia (5.4-6.4% for the M1-M3 samples) that was 

observed in this study at low temperatures (20 oC). 

The Spirochaeta were only detected in two samples: the GL and IN (Figure 3.14). The 

relative abundance of Spirochaeta was 4.27% in IN, while it increased slightly upon incubation 

with glucose (4.38% in GL). Members of the Spirochaeta are common inhabitants of many aquatic 

environments, including both freshwater and marine, and in the sediments and mud of ponds, 

marshes, lakes, rivers, and oceans. They are highly motile and able to move through high viscosity 

environments (Leschine et al., 2006). They include saccharolytic representatives, which 

decompose carbohydrate polymers. Members of the Spirochaeta ferment carbohydrates and 

produce acetate, ethanol, CO2, and H2 (Zhang et al., 2019). One studied species, Spirochaeta 

isovalerica, ferments some amino acids in addition to carbohydrates (Paster, 2010). Interestingly, 

the Spirochaeta contains extremophilic species, such as anaerobic thermophiles isolated from hot 

springs, the moderately thermophilic Spirochaeta caldaria isolated from cyanobacterial mats of 

hot springs, and the extremely thermophilic Spirochaeta thermophila isolated from a marine 
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environment (Paster, 2010). Some species are alkaliphilic, such as S. alkalica, S. africana, S. 

asiatica that were isolated from an alkaline Lake and from sulfide-saturated mud sediments 

(Hoover et al., 2003).  

 

 
Figure 3.14. The relative abundance (RA) of bacteria and archaea at class level 

 

Generally, the Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes phyla have 

been found to dominate in mesophilic anaerobic digesters fed lignocellulosic substrates (Hollister 

et al., 2012). It seems that the decrease in temperature from 35 ºC in the original reactor in the 

wastewater treatment plant to 20 ºC in the current study did not affect the abundance of Firmicutes. 

However, the slight variation in their abundance was likely due to the differences in the substrates 

(dairy manure, dairy manure plus grass silage versus wastewater). 
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The PCA of the abundance of bacteria and archaea at the phylum and class levels helps with 

comparing the microbial communities within the samples. Figure 3.15 and Figure 3.16 present the 

first and second principal components (PC1 and PC2) for the relative abundance dataset in samples 

of OC, IN, GL, M1, M3, M5, MS1, MS3, and MS5 at phylum and class levels, respectively. Two 

PCs accounted for 83.6% of the total variation in the bacterial communities. The GL and IN 

samples formed a cluster (Figure 3.15(a)), which shows the similarities in their communities. On 

the other hand, the OC was in the opposite quadrant compared to the GL and IN samples. In terms 

of PC1, the dairy manure-fed samples are different while based on PC2, M2 and M3 were very 

close to each other. Dairy manure- and grass silage-fed samples (MS1, MS2, and MS3) were 

almost across a straight line with a positive slope. The variables show a correlation among the 

presence of Bacteroidetes, Spirochaetes, and Planctomycetes in the samples.  

 

 
Figure 3.15. The PCA-based relationship between (a) samples and (b) variables at the phylum level 
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Figure 3.16. The PCA-based relationship between (a) samples and (b) variables at the class level 

 

The Shannon Index is a metric that correlates directly with diversity within communities 

(Kim et al., 2017). Table 3.7 gives the number of OTUs and Shannon Index in each sample at three 

taxonomic levels. The least diverse samples were GL and IN with Shannon indices of 1.12 and 

1.18 at the phylum level, respectively. On the contrary, the most diverse samples were the dairy 

manure-fed reactor at 1 g VS/L.d (M1) and the OC. Increasing the OLR of dairy manure- and grass 

silage-fed reactors increased the Shannon Index from 1.34 to 1.38 to 1.46 for MS1, MS2, and MS3, 

respectively. 

 

Table 3.7. Number of OTUs and Shannon Indices in various samples and taxonomic level 

Sample No. of OTUs Shannon Index 

Phylum Class Species Phylum Class Species 

M1 32666 32426 21153 1.65 1.51 1.53 

M3 14113 13990 8477 1.25 1.20 1.34 

M5 14054 13969 8653 1.33 1.30 1.34 

MS1 13900 13761 7716 1.34 1.16 1.26 

MS3 17011 16885 10841 1.38 1.35 1.46 

MS5 17444 17336 11104 1.46 1.43 1.34 

GL 596 594 269 1.12 1.16 1.19 

IN 11218 11161 5846 1.18 1.23 1.21 

OC 13841 13777 9419 1.60 1.64 1.44 
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3.10. Summary 

This study investigated the early stage of the culture’s adaptation to psychrophilic (20 oC) 

anaerobic digestion of dairy manure and co-digestion of dairy manure and grass silage at increasing 

organic loading rates (1-5 g VS/L.d). In mono-digestion of dairy manure, the higher organic 

loading rate resulted in a lower methane yield. By co-digesting grass silage and dairy manure, an 

opposite trend was observed and higher methane yield was obtained at the higher organic loading 

rate. The first-order kinetic and Cone models are more accurate in predicting the methane yield 

from mono-digestion of dairy manure than co-digestion of dairy manure and grass silage. 

However, the modified Gompertz model predicted the results of both mono-digestion and co-

digestion with the same order of accuracy. The hydrolysis rate constant of first-order kinetic and 

Cone models as well as 𝑅𝑚 of modified Gompertz model decreased upon an increase in the organic 

loading rate. Bacteroidetes dominated in all reactors, and its relative abundance increased with the 

increase of organic loading rate in dairy manure-fed reactors, while it decreased in dairy manure- 

and grass silage-fed reactors. Inoculum sample was the least diverse, while the incubation with 

dairy manure and a mixture of dairy manure and grass silage increased the diversity. In addition, 

the Shannon Diversity Index increased with increasing the organic loading rate in dairy manure-

fed reactors, but it decreased with increasing the organic loading rate in dairy manure- and grass 

silage-fed reactors. The dynamics of the psychrophilic enzymes during the early stage of the 

culture’s adaptation in anaerobic digestion needs to be investigated. Investigating the effects of 

other variables, such as salinity, ammonia, and pH, on the microbial community composition 

dynamics during the early stage is important. 
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Chapter Four 

EFFECT OF TOTAL SOLIDS ON METHANE PRODUCTION 

DURING PSYCHROPHILIC ANAEROBIC DIGESTION OF 

DAIRY MANURE AND GRASS SILAGE 

4.1. Abstract 

The total solids content of the anaerobic digester affects its performance significantly. This 

study investigates the early stage of the culture’s adaptation during psychrophilic AD (20 ºC) of 

complex substrates (dairy manure and grass silage) at increasing total solids content (TS; 7-10%) 

in batch reactors. The first-order, Cone, and modified Gompertz kinetic models showed that the 

inoculum degraded the substrates and produced biogas at its early adaptation stage. The methane 

yield from mono-digestion of dairy manure was higher at lower TSs, while in co-digestion the 

trend was the opposite. In mono-digestion of dairy manure, the highest methane yield obtained for 

the reactor with 7% total solids is 38.1 NL CH4/kg VSadded. In the co-digestion experiments, the 

reactor with the highest total solids (10%) showed the highest methane yield (103.9 NL CH4/kg 

VSadded). 

 

4.2. Introduction 

The water content of the anaerobic digester plays a critical role that can affect the entire AD 

process (Forster-Carneiro et al., 2008; Karthikeyan and Visvanathan, 2013; Le Hyaric et al., 2012). 

Thus, the amount of solids fed to the reactor, called total solids, is used to define two types of 

anaerobic digesters: wet vs. dry. The wet anaerobic digestion is when the TS is less than 15%, 
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while the reactors with more than 15% TS are known as dry anaerobic digesters (Karthikeyan and 

Visvanathan, 2013). Wet anaerobic digestion is commonly used to treat livestock manure and 

agricultural wastes, especially when the TS content is less than or equal to 10% (Yi et al., 2014). 

Increasing the TS content of the anaerobic digester may negatively affect the methane production 

rate as the higher TS contents (i.e., dry AD) lower the diffusion rates of soluble intermediate 

products within the digester (Bollon et al., 2013; Xu et al., 2014). Abbassi-Guendouz et al. (2012) 

has reported that increasing the TS content from 10 to 30% causes up to 60% decrease in daily 

methane production due to lower hydrolysis rates. Despite the mentioned disadvantages of the dry 

AD, increasing the TS content leads to increased volumetric efficiency (defined as the unit of 

volume of methane production per unit volume of bulk sludge) (Indren et al., 2020). Also, the 

higher TS content decreases the capital costs of the process as dry AD needs smaller reactors and 

less water addition resulting in a greater economic feasibility (Li et al., 2018b).   

Di Maria et al. (2017) compared the performance of the dry (solid-state) and wet anaerobic 

digestion of organic fraction of municipal solid waste (OFMSW) at a mesophilic temperature of 

35 ºC through batch experiments. The solid-state AD was operated at OLR of 4.55 kg VS/m3.d 

and TS of 37% while the wet AD experiment was conducted at OLR of 0.9 kg VS/m3.d and TS of 

4%. The results showed that the methane production in wet AD was higher than that of the dry 

AD, 320 and 252 NL CH4/kg VS, respectively (Di Maria et al., 2017). In another study, a 

comparison was made among the wet AD, semi-dry AD, and dry AD for chicken manure at 37 ºC 

(Li et al., 2013). The operating TS contents of the bioreactors were 5.1-5.6% in wet AD, 10.1-

11.2% in semi-dry AD, and 20.1-22.4% in dry AD. The results indicated that increasing the TS 

content decreased the methane yield; the wet AD showed higher methane yield than semi-dry AD 

and dry AD (Li et al., 2013).      
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This study aims to investigate the effects of the total solids (7-10%) on the adaptation of the 

anaerobic mixed culture in psychrophilic AD of dairy manure and grass silage. The culture used 

in this study has been acclimated in one cycle (20 days) under varying OLR (1-5 gVS/m3.d). Three 

kinetic models (first-order kinetic, Cone, and modified Gompertz) have been applied to the 

experimental methane yield data with incubation time. Statistical analyses also have been used to 

explain the relationship between the experimental results and kinetic parameters. 

 

4.3. Materials and Methods 

4.3.1. Inoculum 

The initial inoculum was obtained from the Riverhead Wastewater Treatment Facility 

(RWTF), a conventional treatment plant in St. John’s, NL, Canada. The culture structure was in 

the form of small black granules, which were disintegrated and converted into flocculent culture 

upon storage and incubation. The dilute culture's alkalinity was 1700 mg/L as CaCO3 and was 

adjusted by adding 4.9 g of CaCO3 into 7 L of dilute culture. The final measured alkalinity was 

2,595 mg/L as CaCO3. 

 

4.3.2. Feedstock 

Fresh manure from dairy cows (M) was collected from the Lester’s Dairy Farm (LDF) on 

the Avalon Peninsula, Newfoundland, from the wet barn and in front of the manure scraper. The 

manure was transferred into a plastic drum and stored at 4 ºC before being fed to the reactors. The 

experiments employed chopped (< 2.5-5.0 mm) grass silage (S). The dairy manure and grass silage 

were subjected to complete physiochemical characterization before they were fed to the reactors 
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(refer to Table 3.1). The characterization results are provided in Appendix A. Appendix B presents 

the experimental procedure of determining feedstock characteristics. 

  

4.4. Batch Anaerobic Digestion Tests 

Multiple sets of duplicate batch reactors have been operated at different increasing total 

solids (7-10%). The reactors were bench-top air-tight batch reactors. The batch experiments were 

done according to the procedure described in Chapter 3, section 3.4.  

 

4.5. Experimental Design 

Multiple sets of duplicate batch reactors were fed increasing TS content of dairy manure and 

grass silage. The TS was changed from 7 to 10% while maintaining the reactors at a constant 

temperature of 20 ºC. Figure 4.1 and Table 4.1 give the experimental design. 

 

 
Figure 4.1. Schematic of the experimental setup, conditions, and analyses in the second cycle of culture 

adaptation 
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Table 4.1. The experimental design of the second cycle of inoculum adaptation at increasing TS 

Test no. Substrate(s) OLR (g VS/L.d) TS (%) Label 

1 Dairy Manure 5.0 7.0 7M 

2 Dairy Manure + Grass Silage 5.0 7.0 7MS 

3 Dairy Manure 5.0 8.0 8M 

4 Dairy Manure + Grass Silage 5.0 8.0 8MS 

5 Dairy Manure 5.0 9.0 9M 

6 Dairy Manure + Grass Silage 5.0 9.0 9MS 

7 Dairy Manure 5.0 10.0 10M 

8 Dairy Manure + Grass Silage 5.0 10.0 10MS 

 

The experimental and analytical protocols were carried out as described in Chapter 3, 

sections 3.5.1 to 3.5.5. The kinetic modeling of the biogas production process was performed 

according to the procedure and models expressed in Chaper 3, section 3.6. The statistical analyses 

were carried out based on the statistical error analyses described in Chapter 3, section 3.7. 

 

4.6. Results and Discussion 

4.6.1. Effects of the TS on the mono-digestion of dairy manure 

Profiles of MPR and methane yield of mono-digestion of dairy manure at total solids of 7.0, 

8.0, 9.0, and 10.0% are shown in Figure 4.2 and Figure 4.3, respectively. The maximum MPR has 

been observed on day 2 for all reactors (Figure 4.2). The MPR on day 2 was 16.2, 15.0, 15.3, 14.2 

NL CH4/kg VSadded.d for reactors 7M, 8M, 9M, and 10M, respectively. After day 2, reactors 9M 

and 10M experienced a dramatic reduction in MPR, while reactors 7M and 8M remained at 

relatively high MPR for 2 more days. MPR for reactors 9M and 10M dropped from 15.3 to 4.5 NL 

CH4/kg VSadded.d and 14.2 to 4.1 NL CH4/kg VSadded.d, respectively; this shows more than 70% 

reduction for both reactors. Comparatively, this reduction was observed to be 17.0% and 40.5% 
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for reactors 7M (from 16.3 to 13.5 NL CH4/kg VSadded.d) and 8M (from 15.0 to 8.9 NL CH4/kg 

VSadded.d), respectively. Then, all reactors continued smooth decreasing rates until the end of the 

experiment. The ultimate methane yield (Figure 4.3) showed an opposite trend with the increase 

of total solids in the reactors. The maximum cumulative methane yield (NL CH4/kg VSadded) 

measured was 38.1 (7M) > 34.9 (8M) > 28.6 (9M) > 25.6 (10M). The reactors fed the lowest total 

solids (i.e., 7M) produced the highest methane yield. Zheng et al. (2015) obtained 84.3 NL CH4/kg 

VSadded during 20 days incubation of dairy manure with 6% total solids at 35 ºC. Wei et al. (2014) 

digested dairy manure at 15 ºC and total solids of 20%; they obtained 47.3, 42.8, and 24.9 L CH4/kg 

VS during the first 20 days of incubation at inoculum to substrate ratios (ISR) of 2, 1, and 0.5, 

respectively. They concluded that the higher ISR was more favorable for methane yield.  

The results of the current study are in agreement with those reported by Wei et al. (2014), as 

the methane yields obtained from reactor 7M (ISR = 1.5) were more than those of reactor 8M (ISR 

= 1.1), followed by the reactors 9M (ISR = 0.8) and 10M (ISR = 0.7). 

 
Figure 4.2. Methane production rate (MPR) during psychrophilic mono-digestion of dairy manure (M) 

with increasing total solids of 7 to 10% at 20 ºC 
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Figure 4.3. Accumulative specific methane yield (SMY) during psychrophilic mono-digestion of dairy 

manure (M) with increasing total solids of 7 to 10% at 20 ºC 

 

4.6.2. Effects of the TS on the co-digestion of dairy manure and grass silage  

Figure 4.4 and Figure 4.5 present the profiles of the MPR and SMY of the co-digestion of 

dairy manure and grass silage. Similar to the results of co-digestion at increasing OLRs, there were 

multiple peaks observed in the MPR profile (Figure 4.4). On day 2, the maximum MPR (NL 

CH4/kg VSadded.d) was 36.9 (7MS) > 33.0 (8MS) > 23.6 9MS) > 18.2 (10MS). Afterward, the 

reactors with the highest TS contents (9MS and 10MS) maintained higher MPR whereas the other 

reactors (7MS and 8MS) showed a drop in the MPR.  

Although reactor 8MS was leading until day 8 in terms of the cumulative methane yield, the 

reactors 9MS and 10MS overtook it and showed the highest cumulative methane yield at the end 

of the digestion period (Figure 4.5).  
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Figure 4.4. Methane production rate (MPR) during psychrophilic co-digestion of dairy manure and grass 

silage (MS) with increasing total solids of 7 to 10% at 20 ºC 

 

 
Figure 4.5. Accumulative specific methane yield (SMY) during psychrophilic co-digestion of dairy 

manure and grass silage (MS) with increasing total solids of 7 to 10% at 20 ºC 
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The reactors of the lower TS% (7MS and 8MS) showed higher methane yield rates at the 

beginning of the experiment while those with higher TS% (10MS and 9MS) started with a lower 

methane yield rate and then accelerated and achieved the highest methane yields in the 

experiments. The ultimate methane yield (NL CH4/kg VSadded) obtained in this experiment for 

different reactors was 103.9 for 10MS, 97.4 for 9MS, 84.1 for 8MS, and 69.9 for 7MS. 

 

4.6.3. Kinetic modeling with TS variation 

The first-order kinetic, Cone, and modified Gompertz models were used to correlate the 

experimental methane yield from anaerobic digestion of dairy manure and grass silage. The 

experimental ultimate methane yield (𝐵𝑒𝑥𝑝) as well as estimated kinetic parameters, including the 

estimated ultimate methane yield (𝐵𝑒𝑠𝑡) and maximum methane potential (𝑓𝑑) are presented in 

Table 4.2 for the reactors fed different TSs. The estimated 𝑓𝑑  by the first-order kinetic and 

modified Gompertz models always decreased with the increase of TS in dairy manure-fed reactors. 

The opposite trend was observed with feeding grass silage and dairy manure to the reactors in 

which the 𝑓𝑑 estimated by first-order kinetic and modified Gompertz models increased with the 

increase of TS. In dairy manure-fed reactors, the 𝑓𝑑 predicted by the Cone model first decreased 

by increasing the TS, but it increased in the reactor with a TS of 10%. On the other hand, the 𝑓𝑑 

estimated by the Cone model in reactors fed with dairy manure and grass silage first decreased by 

increasing TS from 95.23 to 94.98 NL/kg VS and then increased by increasing TS. 

The maximum methane production rate (𝑅𝑚) mostly decreased by increasing the TS content 

in the reactors fed dairy manure or dairy manure and grass silage except when the TS increased 

from 9% to 10% in the dairy manure-fed reactors which increased the 𝑅𝑚 . This trend is the 

opposite of the first phase of the experiments, where the 𝑅𝑚 was decreased by increasing the OLR 
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in dairy manure-fed reactors, but feeding the reactors with dairy manure and grass silage led to an 

increase in the 𝑅𝑚. The 𝑓𝑑 estimated by the first-order kinetic model for dairy manure-fed reactors 

follows the same trend as the experimental methane yield (𝐵𝑒𝑥𝑝) as is seen in Figure 4.6. Increasing 

the TS content in the reactors led to a decrease in both 𝐵𝑒𝑥𝑝 and 𝑓𝑑 estimated by first-order kinetic 

model. The 𝑓𝑑 predicted by Cone model first decreased by increasing TS content from 7% to 9%, 

but it then increased in TS content of 10%.  

 

Table 4.2. Predicted parameters of three kinetic models for mono-digestion of manure (M) and co-

digestion of dairy manure and grass silage (MS) with increasing TS 

Parameter Manure  Manure and Silage 

 7M* 8M 9M 10M  7MS** 8MS 9MS 10MS 

Experiment 

𝐵𝑒𝑥𝑝 (𝑁𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  38.12 34.88 28.63 25.58  69.87 84.09 97.40 103.89 

First-order Kinetic Model (Equation (3-2)) 

𝐵𝑒𝑠𝑡  (𝑁 𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  38.07 34.29 27.99 23.81  67.40 84.08 99.31 108.91 

𝑓𝑑  (𝑁𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  38.12 34.40 28.06 23.83  67.57 84.92 107.81 135.79 

𝑘ℎ𝑦𝑑  (1 𝑑⁄ ) 0.324 0.284 0.302 0.364  0.300 0.231 0.127 0.081 

Cone Model (Equation (3-3)) 

𝐵𝑒𝑠𝑡  (𝑁 𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  37.99 34.76 29.20 25.32  70.82 85.50 99.45 107.16 

𝑓𝑑  (𝑁𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  38.50 36.65 36.05 37.42  95.23 94.98 122.49 135.10 

𝑘ℎ𝑦𝑑  (1 𝑑⁄ ) 0.432 0.385 0.322 0.207  0.246 0.294 0.154 0.121 

𝑛 2 1.43 0.78 0.52  0.67 1.24 1.30 1.52 

Modified Gompertz Model (Equation (3-4)) 

𝐵𝑒𝑠𝑡  (𝑁 𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  37.28 33.43 27.21 23.15  65.34 81.72 96.28 104.82 

𝑓𝑑  (𝑁𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑)⁄  37.29 33.43 27.21 23.15  65.34 81.77 97.57 108.40 

𝑅𝑚 (𝑁𝐿 𝑘𝑔 𝑉𝑆𝑎𝑑𝑑𝑒𝑑. 𝑑)⁄  8.01 6.39 5.65 6.07  13.76 12.79 9.55 9.00 

𝜆 (𝑑) 0 0 0 0  0 0 0 0.54 

* 7M to 10M denote the reactors fed with dairy manure changing TS% 7 to 10, respectively. 

** 7MS to 10MS represent the reactors fed with dairy manure and grass silage varying TS% 7 to 10, 

respectively. 
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However, the 𝑘ℎ𝑦𝑑 of the Cone model showed a steady decreasing trend by increasing the 

TS% in the reactors. This behavior shows an inconsistency between the predictions of kinetic 

models. 

 

 
Figure 4.6. Relationship of the experimental ultimate methane yield (𝐵𝑒𝑥𝑝), maximum methane potential 

(𝑓𝑑), and hydrolysis reaction rate constant (𝑘ℎ𝑦𝑑) with the total solids for mono-digestion of dairy manure 

 

Figure 4.7 presents the correlation between 𝐵𝑒𝑥𝑝 and 𝑓𝑑 with 𝑘ℎ𝑦𝑑 in the dairy manure-fed 

reactors. According to Pearson’s correlation, no significant relationship was observed between 

𝐵𝑒𝑥𝑝  and 𝑓𝑑  with 𝑘ℎ𝑦𝑑  for first-order kinetic model. However, the RP values were negative, 

showing the opposite trend of 𝐵𝑒𝑥𝑝 and 𝑓𝑑 with 𝑘ℎ𝑦𝑑 for first-order kinetic model. Considering the 

Cone model, the 𝐵𝑒𝑥𝑝 correlated with 𝑘ℎ𝑦𝑑 while no correlation was shown between the 𝑓𝑑 and 

𝑘ℎ𝑦𝑑. The RP between the 𝐵𝑒𝑥𝑝 and 𝑘ℎ𝑦𝑑 of the Cone model was 0.96. These observations show 

that the experimental data obtained are not consistent.  
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Figure 4.8 presents the relationship between the experimental methane yield data and kinetic 

parameters for the co-digestion of dairy manure and grass silage. As is seen, increasing the TS% 

in the reactor led to a constant increase in 𝐵𝑒𝑥𝑝 and 𝑓𝑑 predicted by the first-order kinetic model.  

 

 
Figure 4.7. Pearson’s correlations of the experimental ultimate methane yield (𝐵𝑒𝑥𝑝) and maximum 

methane potential (𝑓𝑑) against hydrolysis reaction rate constant (𝑘ℎ𝑦𝑑) for mono-digestion of dairy 

manure 

 

The 𝑓𝑑 estimated by the Cone model also was higher at higher TS% unless for the change in 

TS% from 7% to 8% that led to a slight reduction in the 𝑓𝑑 of the Cone model. On the other hand, 

the 𝑘ℎ𝑦𝑑  of the first-order kinetic model decreased by increasing the TS% in the bioreactor. 

However, the 𝑘ℎ𝑦𝑑 of the Cone model first increased by increasing the TS content from 7% to 8% 

and then decreased by increasing the TS. 
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The Pearson’s correlation was also applied to the co-digestion experiments while changing 

the TS content of the reactor (Figure 4.9). The results showed that the 𝐵𝑒𝑥𝑝 and 𝑓𝑑 of the first-

order kinetic model significantly correlated with the 𝑘ℎ𝑦𝑑  (p-values: 0.0038 and 0.0146, 

respectively). The RP obtained between 𝐵𝑒𝑥𝑝 and 𝑓𝑑  with 𝑘ℎ𝑦𝑑  for the first-order kinetic model 

were -0.9942 and -0.9783, respectively.  

 

 
Figure 4.8. Relationship of the experimental ultimate methane yield (𝐵𝑒𝑥𝑝), maximum methane potential 

(𝑓𝑑), and hydrolysis reaction rate constant (𝑘ℎ𝑦𝑑) with the total solids for co-digestion of dairy manure 

and grass silage 
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Figure 4.9. Pearson’s correlations of the experimental ultimate methane yield (𝐵𝑒𝑥𝑝) and maximum 

methane potential (𝑓𝑑) against hydrolysis reaction rate constant (𝑘ℎ𝑦𝑑) for co-digestion of dairy manure 

and grass silage 

 

The negative values of RP indicate that the 𝐵𝑒𝑥𝑝 and 𝑓𝑑 have an opposite trend compared to 

𝑘ℎ𝑦𝑑 . For the Cone model, no significant relationship was found between the experimental 

methane yield (𝐵𝑒𝑥𝑝 ) data with the 𝑘ℎ𝑦𝑑 . However, a significant relationship was observed 

between the 𝑓𝑑 and 𝑘ℎ𝑦𝑑 of the Cone model.     
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order kinetic and Cone models are more accurate in predicting the methane yield from mono-

digestion of dairy manure than co-digestion of dairy manure and grass silage. However, the 

modified Gompertz model predicted the results of both mono-digestion and co-digestion with the 

same order of accuracy. The hydrolysis rate constant of first-order kinetic and Cone models as 

well as 𝑅𝑚 of modified Gompertz model decreased upon an increase in the organic loading rate.  
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Chapter Five 

ECONOMICS OF BIOGAS PLANT: CASE STUDY OF THE 

LESTER’S DAIRY FARM 

5.1. Abstract 

The establishment of a biogas plant requires cost analysis according to the estimated biogas 

production and the potential of electricity generation. This study investigated the economics of 

biogas plants, in which the potential of biogas production in Newfoundland and Labrador (NL) 

has been assessed. The data required for the cost analysis were obtained from the accessible 

literature, databases, and Lester’s Dairy Farm, St. John’s, and the conversion of biogas to 

electricity was estimated. The economic assessment was accomplished for NL considering various 

substrates, such as dairy manure, mink manure, and chicken manure. The results show that the 

total dairy manure in NL could produce 6,675,738 kWh electricity annually valued at 867,846 

CAD. Considering other agricultural wastes, income from the biogas industry exceeds one million 

CAD. In Lester’ dairy farm, using dairy manure only, there is an electricity generation potential of 

219,300 kWh/month. This amount of electricity production covers not only their own energy 

demand (i.e., 25,000 kWh/month plus 65,790 kWh/month = 90,790 kWh/month), but there is a 

surplus that could be sold (128,510 kWh/month). The surplus generated electricity could earn 

200,475 CAD annually for the farm. 

 

5.2. Introduction 

The successful completion of a biogas production project requires estimating the major costs 

involved in the project considering various assumptions and predictions regarding the economic, 
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technological, and legal aspects and using techniques from engineering economics. This chapter 

describes the economic analysis assesses the profit of converting NL livestock manure to Biogas. 

Analysis that is more detailed was applied to Lester’s Dairy Farm, St. John’s. The Canadian waste 

biomass has great potential. Canadian Biogas Association produced a map (Figure 5.1) showing 

the locations of biogas plants across Canada. The map shows digesters processing agricultural and 

food waste, sludge from wastewater treatment plants, and landfills. It also identifies the product of 

the facility:  heat, natural gas, or electricity. Figure 5.1 shows that most of Canada’s biogas plants 

are in Southern Ontario followed by Southern British Columbia. The other provinces also have 

some biogas plants. Most of the plants are agricultural and food waste digesters aiming at 

producing heat and electricity. 

In Newfoundland and Labrador, there is only one on-farm biogas plant that processes dairy 

manure from the New World Dairy Farm; it is located at the island's west coast. It produces both 

heat and electricity. The New World Dairy started the biogas production project in 2010 with 1200 

cattle (CBC Canada, 2013). Their estimation showed that they can produce about four million 

kilowatt-hours of electricity per year. The farms consumes a 20-25% of this value, and the rest is 

available for selling to the grid.  

The Provincial Department of Natural Resources released Newfoundland and Labrador 

Farm Guide which provides relevant useful statistics on the Newfoundland and Labrador 

agriculture sector such as (CHFour Biogas Inc., 2012):  

 Over 500 farms in NL 

 11,400 cattle, including dairy and beef, and 1,600 hogs 

 3,100 sheep 

 214,700 mink pelts from 15 farms in 2010 
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 2,405 fox pelts from eight farms in 2010 

 359,000 chickens producing 110 million eggs (worth $16 million); over 60% growth 

since 2010 

 Over 13 million kilogram poultry meat (valued at $23 million) 

 
Figure 5.1. Biogas plants across Canada (2019) 

 

There are some reports which investigated the options for organic waste processing in NL 

(Dillon Consulting, 2014), and the feasibility study of anaerobic digestion in NL (CHFour Biogas 

Inc., 2012). However, the economic assessment of on-farm biogas plants in NL with a focus on 

Lester’s dairy farm provides a better understanding of the potential of biogas production in cold 
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environments. Thus, the objective of this study is to provide an estimation of biogas potential in 

NL. The Lester’s dairy farm is also considered a case study to assess its biogas and electricity 

production potential. 

 

5.3. Biogas Production Potential in NL 

The agriculture industry in NL can be divided into three regions. Region 1 includes the 

Avalon Peninsula and Burin Peninsula. It is located at the east of NL. Region 2 consists of 

Bonavista Peninsula and Baie Verte Peninsula, and is located in the middle part of the NL. Region 

3 comprises West Coast and Labrador. Statistics Canada reported the numbers of cattle, mink, and 

sheep in these regions in 2016 (Table 5.1). Based on this information, there are 9,995 cattle in the 

province including 5,299 dairy cows. In addition, the total numbers of mink and sheep are 

estimated to be 47,392 and 2,645, respectively. 

A review conducted by CHFour biogas Inc. reported the amount of agricultural waste 

produced in different regions of the province (Table 5.2) (CHFour Biogas Inc., 2012). In total, 

21,576 kg/day poultry litter along with 1,438.4 poultry mortalities were produced in the province 

in 2012. Dairy manure and mink manure were also estimated as 12,942 and 517.44 cubic feet per 

day. In addition to mink manure, there were 485,100 kg/year mink carcasses. Figure 5.2 shows the 

locations of farms in NL. There are many producers of different types of manure and other 

agriculture waste products in St. John’s area with dairy farms have the largest portion of the waste 

produced. 
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Table 5.1. Distribution of livestock by agriculture division 

Region Total cattle Dairy cows Other cattle Total mink Total sheep 

Region 1 3,365 1,642 1,723 * 1,756 

Region 2 905 450 455 * 490 

Region 3 5,725 3,207 2,518 13,771 399 

Province 9,995 5,299 4,696 47,392 2,645 

Note: Region 1: Avalon Pen. & Burin Pen.; Region 2: Bonavista Pen. & Baie Verte 

Pen.; Region 3: West Coast and Labrador 

* Confidential, number included in the provincial total 

Source: Statistics Canada, Census of Agriculture, 2016 

 

Table 5.2. Agricultural waste production by feedstock and region in NL 

Region Poultry 

litter 

(kg/day) 

Poultry 

mortalities 

(kg/day) 

Dairy manure 

(ft3/day) 

Mink manure 

(ft3/day) 

Mink carcasses 

(kg/year) 

Avalon 16,098 1,073.2 4,972 125.76 117,900 

Clarenville 

(Bonavista Bay) 

1,512 100.8 1,640 32.64 30,600 

Gander - - - 6.72 6,300 

Grand Falls-

Windsor 

3,966 264.4 - 121.92 114,300 

Corner Brook 

(West Coast) 

- - 6,330 230.4 216,000 

Total 21,576 1,438.4 12,942 517.44 485,100 

 

The average biogas yield for a tone dairy manure ranges between 15-30 m3 based on the 

quality of the manure’s organic matter (Angelidaki and Ellegaard, 2003). This biogas production 

per tone of chicken manure and mink manure is 75 and 75-100 m3, respectively (CHFour Biogas 

Inc., 2012). On the other hand, the potential of electricity production is 2 kWh per 1 m3 of biogas 

(CHFour Biogas Inc., 2012). It means that the electricity production from a ton of dairy manure, 

chicken manure, and mink manure is 46, 150, and 150-200 kWh, respectively.  

The potential of biogas and energy production from agricultural livestock in NL was 

estimated in Table 5.3. The results show that there is excellent potential for energy production in 

NL. Dairy manure has the most potential in biogas and electricity production. The total dairy 
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manure in NL could produce 6,675,738 kWh electricity annually, valued at 867,846 CAD 

assuming 0.13 CAD/kWh. 

 

  
Figure 5.2. Agricultural production throughout the Newfoundland 
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Table 5.3. Estimation of biogas and energy potential from agricultural livestock in NL 

Substrate Amount 

(kg/day) 

Ave. biogas 

production 

(m3/tone of 

substrate) 

Total biogas 

production 

(m3/year) 

Total 

electricity 

production** 

(kWh/year) 

Total 

income*** 

(CAD) 

Poultry litter 21,576 94 730,131.8 1,460,253.6 189,833 

Poultry 

mortalities 

1,438.4 75 38,836.8 77,673.6 10,098 

Dairy manure* 403,124.3 23 3,337,869.2 6,675,738.4 867,846 

Mink manure* 16,117.5 88 510,602.4 1,021,204.8 132,757 

Mink carcasses 1,347.5 77 37,352.7 74,705.4 9,712 

* The volume is converted to weight by the following factor: 1 m3 = 1100 kg 

** The conversion rate is assumed 2 kWh = 1 m3 

*** The conversion rate is assumed 0.13 CAD = 1 kWh 

 

5.4. Biogas Production Potential in Lester’s Dairy Farm 

The Lester’s dairy farm houses 550 cows. It means that the daily manure production (8% 

total solids) in Lester’s Farm is 141 m3/day (155 ton/day). Hence, the total biogas production 

potential in Lester’s Farm is estimated to be 3,565 m3/day. Thus, the electricity production 

potential in Lester’s Farm is 7,130 kWh/day (297 kW capacity power plant). This means the 

nominal power of the biogas plant that would be installed is 300 kW. The total energy consumption 

in Lester’s Farm ranges from 19,000 kWh/month in August to 30,000 kWh/month in April. The 

average electricity consumption on the farm is 25,000 kWh/month. The total electricity production 

potential in the farm is estimated to be 7,130 kWh/day (213,900 kWh/month). About 30% of the 

produced energy will be used to heat the digester and maintain its temperature at 20 ºC. This 

percentage increases to 50% if the digester will be operated at 35 ºC. The farm could increase its 

energy production by co-digesting any organic waste that is currently disposed of at the landfill. 

Therefore, the results show that the farm can produce 219,300 kWh/month by digesting manure 

only. The farm will use some of that energy to meet its energy demand (i.e., 25,000 kWh/month 
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plus 65,790 kWh/month = 90,790 kWh/month), and sale the surplus (around 128,510 kWh of 

electricity per month) (Figure 5.3). 

 

  
Figure 5.3. The contribution of electricity production from biogas  

 

Of the total electricity produced in the farm, 11% will be consumed to fulfill the farm’s 

electricity demand, and 30% to heat the digester. A 58% of the produced electricity (i.e., 128,510 

kWh/month) could be sold. 

Considering the total electricity production by the biogas plant in a year, it is expected to 

generate about 16,706.3 CAD/month (i.e., 200,475 CAD annually). Based on the closest and most 

relevant example of on-farm biogas plant processing dairy manure at the New World Dairy, NL, 

the investment was 5 million CAD for constructing and operating the biogas plant (CBC Canada, 

2013). Since the New World Dairy has 1,200 cows compared to 550 at Lester’s Dairy Farm and 

given that the actual investment was about 7 years ago, it is expected that the size of the reactor 

and the nominal power of the generator required for Lester’s farm would be half as much. 

Therefore, the total investment costs required for Lester’s farm biogas plant would be between 3 

and 4 million CAD. Considering the 4 million dollars as the expenses, the payback period would 
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be 20 years. Notice that this scenario is based on processing dairy manure only. Any off-farm 

feedstock would increase energy production and shorten the payback period. 

 

5.5. Benefits of Biogas Plants 

However, the previous analyses considered only the biogas as the useful product of the 

project. There are useful products and sources of income in addition to the energy; these include 

the heat produced as a by-product, greenhouse gas emission credit, and the digestate (liquid and 

solid) as rich fertilizer concentrated with the nutrients, soil amendments. The fibers separated from 

the effluent stream can reduce the farm's operational costs and increase the income by production 

and sale of animal bedding. Table 5.4 summarizes the benefits and costs associated with the on-

farm biogas plant. 

 

Table 5.4. Comparison of advantages and costs associated with on-farm biogas plant 

Benefits Costs 

Electricity production 

Heat production 

GHG credit 

Fertilizer production 

Job creation 

Environmental protection 

Capital investment 

Operating and maintenance 

Transportation  

Culture adaptation 

 

 

The on-farm digester will require adapted microbial culture. There are two ways to provide 

this culture. The first option is adaptating the culture during the start-up period. This option uses 

the culture from the nearby Riverhead wastewater treatment plant, St. John’s (as used in this work) 

and adapts the culture based on the manure and other co-substrate. The culture adaptation process 

requires about a year to obtain a good culture. During this adaptation period, the biogas yield will 

start small and increase gradually. The second option is to import the adapted culture from an 
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operating active dairy farm biogas plant. The nearest and the only dairy farm biogas plant in NL 

is the New World Dairy which is located in the west of the island. The distance between the 

Lester’s Dairy Farm, St. John’s and the New World Dairy biogas plant is more than 800 km. The 

transportation of the culture (considered dangerous good) from the New World Dairy will impose 

a high cost.  

The financial analysis depends on the final contracts that the farm would secure for selling 

the energy and other valuable products. Generally, it considers loans and interest rate, costs and 

savings from the product generated, purchase rate for the excess electricity. 

Additional opportunities exist for income generation from environmental incentives, such as 

Renewable Energy Certificates (RECs) for electricity generation or Renewable Identification 

Number (RIN) credits under the Renewable Fuel Standard for the generation and use of biogas as 

vehicle fuel. There are also developing markets for carbon emission and nutrient offset credits. All 

these potential financial returns can benefit project stakeholders and others involved in the biogas 

system.  

In addition to reducing methane emissions, some of the many environmental benefits of 

biogas systems include: 

 Stabilization of nutrients for reduced water contamination risks, including substantial 

reduction of pathogens in manures and food wastes 

 Nutrient recovery and recycling 

 Reduction of odors during storage and decomposition 

 Providing a natural waste treatment process 

 Smaller physical footprint for organics waste processing versus composting 

 Reduced volume of waste for transport and land application 
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 Efficient organic decomposition 

 

As with the development of any energy project, biogas projects can benefit the local 

economy. Temporary jobs are created during the construction phase, and long-term jobs are 

created for the operation, maintenance, and logistics of transporting the off-farm feedstock, 

digestate, and fertilizers. Biogas energy projects involve engineers, construction firms, equipment 

vendors, and utilities or end-users of the power produced. Some materials for the overall project 

may be purchased locally, and often local firms handle construction, electrical, plumbing, and 

other services. 

 

5.6. Summary 

The costs associated with a biogas plant should be evaluated for the feasibility of the biogas 

plant. In this chapter, a cost analysis was performed, where the potential of biogas production in 

Newfoundland and Labrador (NL) has been assessed. The required data about the amount of 

manure production in NL and Lester’s dairy farm was collected and used in the costs analysis. The 

results reveal that the total dairy manure in NL could produce 6,675,738 kWh electricity annually, 

valued at 867,846 CAD. Feeding other sources of agricultural wastes would increase the income 

from the biogas industry by over one million CAD. In Lester’s dairy farm, using dairy manure 

only, there is an electricity generation potential of 219,300 kWh/month. This amount of electricity 

production covers not only their own energy demand (i.e., 25,000 kWh/month plus 65,790 

kWh/month = 90,790 kWh/month), but there is a surplus that could be sold (128,510 kWh/month). 

The surplus generated electricity could earn 200,475 CAD annually for the farm. 
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Chapter Six 

ASSESSMENT OF HYDROGEN PRODUCTION FROM 

BIOMASS THROUGH THE INTEGRATION OF THE 

ANAEROBIC DIGESTION AND BIOGAS REFORMING 

6.1. Abstract 

Hydrogen is a clean fuel that can be used for heat and power generation and an intermediate 

component for chemical synthesis. This study presents the assessment of hydrogen production 

from biomass through integrating the psychrophilic anaerobic digestion with the dry methane 

reforming. For the first time, a rigorous model was developed for the low-temperature anaerobic 

digestion process by implementing the complex kinetics of the fermentation bioreactions. The 

produced biogas from the anaerobic digestion process is fed to the reforming process for hydrogen 

production. The kinetics of the dry methane reforming and water gas shift reactions over the Co-

Ni-Al2O3 catalyst are employed in the model. The results of the proposed process are validated 

using the experimental data and show a less than 5% relative deviation. The effects of process 

operating variables, such as the total solids content, organic loading rate, hydraulic retention time, 

and digestion recirculation fraction on biogas and CH4 yield are investigated. The optimum 

operating parameters in the anaerobic digestion process as well as the dry methane reforming 

process is obtained. The process aimed at achieving the highest CH4 to H2 conversion and the 

lowest energy consumption. The results indicate that 48.07 kg/h biogas could produce 8.11 kg/h 

hydrogen. The biomass to H2 process offers an energetic efficiency of 72.85%, showing its 

superiority to similar processes, such as steam and auto-thermal reforming. Moreover, the results 
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show a high potential for CO2 emission reduction (e.g., 398,736 tonnes/year), compared to the 

direct biogas combustion for electricity production.  

   

6.2. Introduction 

Civilization and population growth demand massive energy sources. Fossil fuels have 

always taken the primary responsibility of providing energy. Currently, fossil fuels contribute to 

81% of the total energy consumption (Chen and Chen, 2020). The utilization of fossil fuels 

accounts for several environmental problems, such as air pollution, global warming, and soil 

degradation (Nicoletti et al., 2015). The increasing rate of fossil fuels consumption has diminished 

fossil energy resources (Cong et al., 2017). Thereby, researchers actively seek alternative energy 

sources to mitigate anthropogenic CO2 emissions.  

Hydrogen, the most abundant element in the universe and the only non-carbon fuel, 

possesses the highest energy content per unit mass. The heat of combustion of hydrogen (34 kcal/g) 

is significantly greater than that of petroleum (10.3-8.4 kcal/g), paraffin (10.3-9.8 kcal/g), graphite 

(7.8 kcal/g), and wood (4.2 kcal/g) (Jain, 2009). Hydrogen can be utilized as a fuel in the 

combustion process or a raw material in manufacturing chemicals (e.g., ammonia, methanol, 

hydrochloric acid, and hydrogen peroxide) (Abdalla et al., 2018; Rand and Dell, 2007). Having 

that said, hydrogen is globally accepted as an environmentally safe and secure alternative to fossil 

fuels.   

In nature, hydrogen is not readily available as it is bounded by other elements, such as 

oxygen and carbon. It exists in various compounds, including water, biomass, and hydrocarbons. 

Multiple pathways are developed to extract hydrogen from these compounds, categorized into 

conventional and renewable technologies based on the raw materials used (Nikolaidis and 
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Poullikkas, 2017). In the former technology, fossil fuels will be used as raw material. The hydrogen 

will be produced through hydrocarbon pyrolysis (Schneider et al., 2020) and reforming (i.e., steam 

methane reforming (SMR), auto-thermal methane reforming (ATR), dry methane reforming 

(DMR), and partial oxidation) (Carapellucci and Giordano, 2020). The conventional hydrogen 

production methods are responsible for more than 95% of the industry’s hydrogen requirements. 

According to the stats, 48% of the current hydrogen is produced from natural gas, 30% from heavy 

oils and naphtha, and 18% from coal (Dincer and Acar, 2015; Kothari et al., 2008). The second 

category utilizes renewable sources (e.g., biomass) for hydrogen production. Biohydrogen can be 

produced through either thermochemical or biological processes. The thermochemical methods 

include pyrolysis (Setiabudi et al., 2020), gasification (Salkuyeh et al., 2018), combustion, and 

liquefaction, while the biological processes involve dark fermentation (Hajizadeh et al., 2021), 

direct and in-direct bio-photolysis (Bechara et al., 2021), photo-fermentation, and sequential photo 

and dark fermentation (Zhang et al., 2020).  

Biogas could be served as a bridge to use the advantages of the conventional technologies to 

produce renewable hydrogen. Biogas is similar to natural gas, which means it could be used as an 

alternative raw material to conventional hydrogen production technology.  Another beneficiary 

feature of biohydrogen is its biomass origin. Biogas can be produced from various organic waste 

through anaerobic digestion (AD) process in a microbial environment (Saady and Massé, 2013). 

It is mainly composed of methane (CH4: 40-65%), carbon dioxide (CO2: 35-55%), and small 

fractions of water (H2O), ammonia (NH3), hydrogen sulfide (H2S), and traces of other constituents. 

Generally, two types of processes are employed for producing H2 from biogas. The first category 

utilizes biomethane, obtained by biogas upgrading technologies. The hydrogen is commonly 

produced from biomethane toward the SMR process. The most popular biogas upgrading 
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technologies are chemical absorption, physical absorption, pressure swing adsorption, membrane 

technology, and cryogenic distillation (Angelidaki et al., 2018). Note that hydrogen production 

using biomethane needs additional units for methane purification and compression; this leads to a 

5-15% decrease in plant energy efficiency (Hashemi et al., 2019; Sun et al., 2015). The second 

category takes advantage of the CO2 in the biogas stream. In this approach, the biogas stream 

containing CH4 and CO2 is sent to the reforming process (i.e., DMR process); this process has no 

separation/compression stage. Accordingly, any additional energy requirement is avoided. The 

presence of CO2 in the feed enhances the CH4 conversion to syngas. Thus, dry methane reforming 

(DMR) technology sounds the most suitable way to convert biogas to hydrogen. In the DMR, CH4 

reacts directly with CO2 to produce hydrogen. Compared to other thermochemical methods, the 

DMR is an environmentally friendly process because GHGs (CH4 and CO2) are consumed in this 

process. The DMR method can be applied to the gas sources with high CO2 content (i.e., biogas) 

(Kohn et al., 2014; Lunsford, 2000).  

Biogas production through anaerobic digestion is a complex process involving substrate 

decomposition and multiple fermentation reactions. In addition, substrate complexity and presence 

of numerous microorganisms in the system makes the system multifaceted (Wang et al., 2017). 

Moreover, many parameters affect the anaerobic digestion (AD), including temperature, organic 

loading rate, total solids content, hydraulic retention time, carbon-to-nitrogen ratio, pH, and 

ammonia concentration (Panigrahi and Dubey, 2019). Thus, it is time-consuming and costly to 

examine the impact of all parameters through experiments.    

Mathematical models allow the understanding of the system and represent the main features 

of a process. They could be used to formulate and validate hypotheses and to predict the behavior 

of the system at different conditions. The models also reduce the risk of performing experiments. 
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The mathematical modeling of the anaerobic digestion process was started in early 70’s by 

developing simple models (Donoso-Bravo et al., 2011). However, upon the understanding of 

microbiological processes more successful and comprehensive models for AD were developed 

(Angelidaki et al., 1993; Angelidaki et al., 1999; Batstone et al., 2000; Vavilin et al., 1994). These 

models considered additional involving processes and species. In addition, more detailed kinetics 

were taken into account, which incorporated the inhibition of microorganisms during AD. Then, 

Batstone et al. (2002) developed a comprehensive model called the anaerobic digestion model no. 

1 (ADM1), which describes the dynamics of 24 species with 19 bioconversion processes. ADM1 

has shown many applications (Batstone and Keller, 2003; Fezzani and Cheikh, 2008; Jurado et al., 

2016; Ozkan‐Yucel and Gökçay, 2010) and several authors modified it to cover more species and 

processes (Fedorovich et al., 2003; Lübken et al., 2015; Ramirez et al., 2009). Although the ADM1 

is a powerful model, the large number of parameters and variables makes ADM1 complex. Thus, 

simplifying the model and implementing it in a process simulation tool will be beneficial. It 

provides a reliable and easy-to-use platform to be further employed for anaerobic digestion 

modeling. In addition, process simulation tools will enable integrating upstream and downstream 

unit operations with the anaerobic digestion process. Process simulation/modeling is enormously 

endorsed by industry and researchers due to its broad application in different industries and 

academic fields. The process simulation studies can predict future scenarios, enhance the process 

operation, and reduce the costs associated with the plant design. Peris Serrano (2010) and 

Rajendran et al. (2014) used AD concepts from earlier studies and developed a process simulation 

framework. They used a two-stage process to simulate the AD process, a reactor for hydrolysis 

reactions and another reactor for acidogenesis, acetogenesis, and methanogenesis reactions. 

Lorenzo-Llanes et al. (2020) developed a simulation framework for up-flow anaerobic sludge 
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blanket (UASB) reactor to model the AD of vinasses in Aspen Plus. They integrated the ADM1 

model and considered the sulfate reduction reactions through calculator blocks in Aspen Plus. Al-

Rubaye et al. (2019) also simulated the AD of animal manure and wastewater using Aspen Plus. 

They considered a total of 46 reactions to represent the AD process. They studied the effects of 

hydrogen addition, pressure, and hydraulic retention time on methane yield. A simulation study 

was done by Harun et al. (2019) to investigate the AD of food waste at thermophilic temperature. 

They found that the produced biogas contains 52.91% CH4, 42.52% CO2, and 5% traces. In another 

study, Nguyen et al. (2014) developed a simulation model to assess the energy potential of food 

waste in the municipal solid waste stream. They used a simple equilibrium model to build the 

anaerobic reactor. The biogas composition was calculated according to the Buswell equation 

(Symons and Buswell, 1933). Bravo et al. (2018) developed a simulation framework to model the 

AD-based biogas production from volatile organic compounds (VOC). They used stoichiometric 

and kinetic reactors. The Monod-type expressions were used to account for the kinetics of the 

acidogenesis and methanogenesis steps. According to the literature, all previous simulation 

investigations aimed to model the AD process at mesophilic (35-45 °C) and thermophilic (55-65 

°C) temperature ranges. However, the psychrophilic (< 20 °C) anaerobic digestion process could 

have many applications since a significant portion of the biosphere of Earth is in cold 

environments; yet no study is done on simulation of the psychrophilic anaerobic digestion process.   

On the other hand, numerous studies have been conducted on modeling and simulating H2 

production from biogas through thermochemical methods. Marcoberardino et al. (2018) 

investigated two conventional methods of producing H2 from biogas, including steam methane 

reforming and auto-thermal reforming, through a techno-economic analysis. They considered a 

reformer and two water gas shift reactors for conversion of biogas to H2 and a pressure swing 
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adsorption model for H2 purification for production of 100 kg/d H2. In addition, they used the 

Gibbs free energy minimization concept to simulate the reactors. They obtained the maximum 

efficiency of 52% for the steam methane reforming process. Yao et al. (2017) compared three 

routes of H2 production from biomass, including biomass steam gasification, biogas steam 

reforming, and water electrolysis. They found that water electrolysis has the highest energy 

efficiency (66%), followed by biogas steam reforming with an efficiency of 47%, and biomass 

gasification with an efficiency of 39%. They also used a Gibbs free energy minimization reactor 

to simulate the reformer and water gas shift reactor. Hajjaji et al. (2016) conducted a life cycle 

assessment of hydrogen production from biogas using steam reforming. The biogas production 

data were obtained from the literature. At the same time, an Aspen Plus simulation was used to 

attain the required data for the reforming process. The reforming and water gas shift reactors were 

modeled to minimize the Gibbs free energy. According to the simulation results, 11.53 kg/h H2 

was produced from 97.17 kg/h biogas (60% CH4 and 35% CO2). In addition, the thermal efficiency 

of the plant was equal to 76.8%. Chattanathan et al. (2014) explored the effect of H2S concentration 

(0.5, 1, and 1.5%) on converting biogas to hydrogen through the dry reforming process. They used 

the Gibbs reactor in Aspen Plus to model the reforming reactions by minimizing the Gibbs free 

energy. Adding H2S (0.5%) to the feed reduced the conversion of CH4 and CO2 by 20%, compared 

to the case in which only CH4 (59%), CO2 (39%), and N2 (2%) were fed to the reactor. Cruz et al. 

(2018) evaluated the thermodynamic efficiency of the dry reforming of methane for hydrogen 

production from biogas (65% (v/v) CH4 and 35% CO2 (v/v)). They used Aspen Plus to evaluate 

the performance of the system using exergy analysis. The results indicated that the exergy 

efficiency of the dry methane reforming process for H2 production is 55%. Minutillo et al. (2020) 

evaluated the green hydrogen production using steam methane reforming and auto-thermal 
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reforming through energy and exergy analyses. Their results indicated that the steam methane 

reforming has a 19% higher energy efficiency than the auto-thermal reforming process, showing 

a 59.8% H2 energy efficiency.  

According to the literature review, the integration of the anaerobic digestion model and dry 

methane reforming is rarely investigated in previous studies. Thus, the current study aimed to 

develop and integrate the low-temperature AD process with the DMR simulation model for the 

first time to produce H2 from biomass. A detailed simulation model is developed using Aspen Plus 

V11, considering the kinetics of fermentation and reforming reactions. The knowledge gaps and 

novelties of the current study are highlighted below: 

 Low-temperature AD simulation applicable for the temperature range of 10-65 °C 

 Developing a temperature-dependent equation for the maximum specific growth 

rate of microorganisms   

 Modification of the fermentation reaction rates according to the existing 

components in feed as well as operating conditions 

 Integration of AD process with dry methane reforming process for the production 

of H2 from biomass 

 Simulation of reforming and water gas shift reactions using kinetic models 

  

After the introduction, the theory and process description of the AD process and the dry 

methane reforming process are presented in section 6.3. The implemented methodology, including 

reaction kinetics and process simulation, is stated in section 6.4. Section 6.5 presents the results 

and discussion on biogas production and conversion to hydrogen production, sensitivity analysis, 
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and optimal process conditions. Finally, the major outcomes of this study are presented in section 

6.6. 

 

6.3. Theory and Process Description 

This section consists of a brief review of the theoretical aspects and a description of the 

proposed process for producing hydrogen from biomass. Hydrogen production from biomass 

involves two main processes: 1) biogas production within anaerobic digester and 2) dry methane 

reforming for generation of H2.  

 

6.3.1. Anaerobic digestion 

The first process deals with producing biogas from organic waste through anaerobic 

digestion. In this process, raw organic waste is fed to a bioreactor containing inoculum where 

microbial reactions occur (Holm-Nielsen et al., 2009). The microorganisms convert the organic 

fraction of the feed to CH4 and CO2 through the four steps of hydrolysis, acidogenesis, 

acetogenesis, and methanogenesis (Khan et al., 2016). Hydrolysis, the first step in the anaerobic 

digestion process, involves the physical conversion of large organic materials (polymers) such as 

carbohydrates, lipids, and proteins into monomers and small substances (Adekunle and Okolie, 

2015). As a result, carbohydrates are broken down into simple sugars, proteins are degraded into 

amino acids, and lipids are hydrolyzed to long-chain fatty acids (LCFAs). Hydrolytic bacteria 

secrete extracellular enzymes to catalyze these parallel degradation processes. The bacteria 

directly use the soluble products. The hydrolysis step is the rate-limiting step when the substrate 

is complex or hard, such as lignocellulosic biomass (Tomei et al., 2009). Therefore, the hydrolysis 

step dramatically affects biogas production. In the hydrolysis step, enzymes play a leading role. 
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The enzymes such as cellulase, amylase, protease, and lipase break down large molecules into 

small molecules. A set of biochemical reactions can be defined to express the hydrolysis step 

(Equations (6-1) to (6-12)) (Rajendran et al., 2014). These reactions represent the degradation of 

large molecules, such as cellulose, hemicellulose, protein, triolein, etc., to smaller molecules. 

  

Cellulose ((C6H12O6)n) + H2O → nC6H12O6 (6-1) 

Cellulose (C6H12O6) + H2O → 2C2H6O + 2CO2 (6-2) 

Hemicellulose (C5H8O4) + H2O → 2.5C2H4O2 (6-3) 

Hemicellulose (C5H8O4) + H2O → C5H10O5 (6-4) 

Xylose (C5H10O5) → C5H4O2 + 3H2O (6-5) 

2 Ethanol (C2H6O) + CO2 → 2C2H4O2 + CH4 (6-6) 

Soluble protein (C13H25O7N3S) + 6H2O → 6.5CO2 + 6.5CH4 + 3H3N + H2S (6-7) 

Insoluble protein + 0.3337H2O → 0.045C6H14N4O2 + 0.048C4H7NO4 + 

0.047C4H9NO3 + 0.172C3H7NO3 + 0.074C5H9NO4 + 0.111C5H9NO2 + 0.25C2H5NO2 

+ 0.047C3H7NO2 + 0.067C3H6NO2S + 0.074C5H11NO2 + 0.07C6H13NO2 + 

0.046C6H13NO2 + 0.036C9H11NO2 

(6-8) 

Triolein (C57H104O6) + 3H2O → C3H8O3 + 3C18H34O2 (6-9) 

Tripalmate (C51H98O6) + 8.436H2O → 4C3H8O3 + 2.43C16H34O (6-10) 

Palmito-olein (C37H70O5) + 4.1H2O → 2.1C3H8O3 + 0.9C16H34O + 0.9C18H34O2 (6-11) 

Palmito-linolein (C37H68O5) + 4.3H2O → 2.2C3H8O3 + 0.9C16H34O + 0.9C18H32O2 (6-12) 

 

During the hydrolysis step, some large molecules are directly converted to hydrogen and 

acetate, enabling the methanogens (i.e., the methane-producing microorganisms) produce 

methane. However, most hydrolysis products are still relatively large and require further 

conversion to smaller molecules. In the next step, the products of the hydrolysis step will be 

converted to forms usable by methanogens. This step is called acidogenesis and is carried out by 

acidogenic bacteria. In this step, simple sugars, amino acids, and fatty acids are degraded to 
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produce acetate, carbon dioxide, and hydrogen. In addition, short-chain volatile fatty acids (VFAs) 

and alcohols are produced. The reactions occurring in the acidogenesis step are provided in 

Equations (6-13) to (6-37) (Rajendran et al., 2014).  

 

Glycine (C2H5NO2) + H2 → C2H4O2 + NH3 (6-13) 

Threonine (C4H9NO3) + H2 → C2H4O2 + 0.5C4H8O2 + H3N (6-14) 

Histidine (C6H8N3O2) + 4H2O + 0.5H2 → CH3NO + C2H4O2 + 0.5C4H8O2 + 2H3N + 

CO2 
(6-15) 

Arginine (C6H14N4O) + 3H2O + H2 → 0.5C2H4O2 + 0.5C3H6O2 + 0.5C5H10O2 + 4H3N 

+ CO2 
(6-16) 

Proline (C5H9NO2) + H2O +H2 → 0.5C2H4O + 0.5C3H6O2 + 0.5C5H10O2 + H3N (6-17) 

Methionine (C5H11NO2S) + 2H2O → C3H6O2 + CO2 + H3N + H2 + CH4S (6-18) 

Serine (C3H7NO3) + H2O → C2H4O2 + H3N + CO2 + H2 (6-19) 

Threonine (C4H9NO3) + H2O → C3H6O2 + H3N +H2 + CO2 (6-20) 

Aspartic acid (C4H7NO4) + 2H2O → C2H4O2 + H3N + 2CO2 + 2H2 (6-21) 

Glutamic acid (C5H9NO4) + H2O → C2H4O2 + 0.5C4H8O2 + H3N + CO2 (6-22) 

Glutamic acid (C5H9NO4) + 2H2O → 2C2H4O2 + H3N + CO2 + H2 (6-23) 

Histidine (C6H8N3O2) + 5H2O → CH3NO + 2C2H4O2 + 2H3N + CO2 + 0.5H2 (6-24) 

Arginine (C6H14N4O2) + 6H2O → 2C2H4O2 + 4H3N + 2CO2 + 3H2 (6-25) 

Lysine (C6H14N2O2) + 2H2O → C2H4O2 + C4H8O2 + 2H3N (6-26) 

Leucine (C6H13NO2) + 2H2O → C5H10O2 + H3N + CO2 + 2H2 (6-27) 

Iso-leucine (C6H13NO2) + 2H2O → C5H10O2 + H3N + CO2 + 2H2 (6-28) 

Valine (C5H11NO2) + 2H2O → C4H8O2 + H3N + CO2 + 2H2 (6-29) 

Phenyl alanine (C9H11NO2) + 2H2O → C6H6 + C2H4O2 + H3N + CO2 + H2 (6-30) 

Tyrosine (C9H11NO3) + 2H2O → C6H6O + C2H4O2 + H3N + CO2 + H2 (6-31) 

Tryptophan (C11H12N2O2) + 2H2O → C8H7N + C2H4O2 + H3N + CO2 + H2 (6-32) 

Glycine (C2H5NO2) + 0.5H2O → 0.75C2H4O2 + H3N + 0.5CO2 (6-33) 

Alanine (C3H7NO2) + 2H2O → C2H4O2 + H3N + CO2 + 2H2 (6-34) 

Cysteine (C3H6NO2S) + 2H2O → C2H4O2 + H3N + CO2 + 0.5H2 + H2S (6-35) 
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Dextrose (C6H12O6) + 0.1115H3N → 0.1115C5H7NO2 + 0.744C2H4O2 + 0.5C3H6O2 + 

0.4409C4H8O2 + 0.6909CO2 + 1.0254H2O 
(6-36) 

Glycerol (C3H8O3) + 0.4071H3N + 0.0291CO2 + 0.0005H2 → 0.04071C5H7NO2 + 

0.94185C3H6O2 + 1.09308H2O 
(6-37) 

 

The next step is acetogenesis in which acetogenic bacteria convert the acidic products (e.g., 

propionic acid, butyric acid, and valeric acid) to acetic acid, hydrogen, and carbon dioxide; 

substrates that methanogens consume to produce methane. Methanogenesis is the final stage of 

AD, where methane (CH4) is generated either from VFAs or directly from hydrogen and carbon 

dioxide. Methane is an ideal waste product for AD as it is sparingly soluble in water. Once it is 

generated, it leaves the aqueous phase as gas and does not further affect the microbial ecology. 

Equations (6-38) to (6-43) represent the acetogenic reactions, and the methanogenesis reactions 

are expressed as in Equations (6-44) and (6-45) (Rajendran et al., 2014). 

 

Oleic acid (C18H34O2) + 15.2396H2O + 0.2501CO2 + 0.1701H3N → 0.1701C5H7NO2 

+ 8.6998C2H4O2 + 14.4978H2 
(6-38) 

Propionic acid (C3H6O2) + 0.06198H3N + 0.314336H2O → 0.06198C5H7NO2 + 

0.9345C2H4O2 + 0.660412CH4 + 0.160688CO2 + 0.00055H2 
(6-39) 

Iso-butyric acid (C4H8O2) + 0.0653H3N + 0.8038H2O + 0.0006H2 + 0.5543CO2 → 

0.0653C5H7NO2 + 1.8909C2H4O2 + 0.446CH4 
(6-40) 

Iso-valeric acid (C5H10O2) + 0.0653H3N + 0.5543CO2 + 0.8044H2O → 

0.0653C5H7NO2 + 0.8912C2H4O2 + C3H6O2 + 0.4454CH4 + 0.0006H2 
(6-41) 

Linoleic acid (C18H32O2) + 15.356H2O + 0.482CO2 + 0.1701H3N → 0.1701C5H7NO2 

+ 9.02C2H4O2 + 10.0723H2 
(6-42) 

Palmitic acid (C16H34O) + 15.253H2O + 0.482CO2 + 0.1701H3N → 0.1701C5H7NO2 

+ 8.4402C2H4O2 + 14.9748H2 
(6-43) 
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Acetic acid (C2H4O2) + 0.022H3N → 0.022C5H7NO2 + 0.945CH4 + 0.066H2O + 

0.945CO2 
(6-44) 

14.4976H2 + 3.8334CO2 + 0.0836H3N → 0.0836C5H7NO2 + 3.4154CH4 + 

7.4996H2O 
(6-45) 

 

The performance of AD depends on parameters that should be considered in the design and 

operation of an anaerobic digester. The most critical parameters involving in the anaerobic 

digestion process are total solids (TS) content, volatile solids (VS) content (it refers to the amount 

of organic matter), Carbon-to-Nitrogen (C/N) ratio of the substrate, pH and alkalinity, temperature, 

hydraulic retention time (HRT), organic loading rate (OLR), and inoculum-to-substrate ratio (ISR) 

(Rocamora et al., 2020; Zamri et al., 2021). The water content of the feed should be modified (by 

dilution) to achieve the desired total solids content within the bioreactor. The produced biogas 

mainly contains CH4 and CO2. Also, the undigested fraction of the organic waste could be gathered 

and disposed of or partially recirculated to the inlet to achieve higher biogas production (Algapani 

et al., 2019). 

 

6.3.2. Dry methane reforming (DMR) 

The main step in the dry methane reforming (DMR) is syngas production from CH4 and CO2, 

according to Equation (6-46). Since this reaction is highly endothermic (Lavoie, 2014), it is 

promoted at higher temperatures (Gao et al., 2018). In addition, side reactions take place in the 

reformer; the most common side reaction is the reverse water gas shift (RWGS) reaction (Equation 

(6-47)). Although the RWGS reaction is an unwanted, it helps adjust the H2/CO ratio for the 

production of fuels with higher hydrocarbons (Abdullah et al., 2017) and improves the reformer’s 

performance in terms of CH4 and CO2 conversion (Kathiraser et al., 2015).   
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𝐶𝐻4 + 𝐶𝑂2 → 2𝐻2 + 2𝐶𝑂 ∆𝐻 = 247.3 𝑘𝐽/𝑚𝑜𝑙 (6-46) 

𝐶𝑂2 + 𝐻2 ↔ 𝐶𝑂 + 𝐻2𝑂 ∆𝐻 = 41 𝑘𝐽/𝑚𝑜𝑙 (6-47) 

 

The DMR is a heterogeneous catalytic reaction and is carried out in fixed bed reactors. The 

catalysts used in the DMR are usually based on nickel or noble metals, such as rhodium (Rh), 

ruthenium (Ru), palladium (Pd), platinum (Pt), and iron (Fe), on supports such as Al2O3, SiO2, 

La2O3, ZrO2 (Aramouni et al., 2018; Pakhare and Spivey, 2014; Requies et al., 2009). The nickel-

based catalysts are the most feasible catalysts to use in industry because of their availability and 

lower costs (Abdullah et al., 2017).   

In addition to the high temperature required for the DMR reaction, the catalyst deactivation 

is a problem associated with this process. The catalyst deactivation happens because of the coke 

deposition over the catalyst particles and the resulting growth of carbon when it is dissolves in 

nickel (Ginsburg et al., 2005; Snoeck et al., 1997). This problem can cause the catalyst loss and 

even blockage in the reactor. The noble metals have shown a high resistance over coking and are 

reported as a solution to prevent the coke deposition, but they are expensive. Therefore, bimetallic 

Ni-Co is commonly hired in large-scale industry as it implements the advantages of both metals in 

controlling coke and catalyst deactivation (Luisetto et al., 2012; Zhang et al., 2007a).   

The syngas produced in the reformer contains H2, CO, and unreacted CH4 and CO2. The 

water gas shift (WGS) reaction (Equation (6-48)) is used to enrich H2 in the product. In WGS 

reaction, the CO produced in the reformer reacts with steam to produce H2 and CO2 (Chein et al., 

2013). Thus, the WGS reaction is important in producing H2 because it is also used for converting 

CO to CO2, which helps to capture CO2. 
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𝐶𝑂 + 𝐻2𝑂 ↔ 𝐻2 + 𝐶𝑂2 ∆𝐻 = −41 𝑘𝐽/𝑚𝑜𝑙 (6-48) 

 

6.4. Methodology 

Biogas mainly contains CH4 and CO2, which can be used as feed to produce various products. 

The interest is increasing in producing H2 from biomass because it is a clean fuel. H2 can be 

produced from biogas through the reforming process, which uses biogas to produce syngas (i.e., 

CO and H2). Then, the produced syngas is fed to a water gas shift (WGS) reactor to convert carbon 

monoxide to hydrogen.  

The process of H2 production from biomass is modeled using Aspen Plus V11 since it 

provides a flexible environment for considering various aspects of the process. The first step is 

selecting/defining the chemical components. The major components in the overall process are H2, 

CH4, CO2, H2O, CO, O2, N2, NH3, H2S, as well as the biomass components such as cellulose, 

hemicellulose, dextrose, proteins, etc. (refer to Equations (6-1) to (6-45) for the all components). 

The components are provided based on the different feedstocks, intermediate and final products of 

the anaerobic digestion process. Aspen Plus databanks provide the pure component specifications 

for most of the components involved in the process. However, some components, such as proteins, 

need to be defined by user. The next step is to define a proper thermodynamic model. Since the 

vapor phase in the anaerobic digestion process mainly contains CH4 and CO2, and the pressure is 

low, the vapor phase is treated as an ideal gas. However, the liquid phase is not ideal as many 

compounds and interactions occur in the liquid phase. Based on this fact, the Non-Random Two 

Liquids (NRTL) thermodynamic model is a suitable model to predict the physical/chemical 

equilibrium of the system. The NRTL model in Aspen Plus takes the vapor phase as an ideal gas 
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and considers the non-ideality of the liquid phase by calculating the activity coefficient of 

components in the liquid phase (Aspen Technology, 2020).  

 

Anaerobic Digestion Reactor. The anaerobic digestion model is developed according to the 

model introduced by Angelidaki et al. (1999). This model was successfully used by Rajendran et 

al. (2014) where they developed the process simulation model (PSM). The current study modifies 

the PSM to be applicable to low temperature anaerobic digestion. As is said, the anaerobic 

digestion process comprises hydrolysis, acidogenesis, acetogenesis, and methanogenesis steps. 

Biomass hydrolysis is a complex process, and the reaction kinetics are not completely available 

(Balaji et al., 2020). However, the stoichiometry of the hydrolysis reactions are available. Thus, 

the biomass hydrolysis is modeled in this study using a stoichiometric reactor (i.e., RStoic) in 

Aspen Plus. The RStoic model is used when the reaction kinetics are not available, but the 

stoichiometry of the reactions is known. The RStoic model requires the data that shows the extent 

of the reaction or conversion (Aspen Technology, 2020). In this regard, the hydrolysis reactions 

(Equations (6-1) to (6-12)) for the components that existed in the feed are adapted from Rajendran 

et al. (2014). This set of reactions provides a comprehensive framework to model various 

substrates. Each substrate has its specific components, which could be specified in the feed 

specifications. The hydrolysis products are routed to a continuous stirred tank reactor (CSTR) in 

which the fermentation reactions (acidogenesis, acetogenesis, and methanogenesis) will occur. The 

CSTR reactor in Aspen Plus (called RCSTR) is capable of modeling reactions with known 

stoichiometry and reaction kinetics (Aspen Technology, 2020). This study considers 33 reactions 

to take place in the RCSTR simultaneously (Equations (6-13) to (6-45)). These reactions are 25 

(acidogenic), 6 (acetogenic), and 2 (methanogenic). The rate of the fermentation reactions (𝜇) is 
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presented as a first-order kinetic equation, shown in Equation (6-49). The reaction rate is a function 

of the maximum specific growth rate of microorganisms ( 𝜇𝑚𝑎𝑥)  and inhibition terms. The 

performance of microorganisms might be inhibited by several factors. For instance, the rate of the 

VFA acetogenic step could be represented as Equation (49) (Angelidaki et al., 1999). 

𝜇 = 𝜇𝑚𝑎𝑥(𝑇) (
1

1 +
𝐾𝑠(𝑇)

[𝐴]

) (
1

1 +
𝐾𝑠,𝑁𝐻3

[𝑇 − 𝑁𝐻3]

) (
1

1 +
[𝐻𝐴𝑐]
𝐾𝑖,𝐻𝐴𝑐

) 

(
1

1 +
[𝐿𝐶𝐹𝐴]
𝐾𝑖,𝐿𝐶𝐹𝐴

) (
1

1 +
[𝐻2]

𝐾𝑖,𝐻2(𝑇)

) 𝐹(𝑝𝐻) 

(6-49) 

 

In Equation (6-49), 𝜇  is the reaction rate; 𝑆  stands for the substrate for insoluble 

carbohydrates or for the insoluble proteins; 𝜇𝑚𝑎𝑥(𝑇) is identical for the temperature-dependent 

maximum specific growth rate of microorganisms; 𝐾𝑠 presents the half-saturation constant; 𝐾𝑠,𝑁𝐻3
 

shows the half-saturation constant for total ammonia; [T-NH3] indicates the total ammonia 

concentration; 𝐾𝑖 denotes inhibition constants; 𝐹(𝑝𝐻) is the pH growth-modulating function. 

𝜇𝑚𝑎𝑥(𝑇), the temperature-dependent maximum specific growth rate of microorganisms is 

expressed in Equation (6-50) to consider the effect of temperature change on the maximum specific 

growth rate. 

𝜇𝑚𝑎𝑥(𝑇) = 𝜇𝑚𝑎𝑥𝑒
−

𝐸𝐴
𝑅

(
1
𝑇

−
1
𝑇0

)
 (6-50) 

 

where 𝜇𝑚𝑎𝑥  indicates the maximum specific growth rate constant; 𝐸𝐴  represents the 

activation energy; 𝑅 is the gas universal; 𝑇 stands for the absolute temperature; and 𝑇0 denotes the 

absolute reference temperature.  
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The study of Rajendran et al. (2014) used a temperature function to calculate the maximum 

specific growth rate, which is suitable for the mesophilic and thermophilic temperature range. 

However, to use the model for the psychrophilic temperatures, the maximum specific growth rate 

equation should be modified. In this regard, the constant parameters in the maximum specific 

growth rate equation are calculated for a wider temperature range (10 to 65 ºC). In addition, the 

maximum specific growth rate has a positive relationship with temperature; when the temperature 

increases, the maximum specific growth rate increases. It was observed that in the model 

developed by Rajendran et al. (2014) the equation predicts lower maximum specific growth rate 

at higher temperatures (for example, 20 d-1 at 55 ºC and 30.8 d-1 at 35 ºC for propionic acid 

degradation). This lead to non-reliable results when the temperature changes. 

The basic parameters reported for the specific growth rate are at temperatures of 35 ºC and 

55 ºC in ADM1 (Batstone et al., 2002). Donoso-Bravo et al. (2009) reported the relative changes 

of maximum specific growth rate with temperature for sugars, amino acids, and fatty acids uptake 

in the temperature range of 10 ºC to 35 ºC. Also, Rebac et al. (1995) provided the maximum 

specific growth rate for butyrate and propionate uptake, and acetoclastic methanogens and 

hydrogenotrophic methanogens in the same temperature range. Thus, using the reported relative 

changes of maximum specific growth rate with temperature, the new constants are calculated and 

implemented in this study. 

The biochemical reaction rate could be inhibited by ammonia, short-chain fatty acids, long-

chain fatty acids, and H2. Thus, the inhibition factors should be considered in the modeling of 

reactions in Aspen Plus. Since Aspen Plus does not provide a built-in reaction rate format for the 

biochemical reactions, several calculator blocks are developed in Aspen Plus to model the 

fermentation reactions accurately. In other words, the current study does not use a fixed reaction 
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rate for the fermentation reactions. The calculator blocks use the ForTran programming language 

to calculate the reaction rate of each reaction according to the operating conditions and the 

concentration of each component. For example, altering the NH3 concentration in the feed changes 

the reaction rate accordingly. The calculator blocks improve the accuracy of the model by 

calculating and updating the reactions rate. However, the use of calculator blocks increases the 

computation time and makes the simulation difficult to converge. This is due to accounting a large 

number of reactions (i.e., 33 reactions) with their respective calculations in each iteration when 

solving the RCSTR. A list of full reaction rates, constant parameters, and all required inputs for 

the calculator blocks can be found in the literature (Angelidaki et al., 1993; Angelidaki et al., 1999; 

Batstone et al., 2002). In this study, cow manure is used as feed to produce biogas. The feed 

characteristics are presented in Table 6.1. based on Kaparaju et al. (2009) study. Also, the 

composition of cow manure is obtained from Budiyono et al. (2011). 

 

Table 6.1. The feed characteristics based on the study of Kaparaju et al. (2009) 

Characteristics Value 

Substrate Cow manure 

Temperature (ºC) 23 

Pressure (kPa) 101.33 

Loading rate (L/d) 0.333 

TS% 6 

VS% (of TS) 80 

 

Dry Reforming Process. The biogas produced in the AD process is fed to the dry methane 

reforming (DMR) process. The reforming reaction (Equation (6-46)) proceeds using a catalyst. In 

this study, 5Co-15Ni/80Al2O3 (wt.%) catalyst is used in the reforming reactor (Balaji et al., 2020). 

The Langmuir-Hinshelwood-Hougen-Watson (LHHW) in Aspen Plus is selected to model the 

reaction. The reforming reaction is adapted from Foo et al. (2011) (Equation (6-51)).  
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−𝑟𝐷𝑀𝑅 =
𝑘1√𝑃𝐶𝐻4√𝑃𝐶𝑂2

1 + 𝑘2√𝑃𝐶𝐻4
+ 𝑘3√𝑃𝐶𝑂2

+ 𝑘4√𝑃𝐶𝐻4√𝑃𝐶𝑂2

  (6-51) 

 

The rate of the water-gas shift (WGS) reaction (Equation (6-48)) was explained by Hou and 

Hughes (2001) (Equation (6-52)). The kinetic parameters are obtained by regressing experimental 

data from Hou and Hughes (2001).  

−𝑟𝑊𝐺𝑆 =

𝑘5 (𝑘6

𝑃𝐶𝑂2√𝑃𝐻2

√𝑃𝐻2𝑂

−
𝑃𝐶𝑂√𝑃𝐻2𝑂

√𝑃𝐻2

)

(1 + 𝑘7𝑃𝐶𝑂 + 𝑘8√𝑃𝐻2
+ 𝑘9

√𝑃𝐻2𝑂

√𝑃𝐻2

)

2  (6-52) 

 

The 𝑘𝑖  in Equations (6-51) and (6-52) follows the simple Arrhenius equation as shown 

below:  

𝑘𝑖 = 𝑘0𝑖𝑒
−

𝐸𝑖
𝑅𝑇  (6-53) 

 

The kinetic parameters of the dry methane reforming and the water-gas shift reactions are 

presented in Table 6.2 according to Equation (6-53). 

 

Table 6.2. The kinetic parameters of the dry methane reforming and the water-gas shift reactions 

Kinetic 

Parameter 

(𝒌𝒊) 

Pre-exponential  

factor (𝒌𝟎𝒊) 

Activation 

energy, 𝑬𝒊 

(
𝑱

𝒎𝒐𝒍
) 

Kinetic 

Parameter 

(𝒌𝒊) 

Pre-exponential 

factor (𝒌𝟎𝒊) 

Activation 

energy, 𝑬𝒊 

(
𝑱

𝒎𝒐𝒍
) 

𝑘1 1.232×10-5 
𝑘𝑚𝑜𝑙

𝑘𝑔𝑐𝑎𝑡..𝑠.𝑃𝑎
 56400 𝑘5 5.169×10-4 

𝑘𝑚𝑜𝑙

𝑘𝑔𝑐𝑎𝑡..𝑠.𝑃𝑎
 15542.115 

𝑘2 1.037×10-6 
1

𝑘𝑃𝑎0.5 49155 𝑘6 5.659×101 
1

𝑘𝑃𝑎
 -36583.64 

𝑘3 3.716×10-3 
1

𝑘𝑃𝑎0.5 -30960 𝑘7 5.248×10-13 
1

𝑘𝑃𝑎0.5 -139800 

𝑘4 3.854×10-9 
1

𝑘𝑃𝑎
 18195 𝑘8 5.636×10-10 

1

𝑘𝑃𝑎0.5 -93400 

   𝑘9 6.549 11096.798 
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The steps that are taken in account to conduct the current study are summarized in Figure 

6.1. After finalizing the simulation model, the energetic performance of the proposed process is 

evaluated using Equation (6-54). The thermal energetic efficiency (𝜂𝑡ℎ) is defined as the output 

energy divided by the input energy (Simpson and Lutz, 2007). 

 

𝜂𝑡ℎ =
𝑚̇𝐻2

× 𝐿𝐻𝑉𝐻2

𝑚̇𝐵𝐺 × 𝐿𝐻𝑉𝐵𝐺 +
𝑊𝑐 + 𝑊𝑃

𝜂𝐸
+ ∑ 𝑄̇

 
(6-54) 

 

where, 𝑚̇𝐻2
stands for the mass flow rate of produced H2 in kg/h; LHV represents the lower 

heating value in MJ/kg (which is 119.9 for H2 and 20.2 for biogas); 𝑚̇𝐵𝐺 is the mass flow rate of 

biogas in kg/h; 𝑊𝐶 denotes the compressor power; 𝑊𝑃 indicates the pump power; 𝑄̇ is the heat 

supplied to the system; and 𝜂𝐸  stands for the efficiency of the heat energy supplied and is set to 

45%. 
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Figure 6.1. The flowchart of constructing the biomass-to-H2 production process simulation 

  

Process Simulation. The process flowsheet is shown in Figure 6.2. Before entering the raw 

biomass to the process, its properties (e.g., water content) should be manipulated. The water (or 

the total solids) content of the substrate is a parameter that could be modified according to the 

process conditions. After preparing the suitable substrate for the process, it could be fed to the 

anaerobic digester. The anaerobic reactor in the simulation consists of two parts. The RStoic 

accounts for the hydrolysis reactions. Then, the hydrolyzed biomass (stream 2) goes to the RCSTR 

for fermentation reactions. The RCSTR produces two streams (biogas and digestate). The digestate 
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could be partially recycled to the digester inlet. The biogas (the red line in the flowsheet) is directed 

to the hydrogen production plant. In order to manipulate the CH4/CO2 ratio in reforming feed, 

stream 18 that contains CO2, is mixed with the biogas in the MX2. Then, stream 3 is routed to a 

compressor (C1) to increase the pressure of the reforming feed. The pressurized reforming feed 

(stream 4) is heated to the desired temperature of the reforming reactions in HE1 and HE2 before 

entering the DMR, which is a plug flow reactor. The dry methane reforming reaction occurs in the 

DMR, and the produced syngas leaves the reactor. Since the produced syngas is at a high 

temperature and the operating temperature of the downstream processes is lower, the syngas is 

sent to HE3 as hot fluid to preheat the reforming feed (stream 4). The hot outlet stream from HE1 

(stream 7) still contains high energy content and is used to preheat water (stream 10). The cooled 

syngas (stream 8) is sent to a valve (V1) for pressure adjustment before feeding to the WGS reactor. 

In addition, two more heat transfer equipment, HE4 and HE5, are employed to manipulate the inlet 

temperature of the WGS reactor. The cooled syngas (stream 9) contains H2, CO, and unreacted 

CH4 and CO2. The WGS reaction requires the presence of CO2 and H2O to go forward. Thus, CO2 

is provided from the separated CO2 from the H2/CO2 separation unit (stream 19). Water is heated 

in HE3, HE4, and HE5 to reach the WGS temperature. Then, the CO2 and steam (streams 19 and 

13, respectively) are mixed with syngas in MX3. Stream 14 is fed to the WGS reactor, where the 

WGS reaction occurs, and the mixture of H2 and CO2 is produced (stream 15). The H2 and CO2 

mixture is routed to the separator (SEP) to achieve a pure H2 product. The separated CO2 is routed 

to a splitter (SP2) where the CO2 required in the process is collected and recycled to the plant 

(streams 18 and 19), and the rest is captured (stream 20). The produced H2 (stream 16) is sent to 

HE4 to cool down before sending for storage. 
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Figure 6.2. The process flowsheet developed for hydrogen production from biomass 

 

Assumptions, Challenges, and Limitations. The current study comprises modeling and 

simulation of multiple unit operations. The following hypotheses are considered in order to 

simulate the process: 

 Continuous operation of the plant with fixed feed rate and composition 

 Steady state condition 

 No solid component in the feed (aqueous solution feed) 

 Constant conversion factors for hydrolysis reactions 

 Constant inhibition parameters in the kinetics of the fermentation reactions 

 Constant and the same temperature over the RStoic and RCSTR 

 Perfect mixing in the anaerobic digester 

 Negligible H2S and NH3 composition in the produced biogas 
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 Perfect mixing in the reforming reactors  

 Uniform shape and size of the catalyst particles in the reforming reactors  

 Constant porosity throughout the reforming reactors  

 Constant separation efficiency in separation of H2 from CO2 

 

In addition to the assumptions, several challenges and limitations could be reported for the 

current model: 

 Disintegrating step is not considered in the model. Thus, user should provide the 

substrate composition in order to use the model 

 The energy consumption due to the agitation in the CSTR is not considered 

 The catalyst deactivation is not considered in the reforming reactors 

 The carbon formation is not considered in the reforming reactors 

 

6.5. Results and Discussion 

The anaerobic digestion process is modeled with Aspen Plus V11. The AD process 

simulation contains an RStoic model for simulating hydrolysis reactions and an RCSTR to model 

the acidogenesis, acetogenesis, and methanogenesis. Kinetic equations and parameters are 

gathered from previous studies (Angelidaki et al., 1993; Angelidaki et al., 1999; Batstone et al., 

2002) to account for degradation of intermediate products as well as biogas production, except for 

the parameters of the maximum specific growth rate which are calculated in the current study. The 

kinetics of the reforming reactions are also calculated according to the LHHW model. The results 

are presented in three parts: 1- the main results obtained from the simulation model along with a 

validation of the model with experimental data obtained from the accessible literature; 2- a 
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sensitivity analysis performed to investigate the effect of various parameters on the process 

performance; and 3- exploring the optimal process conditions.     

 

6.5.1. Process simulation and validation 

The kinetic equations are used to model the anaerobic digestion process. The kinetic 

constants are modified and extended to the low-temperature anaerobic digestion. Before using the 

constructed simulation framework (Figure 6.2), it is necessary to ensure the validity of the 

simulation model. To this end, two experimental case studies are selected and simulated. The first 

case study is experimental biogas production from cow manure reported by Kaparaju et al. (2009). 

The experiment was conducted at 55 ºC, with a feed rate of 0.333 L/d, 6% total solids, and 80% 

(TS%) volatile solids content. The second case study is also biogas production from cow manure 

reported by Ahring et al. (2001) at 55 ºC using cow manure feed at 0.1 kg/d, 6.07% total solids, 

and 4.54% volatile solids. Despite that, both cases are at thermophilic temperatures, they are 

chosen, as enough information are available for these case studies. In addition, it is possible to 

compare the results of the current study with other simulation studies. Moreover, the constant 

parameters of the temperature-dependent maximum specific growth rate of microorganisms 

calculated and implemented in this study are valid for a wide range of temperature (10-65 ºC). 

Thus, the constants will be the same for low, moderate, and high temperature AD. The simulation 

results from the current study are compared to the experimental results of two case studies in Table 

6.3. In simulating case study 1, the simulation model predicted 361.5 L/kg VSadded biogas which 

is close to the 353.5 L/kg VSadded of biogas experimentally obtained by Kaparaju et al. (2009). The 

relative deviation percent was calculated to evaluate the accuracy of the simulation, which was 

2.3%. Rajendran et al. (2014) also simulated the first case study and obtained 365.8 L/kg VSadded 
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biogas showing a 3.4% deviation from the experimental biogas yield. According to the second 

case study, the current simulation model predicted the methane yield equal to 213.9 L CH4/kg 

VSadded, which shows a 5.9% deviation from the experimental methane yield of 202 L CH4/kg 

VSadded obtained by Ahring et al. (2001). 

 

Table 6.3. The validation of the anaerobic digester model in Aspen Plus 

Case Literature 

experimental 

Results 

Simulation 

Results 

Relative  

Deviation 

(RD%) 

Reference 

Case 1 353.5 L/kg VSadded 

(Kaparaju et al., 

2009) 

361.5 L/kg VSadded 2.3 This study 

  365.8 L/kg VSadded 3.4 (Rajendran 

et al., 2014) 

Case 2 202 L CH4/kg VSadded 

(Ahring et al., 2001) 

213.9 L CH4/kg VSadded 5.9 This study 

 

The biogas produced from the anaerobic digester contains 50.66% CH4, 31.87% CO2, 

15.43% H2O, and 2.04% other constituents (see Table 6.4). In a dry basis analysis, the biogas 

contains 59.9% CH4 and 37.7% CO2, similar to the typical biogas composition reported in the 

literature for dairy manure (Harikishan and Sung, 2003; Kalia and Singh, 2001).   

 

Table 6.4. The composition of biogas obtained from the simulation  

Component Composition 

(Mole %) 

Dry basis 

composition 

(Mole %) 

CH4 50.66 59.90 

CO2 31.87 37.68 

H2O 15.43 - 

H2 0.17 0.20 

NH3 0.29 0.34 

H2S 0.15 0.18 

Others 1.43 1.69 
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In addition, the simulation results revealed that the digestate still contains organic matter and 

can produce more biogas. Table 6.5 provides the composition of digestate. The analysis of 

digestate shows that its total and volatile solids content is 4.73% and 3.25% (68.7% VS/TS). 

Möller and Müller (2012) analyzed the digestate of anaerobic digestion of various sources and 

reported that the total solids content is in the range of 1.5-13.2% containing 63.8-75% VS/TS ratio. 

Thus, the TS and VS of the digestate produced in the current simulation agree with the results 

previously reported in the literature.  

 

Table 6.5. Composition analysis of the digestate effluent 

Component Composition 

(Mass%) 

CH4 0.09 

CO2 0.59 

H2O 95.27 

H2 Trace 

NH3 0.09 

H2S 0.01 

HAc (acetic acid) 0.04 

HPr (propionic acid) 0.42 

HBu (butyric acid) 0.34 

Cellulose 0.45 

Xylose 0.58 

Ethanol 0.50 

Protein 0.14 

Inert 1.48 

 

6.5.2. Sensitivity analysis 

The sensitivity analysis is a vital step in investigating various aspects of the process and 

evaluating the performance of the simulation model. It is also used to further understand the system 

behavior with changing the operating parameters. This section first explores the impact of various 

parameters on the performance of the anaerobic digestion process in terms of biogas and CH4 
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yield. Then, the variation of the reforming process operating parameters is investigated in terms of 

CH4 conversion, H2 production, and energy consumption. 

 

Anaerobic digestion. As is mentioned previously, several parameters are important in the 

anaerobic digestion process. This section explores the effects of the feed rate, hydraulic retention 

time, total solids content of the feed, and the digestate recirculation fraction in an anaerobic 

digester on the performance of biogas production. Figure 6.3 shows the simulation results obtained 

from sensitivity analysis. Figure 6.3(a) shows the effect of feed rate on the biogas yield in the 

simulation framework. Increasing the feed rate to the anaerobic digester decreases the biogas yield. 

At the lowest feed rate of 0.1 L/d, the biogas yield is 400.97 L/kg VSadded. However, by increasing 

the feed rate to 1 L/d, the biogas yield drops to 343.01 L/kg VSadded. This decreasing trend is 

expected as the feed rate indicates the organic loading rate fed to the reactor. Thus, biogas yield is 

decreased with increasing organic loading rate, which is similarly observed in the experimental 

studies (Babæe and Shayegan, 2011). This phenomenon could be justified based on the inoculum-

to-substrate (IS) ratio. In anaerobic digestion systems, the ratio of inoculum to the amount of 

substrate fed to the bioreactor is a key parameter. At higher IS ratios, the substrate is easily 

accessible to the microorganisms, and more biogas yield is expected (Latifi et al., 2019) but the 

effective space of the reactor will be reduced (Wu et al., 2015). When the IS ratio is low, 

microorganisms do not have access to all available substrate, and thus, the ultimate digestion of 

the substrate is not happening (Lü et al., 2012). Therefore, the optimum IS ratio should be specified 

to produce the highest CH4 yield. The effects of increasing the feed rate on the CH4 content are 

presented in Figure 6.3(a); it is decreased from 51.8% to 50% upon increasing the feed rate from 

0.1 to 1 L/kg VSadded. Similar behavior was observed by Liu et al. (2017) in mesophilic anaerobic 
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digestion of food waste operated at different increasing OLRs. They showed that the higher OLR, 

the higher the drop in the CH4 content, meaning that the declining line was sharper for the reactor 

with higher OLR than the reactor with lower OLR.      

Hydraulic retention time is also an important parameter in anaerobic digestion that impacts 

the process performance. The effect of hydraulic retention time on biogas yield and CH4 content 

is investigated in Figure 6.3(b). The results show that increasing the hydraulic retention time leads 

to an increase in both biogas yield and CH4 content in biogas. The highest increase in biogas yield 

is observed in the first week of incubation. After that, the biogas yield increases gradually and 

became a flat line in the last week. This is an important outcome as the industrial anaerobic 

digesters typically operate for one week hydraulic retention time as it is not economically feasible 

to operate them for a longer time. The simulation results indicate that it is possible to achieve more 

than 87% of the biogas yield in the first week of incubation compared to 30 days of retention time. 

It agrees with the experimental results obtained by Aramrueang et al. (2016), in which 90% of the 

total biogas yield was obtained in the first week of incubation. 

The importance of the first week of incubation could also be observed in the results obtained 

for the CH4 content. The CH4 content is too low at the beginning of the process (i.e., the first day) 

but it increases with time and reaches to 50% at day 7. The highest CH4 content is obtained at day 

30 (CH4 content equal to 51.4%), showing that more incubation time results in more CH4 content. 

The higher hydraulic retention time also results in a higher CH4 content in biogas. However, it is 

acceptable to operate the reactor for one week incubation time (batch fermentation) before feeding 

it with fresh feed since the CH4 content at the end of the first week is satisfactory. The same trend 

was observed by Bi et al. (2020) in co-digestion of cattle manure and food waste. They showed 

that the CH4 content was increased from 56% at day 5 to 62% at day 7 and then to 67% at day 25.      
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Figure 6.3. The simulation of the effect of various parameters on biogas yield, CH4 content, and CH4 yield 

 

The total solid is a critical parameter in the operation of anaerobic digestion. The simulation 

model is used to explore the effect of the total solids content on the process performance in terms 

of biogas yield (Figure 6.3(c)). Increasing the total solids content leads to an increase in biogas 
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yield since more organic matter is available to be utilized by microorganisms. A significant 

increase in biogas yield is observed when increasing the total solids from 2% to 4%. By increasing 

the total solids content beyond 6%, the biogas yield increases, but its rate of increasing is lower 

than the rate of biogas yield increase when the total solids changed from 2% to 6%.  

Despite having the biogas yield increased by increasing the total solids content, the CH4 

content in biogas shows a decreasing trend (Figure 6.3(c)). The highest CH4 content (59.9%) is 

obtained at the lowest total solids content (i.e., 2%). By increasing the total solids content, the CH4 

content dramatically decreases and reaches to 46.8% at total solids equal to 12%. This is an 

important finding as the upgrading of low-quality biogas (low content of CH4) is costly. According 

to the Intergovernmental Panel on Climate Change (IPCC) report, the costs of CO2 capture using 

amine solutions in several plants are estimated to be between 29 to 51 USD/tonnes CO2 (Metz et 

al., 2005). Thus, having a biogas stream with lower CH4 content (higher content of CO2) leads to 

higher costs of biogas upgrading. Hence, the anaerobic digester should be operated at a total solids 

at which the biogas CH4 content is 50% or more.      

Figure 6.3(d) presents the CH4 yield variation with total solids content. As is discussed 

earlier, increasing the total solids content increases the biogas yield but decreases the CH4 content 

in biogas. A similar trend was observed by Latifi et al. (2019) where the CH4 content was decreased 

from 70% to 50% upon increasing the total solids from 5% to 7%. Thus, exploring the change of 

CH4 yield with the total solids content seems necessary. According to the results, the CH4 yield 

follows the same trend as biogas yield; it increases with increasing the total solids content. The 

lowest CH4 yield is obtained at total solids equal to 2%. Having a feed with 4% total solids leads 

to a 40.9% increase in CH4 yield (from 121.3 to 170.9 L CH4/kg VSadded). Increasing the total 

solids content of the feed to 6% increases the CH4 yield to 183.1 L CH4/kg VSadded, showing a 
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7.1% rise. The same behavior was observed by Maamri and Amrani (2014) where the biogas yield 

increased by increasing the TS. By increasing the TS beyond 6%, the CH4 yield almost remains 

constant and its increase is negligible considering the associated costs with handling a high total 

solids feed.  

As is shown in Table 6.5, the digestate leaving the reactor contains organic materials that are 

not converted to the final products (CH4 and CO2). Thus, it is useful to use the organic matter of 

the digestate in a way that enhances the process in terms of biogas and CH4 yield. One of the 

practical solutions is recirculating a fraction of the digestate to the reactor inlet. Recycling is a 

common practice in the chemical industry to obtain products with a higher rate and quality. This 

study explores the effect of recirculation of the digestate to the reactor inlet on the biogas yield 

(Figure 6.3(e)). Recycling a small amount of the digestate to the reactor inlet significantly 

increases the biogas yield. The biogas yield in the main case without digestate recirculation is 

361.5 L/kg VSadded while recycling 0.5% of the digestate dramatically increases the biogas yield 

to 470.1 L/kg VSadded. Recirculating more of the digestate enhances the biogas yield until 2.5% of 

the digestate is recirculated. After that, recirculating more digestate decreases the biogas yield. 

The positive impact of digestate recirculation was also observed by Chen et al. (2020). They found 

that 60% digestate recirculation improves the cumulative CH4 production by 65.8% (115.9 L), 

compared to the CH4 production when 50% of the digestate was recirculated (69.9 L).  

The digestate recirculation also changes the CH4 content in produced biogas (Figure 6.3(e)). 

The results indicate that increasing the digestate recirculation rate increases the CH4 content. Even 

at a low fraction of digestate recirculation (e.g., 0.5%) the CH4 content increases by 3%. The 

constant increasing trend of the CH4 content in biogas by increasing the digestate recirculation 

fraction encourages higher digestate recirculation rates. However, it should be noted that the higher 
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digestate recirculation rate means higher costs for transferring the digestate to the reactor inlet. In 

addition, the reactor volume and available inoculum are two critical factors that should be capable 

of handling the fresh feed and the recycle stream.    

The CH4 yield variation with digestate recirculation fraction is shown in Figure 6.3(f). The 

results indicate two trends for the CH4 content in response to digestate recirculation: an increasing 

trend when the digestate recirculation fraction is 0 to 5% and a decreasing trend when it is > 5%. 

Thus, the highest CH4 yield is obtained at the digestate recirculation fraction of 5% (258.8 L 

CH4/kg VSadded), which is 41.3% higher than the original case (no recirculation). Since the CH4 

yield is the critical factor of AD performance, the 5% digestate recirculation is the optimal value.    

 

Low-temperature anaerobic digestion. Simulation of low-temperature anaerobic digestion 

requires some parameters to be modified to make the simulation capable of predicting various 

variables affected by temperature change. The current study provides the maximum specific 

growth rate parameters (Table 6.6) according to Equation (6-50) for the temperature range of 10 

to 65 ºC. 

 

Table 6.6. The maximum specific growth rate parameters calculated in this study 

Group 𝝁𝒎𝒂𝒙 (𝒅−𝟏) 𝑬𝑨 (𝑱. 𝒎𝒐𝒍−𝟏) 𝑻𝟎 (𝑲) 

Glucose-consuming acidogens 2.6670 44400 273.15 

LCFA-degraders 0.7149 36200 273.15 

Amino-acid degraders 6.7180 32450 273.15 

Propionate degraders 2.4630 28880 273.15 

Butyrate degraders 4.4400 26360 273.15 

Valerate degraders 0.7149 36200 273.15 

Methanogen 0.9436 38610 273.15 

Hydrogen utilizing step 0.9436 38610 273.15 
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 Figure 6.4 presents the results of the simulation of anaerobic digestion performance at 

varying temperatures. The temperature has a significant impact on the biogas yield (Figure 6.4(a)). 

As the temperature increases, the biogas yield increases as well. The biogas yield at low 

temperatures (10-15 ºC) is very low, while increasing the temperature to 25 ºC causes a significant 

rise in biogas yield. The biogas yield at 25 ºC is twice that obtained at 10 ºC. By increasing the 

temperature from 25 ºC to 40 ºC, the biogas yield smoothly increases. Then, having a temperature 

of more than 40 ºC, the biogas yield dramatically increases.  

 

  
Figure 6.4. The simulation of the effect of temperature on the (a) biogas yield; and (b) CH4 yield 

 

The effect of temperature on the CH4 yield is shown in Figure 6.4(b). In contrast with the 

biogas yield, the CH4 yield diagram shows an almost linear increasing trend with temperature. The 

CH4 yield obtained at 20 ºC is 80.6 L CH4/kg VSadded which is 69% and 47% of the CH4 yields 

obtained at 35 and 55 ºC, respectively. The results indicate the importance of high temperature on 

the CH4 yield and the efficiency of the anaerobic digestion plant. A few studies compared the 

results of low-temperature anaerobic digestion with high temperature. Arikan et al. (2015) 

measured the CH4 yield from dairy manure at temperatures of 22 ºC, 28 ºC, and 35 ºC. They found 

that the CH4 yields at 22 ºC and 28 ºC are 70% and 87% of the CH4 yield at 35 ºC, respectively. 
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The simulation model developed in the current study shows that the CH4 yields at 22 ºC and 28 ºC 

are 70% and 83% of the CH4 yield at 35 ºC, respectively, which agree with the results of Arikan 

et al. (2015). Bouallagui et al. (2004) investigated the effect of temperature (20, 35, and 55 ºC) on 

CH4 yield from fruit and vegetable wastes in a tubular reactor. They showed that the CH4 yield at 

55 ºC is 31% and 164% higher than that obtained at 35 ºC and 20 ºC, respectively. Considering 

the results obtained using the simulation model developed in the current study, the CH4 yield at 55 

ºC is 170.54 L CH4/kg VSadded, which is 45% higher than that of 35 ºC and 111% higher compared 

to CH4 yield at 20 ºC. In addition, the nearly linear trend of CH4 yields with temperature is in 

agreement with the studies of Arikan et al. (2015) and Bouallagui et al. (2004). It is mainly due to 

a higher concentration of CH4 in biogas at lower temperatures.      

 

Dry methane reforming. After validating and analyzing the simulation model in the 

previous sections, this section presents the results of the simulation of hydrogen production using 

dry methane reforming. In order to define a basis for the DMR simulation, a biogas production 

plant with cow manure feed (6% total solids and 80% volatile solids) of 150 m3/day and operating 

at 293.15 K with 7 days hydraulic retention time is considered. The results show that 553.5 m3/day 

biogas (65% CH4 and 35% CO2) was produced.  

The CO2 composition in reformer feed influences the conversion of CH4 to syngas. 

According to Equation (6-46), one mole of CH4 will react to one mole of CO2 to produce an 

equimolar mixture of H2 and CO. Figure 6.5 shows the effect of CO2 composition in the DMR 

feed on CH4 conversion and H2 composition in the produced syngas. For a biogas feed (65% CH4 

and 35% CO2), the CH4 conversion is very low (53.8%). Thus, it is necessary to add extra CO2 to 

the reformer feed to achieve a higher CH4 conversion. Increasing CO2 in the reformer feed 
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increases the CH4 conversion; considering the 1:1 ratio of CH4:CO2 in the reformer feed, the CH4 

conversion is more than 99%. Therefore, a higher CO2 content in the biogas results in a higher rate 

of syngas production. It should be noted that the CO2 proportion should be kept at an optimum 

level because too-high inlet CO2 decreases the H2 proportion in the syngas. Increasing the CO2 

proportion in the reformer feed from 35% to 50%, increases the H2 proportion in the syngas. Then, 

feeding more CO2 to the reactor decreases the H2 composition in the produced syngas. The lowest 

H2 content of syngas is 41.2% when no CO2 is added to the feed. The H2 proportion in syngas 

product reaches its highest amount when equal moles of CH4 and CO2 are present in the reformer 

feed. Next, adding more CO2 reduces the H2 content of syngas because the unreacted CO2 in the 

feed directly goes to the syngas. Thus, an external CO2 stream is added to the biogas to achieve an 

equimolar CH4/CO2 feed for the reformer.  

 

 
Figure 6.5. The CH4 conversion in the reformer (left axis) and the H2 composition in syngas (right axis) 

by changing the feed CO2 composition 
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The length of the reactor is a critical parameter since it directly affects the costs of the plant. 

The effect of DMR length on CH4 conversion is investigated in Figure 6.6(a). The CH4 conversion 

is calculated at changing pressures of 1 to 4 bar. It is observed that at constant pressure, the CH4 

conversion is increased by increasing the DMR length. The CH4 conversion reached more than 

99% at 0.5 m when the pressure is 1 bar. By increasing the pressure, the required length of the 

reactor needed for the 99% CH4 conversion is decreased; this shows the positive impact of 

pressure. The 99% CH4 conversion was obtained at 0.36, 0.29, and 0.25 m length of DMR at 

pressures of 2, 3, and 4 bar, respectively. Increasing the pressure from 1 bar to 4 bar could be done 

in a single-stage compressor, while going beyond 4 bar requires a second stage of compression. 

Note that the typical compression ratio of compressors is between 3-5 (Hajizadeh et al., 2018). In 

addition, changing the pressure to more than 4 bar is becoming less impactful on the reactor length. 

 

  
Figure 6.6. The effect of DMR length on (a) CH4 conversion; and (b) H2 rate in syngas 
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temperature increases the CH4 conversion with the highest effect observed between 450 ºC and 

580 ºC, which increased the CH4 conversion sharply (19.8% to 94.9%). Then, increasing the 

temperature beyond 580 ºC, the CH4 conversion gradually increases to achieve its highest value at 

600 ºC (99.6%). Again, the impact of pressure on the temperature of the reactor is significant. As 

is seen, increasing the pressure from 1 bar to 4 bar reduces the highest temperature of the reactor 

required to achieve the highest CH4 conversion. The highest CH4 conversion is obtained at 

temperatures of 600, 570, 560, and 550 ºC at pressures of 1, 2, 3, and 4 bar, respectively. The 

required energies to maintain the reactor temperature at the mentioned values play a vital role in 

having an efficient plant. The outlet stream from compressor will have a higher temperature 

because of compression. Thus, compressor already provides a part of the energy needed for 

increasing the temperature.     

 

  
Figure 6.7. The effect of DMR temperature on (a) CH4 conversion; and (b) specific energy consumption  

 

As the reforming reactions occur at a high temperature, there is a need to find the optimum 

temperature to achieve the highest conversion and lowest energy consumption. Figure 6.7(b) 

presents the specific energy of the reformer in terms of reformer temperature. The specific energy 

0

20

40

60

80

100

350 450 550 650

C
H

4
c
o

n
v
e
rs

io
n

 (
%

)

DMR temperature (ºC)

P=1 bar

P=2 bar

P=3 bar

P=4 bar

(a)

0

50

100

150

200

250

350 450 550 650

S
p

e
c
if

ic
 e

n
e
rg

y
 

(M
J
/k

m
o

l s
y
n

g
a
s
) 

DMR temperature (ºC)

P=1 bar

P=2 bar

P=3 bar

P=4 bar

(b)



188 

 

is the energy supplied to the system per unit of mole/mass of the desired product (syngas (H2 + 

CO)). Thus, the specific energy (MJ/kmolsyngas) is the heat supplied to the reformer per unit mole 

of syngas. Although heat supplied is low at low reformer’s temperatures, the specific energy is too 

high (245.89 MJ/kmolsyngas) because the syngas production is minimal (at atmospheric pressure). 

By increasing the temperature, syngas production and the energy supplied grow, but the specific 

energy declines, showing a higher production rate of syngas compared to the heat supplied to the 

system. The lowest specific energy (11.99 MJ/kmolsyngas) is achieved at 590 ºC. Then, the specific 

energy gradually increases by rising the reformer temperature, as the syngas production rate 

remains relatively constant. The specific energy decreased at higher pressures of biogas. When the 

biogas pressure is 2 bar, the specific energy is 9.35 MJ/kmolsyngas at temperature of 565 ºC, which 

is 5 ºC lower than the optimum temperature of the DMR at pressure of 2 bar. The same trend is 

observed with biogas pressures of 3 and 4 bar, where the minimum specific energy consumptions 

are 7.69 and 6.45 MJ/kmolsyngas, respectively. According to the results shown in Figure 6.7, it could 

be concluded that the optimum temperature for the reformer is between 590 ºC and 600 ºC at 

atmospheric pressure. At these temperatures, the highest CH4 conversion and the lowest specific 

energy consumption is achieved.  

The produced syngas, which contains a high energy content, should be routed to the WGS 

reactor for CO to H2 and CO2 conversion. In order to find the optimum operating conditions of the 

WGS reactor, several factors are examined. The WGS reaction rate (Equation (6-52)) shows that 

CO2 is required in the WGS feed to make the reaction go forward. Therefore, along with the 

syngas, CO2 and H2O are also added to the inlet of the WGS reactor. The flow rates of the CO2 

and H2O streams affect the performance of the WGS. Figure 6.8(a) presents the effect of CO2/H2O 

supply rate on the WGS and its composition on CO conversion. The purpose of the WGS reactor 
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is to convert CO to H2 and CO2 according to Equation (6-48). Thus, the highest CO conversion is 

desired. Increasing the flow rate of the CO2/H2O supply increases the CO conversion (Figure 

6.8(a)). However, when the supply contains 33.3% CO2 and 66.6% H2O (CO2/H2O = 0.5), the CO 

conversion is higher than in other cases in which more CO2 exists in the supply. The CO conversion 

reaches more than 97% when 1.1655 kmol/h CO2 and 2.3345 kmol/h H2O are supplied (a total of 

3.5 kmol/h of mixture of CO2 and H2O with a ratio kept at CO2/H2O = 0.5). For CO2/H2O = 1 

(equimolar CO2/H2O mixture), achieving more than 97% CO conversion requires a higher flow 

rate. The higher flow rate of the CO2/H2O supply stream means more costs associated with heating 

it to the temperature of the WGS reactor. Also, for the case of CO2/H2O = 2 (66.67% CO2 and 

33.33% H2O in their mixture), the required mole flow of the stream is higher than the other two 

cases to achieve the 97% CO conversion.   

 

  
Figure 6.8. The effect of CO2/H2O flow rate and its composition on (a) CO conversion and (b) H2 

composition in WGS product 
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it helps with CO conversion, as observed in Figure 6.8(a); however, the CO2/H2O ratio is a key 

factor in H2 composition in the product as well. Increasing the flow rate of the supply stream 

(33.3% CO2 and 66.6% H2O) increased the H2 composition. The lowest H2 composition (51.5%) 

is obtained when 0.5 kmol/h of CO2/H2O with a ratio of 0.5 is fed to the WGS reactor. By 

increasing the flow rate to 3.5 kmol/h, the H2 composition increases to 57%. This result is 

important because the increase in the H2 composition reduces the energy required in the next step 

to separate H2 from CO2. When feeding the CO2/H2O at a ratio of 1, the H2 composition remains 

almost constant, but decreased upon increasing the CO2/H2O ratio to 2. 

Figure 6.9 represents the change in CO2 composition in the WGS product with CO 

conversion in the WGS reactor. As the objective of this process is to convert CO to H2 and CO2, 

its performance will be optimum when it achieves the highest CO conversion and the lowest CO2 

composition in the product. The results indicate that the CO2 composition in the WGS product 

increases with CO conversion for all cases. However, considering the CO conversion of more than 

97%, the CO2 composition in the product will be lower when feeding the CO2/H2O at a lower ratio.  

  

 
Figure 6.9. The variation of CO2 mole% in WGS product with CO conversion at various CO2/H2O ratios 
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The length and temperature of the WGS reactor affects the CO conversion as well as the 

energy efficiency of the system. Figure 6.10 shows the effect of the length and temperature of the 

WGS on the CO conversion at several pressures. As is expected, the CO conversion increases with 

increase in the WGS length. However, the pressure negatively affects the WGS reactor. As is seen 

in Figure 6.10(a), less length of the WGS reactor is required to achieve the highest CO conversion 

at lower pressures. Figure 6.10(b) shows the effect of WGS temperature on CO conversion. It 

shows that the CO conversion is negligible at low temperatures (i.e., 0.67% at 255 ºC) but 

increasing the temperature enhances the CO conversion. When the temperature is greater than 275 

ºC, the CO conversion sharply increases and reaches more than 97% at 288 ºC at atmospheric 

pressure. Therefore, the minimum temperature of the WGS at which the highest CO conversion is 

achieved is 288 ºC when the WGS pressure is 1 bar. Increasing the pressure of syngas, from 1 to 

4 bar shifts the temperature to higher values to obtain the highest CO conversion. The more than 

97% of CO conversion is obtained at temperatures of 296, 300, and 302 ºC at pressures of 2, 3, 

and 4 bar, respectively.   

 

  
Figure 6.10. The effect of WGS reactor (a) length and (b) temperature on the CO conversion 
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The specific energy consumption in the WGS is defined as the heat supplied to the reactor 

per unit mole/mass of H2 produced. Accordingly, the energy efficiency of the WGS reactor is 

determined. Figure 6.11 presents the change in the specific energy in MJ/kmolH₂ versus the CO 

conversion in the WGS reactor and various pressures. At 1 bar, the specific energy first increased 

with increasing the CO conversion from 0 to 1.8% (Figure 6.11); after that, it decreased and 

reached a minimum of 29.71 MJ/kmolH₂ when the CO conversion is as high as 97%. This point is 

equivalent to the WGS temperature of 288 ºC, which shows the highest CO conversion and the 

lowest specific energy.  

 

 
Figure 6.11. The specific energy consumption of the WGS reactor with the CO conversion 
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contains 3.5 kmol/h CO2 (154.04 kg/h), is used as a CO2 source for CO2 supply in the reformer 

feed and CO2 supply for the WGS reactor.   

 

6.5.3. Optimal process conditions  

Integration of the psychrophilic anaerobic digestion with the dry methane reforming process 

is promising method of H2 production from biomass. This section provides the optimum process 

parameters according to the results obtained in the previous section. The thermal energetic 

efficiency of the plant at its optimum condition is presented. In addition, the environmental impact 

of the proposed process is compared with the direct use of biogas for heat and power generation.   

According to the sensitivity analyses, the most critical parameters in the anaerobic digestion 

process are the total solids content and the digestate recirculation fraction. It is assumed that the 

feed rate and composition are fixed and the anaerobic digester operates for one week. In the 

reforming process, the CO2 supply rate to the reformer, reformer temperature and pressure, CO2 

and H2O supply to WGS, and the WGS temperature and pressure, are the crucial parameters. The 

optimum values of the mentioned parameters are reported in Table 6.7. 

 

Table 6.7. The optimum process parameters obtained in this study 

Plant section Parameter Unit Value 

Anaerobic digestion Temperature °C 20 

 Total solids content % 6 

 Digestate recirculation fraction % 5 

Reforming (DMR) CO2 supply rate to DMR kg/h 24.21 

 DMR pressure bar 4 

 DMR temperature °C 595 

Reforming (WGS) CO2 supply rate to WGS kg/h 51.45 

 H2O supply rate to WGS kg/h 41.99 

 WGS pressure bar 1 

 WGS temperature °C 288 
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The mass balance on the reforming section shows that potential of 8.11 kg/h H2 production 

from 48.07 kg/h of biogas. The total mass balance is presented in Table 6.8. The net amount of 

each component (Table 6.8) indicates that CH4 and H2O are consumed while CO2, H2, and CO are 

produced during the process.    

 

Table 6.8. The mass balance of components in the hydrogen production plant from biogas 

Component Inlet streams 

(kg/h) 

Outlet streams 

(kg/h) 

Net 

(kg/h) 

Biogas Steam H2 product CO2 captured 

CH4 -19.4045 0 0 0.1321 -19.2724 

CO2 -28.6634 0 0 78.3831 49.7197 

H2 0 0 8.1111 1.4314 9.5425 

CO 0 0 0 2.0054 2.0054 

H2O 0 -41.9936 0 0 -41.9936 

Total -48.0679 -41.9936 8.1111 81.952 0 

    

The proposed process shows a thermal energetic efficiency of 72.85%, which is in the range 

of the previous studies (Figure 6.12). Among the previous studies, studies 2, 4, 6, 7, 8, and 9 used 

steam reforming, while studies 3, 5, and 10 employed the auto-thermal reforming to convert biogas 

to H2.  

The hydrogen production from biogas is a promising method of greenhouse gas emission 

reduction. Based on the results obtained from the overall mass balance in the process, the biogas 

contains 19.4045 kg/h CH4 and 28.6634 kg/h CO2. Utilizing the biogas to produce H2 through the 

proposed process also captures CO2. The sources of CO2 emission in the current process are the 

supplied heat in heaters, reactors, pumps, and compressor. According to the results, the CO2 

emission from the proposed process is 35.73 kg/h CO2-equivalent. Considering the direct 

combustion of the biogas for electricity production, 81.88 kg/h CO2 will be released to the 
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atmosphere. The net difference between the CO2 emission from the direct combustion of biogas 

and H2 production plant is 46.15 kg/h, equivalent to 398,736 tonnes/year CO2 emission reduction. 

 

 
Figure 6.12. Comparison of the thermal energetic efficiency of the current study with literature. 1: This 

study; 2, 3: Marcoberardino et al. (2018); 4: Yao et al. (2017); 5: Di Marcoberardino et al. (2018); 6: 

Simpson and Lutz (2007); 7: Bargigli et al. (2004); 8: Hajjaji et al. (2013); 9, 10: Minutillo et al. (2020) 

 

H2 is the fuel of the future, and it is expected to be the main component of energy 

consumption. Hence, various methods of H2 production are  applied to different hydrogen sources. 

The usage of biomass for H2 production is an effective step in sustainable energy production. 

Several benefits accompany the anaerobic digestion process for biomass conversion to biogas and 

hydrogen production, using the dry methane reforming process. The results of this study are useful 

in both agricultural and energy industries. A rigorous simulation of the AD process is helping the 

agriculture industry to forecast the amount of recoverable energy and nutrients from waste 

biomass. The developed model is applicable in a wide range of temperatures and resolves one of 

the major challenges in modeling and simulation of the AD process (i.e., low-temperature AD). 
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Considering the potential of applying AD technology in cold regions, the current simulation model 

will greatly help wastewater treatment facilities and agricultural sectors in modeling the potential 

of energy production from municipal agricultural wastes. In addition, the application of the dry 

methane reforming method for conversion of natural gas with high CO2 content is increasing. Since 

the biogas contains a large portion of CO2, the DMR method is promising to convert CH4 and CO2 

to syngas. 

 

6.6. Summary 

This study aimed at producing hydrogen from biomass through integration of psychrophilic 

anaerobic digestion with dry methane reforming process. The advantage of the current simulation 

model is its ability to model the low-temperature anaerobic digestion process. The kinetic models 

are implemented within the simulator to calculate the kinetic rate of reactions. The simulation 

model was validated with the experimental data, and a sensitivity analysis was performed to show 

its performance with changing variables. The major outcomes of the current study are listed below: 

 A mathematical expression is developed for the first time for calculating the 

temperature-dependent maximum specific growth rate of microorganisms, which 

is valid in a temperature range of 10 ºC to 65 ºC. 

 The simulation model shows a good agreement with experimental studies (less than 

6% relative deviation in predicting CH4 yield). 

 The simulation model well predicts the behavior of the system. Increasing the feed 

rate decreases the biogas yield and CH4 content.  
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 More than 87% of the biogas yield is produced in the first week of incubation, 

which indicates the importance of short hydraulic retention time for industrial 

digesters.  

 The total solids content in the digester feed impacts the rate and quality of biogas. 

Increasing the total solids content results in increasing the biogas yield, while the 

CH4 content decreases. The CH4 yield significantly increases with total solids 

content increment from 2% to 6%. 

 Recirculation of a fraction of digestate improves the quality of biogas and increases 

the CH4 yield; the highest CH4 yield is obtained when 5% of the digestate is 

recirculated which is 41.3% higher than the original case (no recirculation).   

 The simulation of the low-temperature anaerobic digestion process also shows 

consistent and sensible results compared to experimental data. The CH4 

composition of biogas at lower temperatures is higher, and thus, the CH4 yield 

follows a quite linear trend with temperature.  

 150 m3/day of cow manure (6% total solids and 80% volatile solids) fed to the 

anaerobic digester operating at 20 °C could produce 553.5 m3/day biogas. 

 Temperature and pressure are the most critical parameters in dry methane reforming 

reaction. The optimum temperature and pressure for the current study is 595 °C and 

4 bar, respectively, which gives more than 97% CH4 conversion to syngas. 

 The water-gas shift reaction achieves more than 99% CO conversion at temperature 

of 288 °C and atmospheric pressure. 

 8.11 kg/h H2 could be produced via dry reforming of biogas obtained from 

anaerobic digestion of 150 m3/day cow manure. 
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 The proposed process captures CO2 while producing H2. A total of 78.38 kg/h CO2 

is eliminated to be released to the atmosphere.  

 The thermal energetic efficiency of the dry methane reforming process offered in 

this study is 72.85%, which shows its advantage compared to steam methane 

reforming and auto-thermal reforming. 

 The CO2 emission from the current process is 35.73 kg/h CO2-equivalent, which is 

less than a half of CO2 emission from the direct combustion of biogas for electricity 

and heat generation (81.88 kg/h CO2 emission). This shows a total of 398,736 

tonnes/year CO2 emission reduction.   
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Chapter Seven 

CONCLUSIONS AND RECOMMENDATIONS 

7.1. Conclusions 

This study investigated the early stage of the culture’s adaptation to psychrophilic (20 ºC) 

anaerobic digestion of dairy manure and co-digestion of dairy manure and grass silage at increasing 

organic loading rates (1-5 g VS/L.d) and the total solids content (7-10%). Also, for the first time, 

the psychrophilic anaerobic digestion was simulated in Aspen Plus V11. The biogas utilization for 

H2 production through the methane reforming process was integrated with the anaerobic digestion 

process. The major results obtained in this study are listed below: 

 The CH4 yield obtained from digesting manure alone (first cycle) ranged from 18.3 

NL CH4/kg VSadded at OLR of 5 g VS/L.d to 28.7 NL CH4/kg VSadded at OLR of 1 g 

VS/L.d. However, the CH4 yield obtained from digesting manure and silage (first 

cycle) ranged from 43.5 NL CH4/kg VSadded at OLR of 1 g VS/L.d to 62 NL CH4/kg 

VSadded at OLR of 5 g VS/L.d 

 The CH4 yield obtained from digesting manure alone (second cycle) ranged from 

25.6 NL CH4/kg VSadded at TS of 10% to 38.1 NL CH4/kg VSadded at TS of 7%. 

However, the CH4 yield obtained from digesting manure and silage (second cycle) 

ranged from 69.9 NL CH4/kg VSadded at TS of 7% to 103.9 NL CH4/kg VSadded at TS 

of 10% 

 Adding silage increased the methane yield significantly even in the seed microbial 

culture, which is not adapted to the new complex substrates and operation 

temperature.  
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 Modeling the kinetic of the CH4 yield data in each phase determined the hydrolysis 

reaction rate constants. In the first cycle (culture adaptation at different organic 

loading rates), the reaction rate constant in the first-order kinetic model for digesting 

manure alone was 0.131 to 0.220 1/d for OLRs 5 to 1 g VS/L.d, respectively, whereas 

for digesting dairy manure and grass silage, it was 0.109 to 0.177 1/d for OLRs 1 to 

5 g VS/L.d 

 Adding grass silage to the system decreased the hydrolysis reactions rate constant at 

lower OLRs, while increased the hydrolysis reaction rate constant as the OLR 

increased 

 In the second cycle (culture adaptation at increasing total solids in the bioreactor), 

the reaction rate constant for digesting dairy manure alone was 0.284-0.364 1/d, 

whereas for digesting dairy manure and grass silage it was 0.081-0.3 1/d. Obviously, 

the effect of the short term of adaptation is apparent in the value of the reaction rate 

constant, which increased on the upper end measured in the first cycle 

 The ecology of the psychrophilic anaerobic digestion of dairy manure and grass 

silage using molecular biology methods was studied to identify the dominant species 

of microorganisms and the change in their abundance upon adaptation. The analysis 

was applied to the original culture (from the wastewater treatment plant facility), the 

inoculum, and samples from the experiments of the culture which was fed cow 

manure and cow manure and grass silage at organic loading rates of 1, 3, and 5 g 

VS/L.d. Generally, bacterial species belonging to the phyla of Bacteroidetes, 

Synergistetes, Colsridia, Spirochaeta, Syntrophobacterales, and Firmicutes 

dominated in the culture; most of them are capable of fermenting sugars, fats, and 
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proteins. Their dynamic reflected the effect of the substrate type and nature rather 

than the organic loading rate. The diversity is promising for the performance of 

biogas production 

 The economic assessment was conducted on the total biogas production potential 

using dairy manure in Newfoundland and Labrador; about 3,330,000 m3 of biogas 

could be produced annually. This is equivalent to about 6,675,000 kWh electricity 

per year and worth about CAD 860,000 

 The economic analysis for Lester’s Farm showed that there is potential for production 

of 219,300 kWh electricity per month, which is equivalent to a biogas power plant 

of 300 kW nominal capacity. From this production, about 11% would be consumed 

by the farm to meet its energy demand, 30% would be used to heat the reactor to 

maintain its temperature at 20 ºC reactor, and 59% would be the surplus that could 

be sold as electricity. The on-farm biogas production could earn more than 200,000 

CAD annually. The payback period for the biogas plant construction is estimated to 

be 20 years assuming the biogas plant would cost 4 million CAD for the construction 

and commissioning 

 Adaptation of the culture is a challenging step that needs about one year; otherwise, 

the culture should be sourced or imported from an actively operating dairy manure 

biogas plant 

 A simulation study was performed to model the low-temperature anaerobic digestion 

process, for the first time, using commercial simulation software. The simulation 

results agreed with the experimental results obtained in the current study and were 

validated with the experimental results from the literature.  
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 The integration of hydrogen production plant with anaerobic digestion process was 

investigated. The results showed that there is a potential of producing hydrogen from 

biogas, which is a valuable method in producing a green source of energy and 

reducing greenhouse gas emissions.  

 Temperature and pressure are the most critical parameters in dry methane reforming 

reaction. The optimum temperature and pressure for the current study is 595 °C and 

4 bar, respectively, which gives more than 97% CH4 conversion to syngas. 

 The water-gas shift reaction achieves more than 99% CO conversion at temperature 

of 288 °C and atmospheric pressure. 

 8.11 kg/h H2 could be produced via dry reforming of biogas obtained from anaerobic 

digestion of 150 m3/day cow manure. 

 The proposed process captures CO2 while producing H2. A total of 78.38 kg/h CO2 

is eliminated to be released to the atmosphere.  

 The thermal energetic efficiency of the dry methane reforming process offered in this 

study is 72.85%, which shows its advantage compared to steam methane reforming 

and auto-thermal reforming. 

 Biogas to H2 production plant using is better than the biogas-to-electricity by direct 

combustion in terms of CO2 emissions. The results revealed that using H2 production 

plant could reduce the CO2 emissions by 398,736 tonnes/year.   

 

7.2. Recommendation for Future Studies 

The current study investigated the biogas production potential of dairy manure and grass 

silage at low temperatures. The experimental results are obtained at increasing organic loading rate 
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and increasing total solids content, two important operating parameters of the anaerobic digestion 

process. The simulation framework was developed to model the anaerobic digestion process and 

assess the hydrogen production potential from biomass. The following suggestions could be 

carried out to understand better the various aspects of the low-temperature anaerobic digestion 

process as well as the potential of biofuel production from biogas:   

 Given that this study was impacted by COVID-19 outbreak and the following 

restrictions, it is recommended to conduct the experiments in multiple cycles to 

completely acclimate the culture to the new conditions. Generally, it could take 

several months to a year to fully acclimate the culture, in which the performance of 

microorganisms in the production of methane will enhance accordingly. The 

acclimation phase is a vital step as it represents the operation of the biogas plant at 

its start-up phase.  

 Investigating the microbial community during the experiments of multiple cycles of 

acclimation to explore the dynamics of the microbiome. The composition of 

microorganisms determines the extent of acclimation. Having enough information 

about the dynamics of microorganisms assists with better scenarios for culture 

adaptation, such as feeding rate, feeding ratio (dairy manure to grass silage), and 

hydraulic retention time.   

 Co-digesting other agricultural or municipal wastes to the bioreactor to enhances the 

methane yield of the process. Investigating the effect of various available wastes, 

such as municipal waste, food processing waste, and agriculture residues on the 

performance of the anaerobic digester would provide useful results.  
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 Increasing the total solids content during the experiments to greater than 10% to 

explore the process at solid-state anaerobic digestion.  

 Performing the experiments at lower temperatures (10-15 oC) to explore the effect of 

temperature change in the psychrophilic region on the performance of the 

microorganisms. The temperature of 20 oC is the upper level of the psychrophilic 

region and the ambient temperature in NL is lower. Considering lower temperatures 

for biogas plant, less heat is required in the anaerobic digester. It can help with 

increasing plant efficiency.   

 Mathematical modeling of the anaerobic digestion bioreactor. A rigorous and 

verified mathematical model is always helpful in designing the best scenarios to 

achieve optimum plant efficiency. Up to this date, a few studies have developed 

rigorous kinetic and mathematical models for the psychrophilic anaerobic systems. 

The Anaerobic Digestion Model No. 1 (ADM1) is a great model to be applied to 

psychrophilic temperatures. This model comprises several parameters that are 

temperature-dependent. Identifying these parameters and the specific feed 

parameters will help with better understanding, design, and operation of the process. 

 Exploring the optimum operating conditions, such as temperature, organic loading 

rate, total solids content, and hydraulic retention time of anaerobic digestion process 

using the simulation and mathematical models. 

 Investigating the economics of producing various biofuels, such as hydrogen, 

methanol, ethanol, etc., from biogas using the simulation model.    
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Appendix A: 

CHARACTERIZATION LABORATORY REPORT 

The Appendix A presents the characterization of raw dairy manure and grass silage samples. 
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Appendix B: 

EXPERIMENTAL PROCEDURE 

B.1. Introduction 

Appendix B provides a detailed procedure of the experimental analyses for measurement of 

the total solids (TS), volatile solids (VS), alkalinity, chemical oxygen demand (COD), and pH of 

the samples of manure, grass silage, and the bioreactor content. 

 

B.2. Total Solids (TS) 

Total solids refer to the material residue left in the vessel after evaporation of a sample and 

its subsequent drying in an oven at a defined temperature (105±2 oC).  

Fixed solids are also considered the residue of the total, suspended, or dissolved solids after 

combusting for a specified time at a specified temperature (550 oC). The required apparatus are 

analytical balance, drying oven, desiccator, evaporating dishes, muffle furnace, filtration 

apparatus, volumetric pipets, aluminum pans, porcelain crucibles, and tweezers.  

The step-by-step procedure of the total solids (TS) measurement is provided below: 

1. Weight the evaporating dish (note as: B). 

2. Pour 5 ml well-mixed sample into evaporating dish. 

3. Dry in the oven at 105 ℃ for 1 hour. 

4. Cool in the desiccator. 

5. Weight the evaporating dish. 

6. Repeat drying, cooling, and weighing process until the weight difference < 4% (note as 

A). 
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Figure B.1. The total solids determination 

 

B.3. Volatile Solids (VS) 

The weight loss on ignition is called volatile solids (VS), which is used as a measure of 

organic matter in the sample. The procedure for determination of the volatile solids (VS) are as 

follows: 

1. Weigh the dried dish of the total solid test (note as B). 

2. Put in the furnace for 90 min at 550 ℃ for ignition. 

3. Let it cool in a desiccator and weigh the dish (note as C) 
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Figure B.2. Samples before and after heating to determine volatile solids 

 

B.4. Alkalinity 

Alkalinity can be defined as the acid-absorbing property of a liquid. The major acid 

absorbing constituents that we typically deal with are hydroxide (OH-), bicarbonate (HCO3
-) and 

carbonate (CO3
2-) ions. The apparatus needed for determining the alkalinity are magnetic stirrer 

and stir bars, burette (25 mL), volumetric pipets, and miscellaneous glassware. 

The procedure is of determining the alkalinity based on the colorimetric titration is given 

below: 

1. Pipet a 50 mL aliquot of the sample into a 150 ml beaker. 

2. Add a stir bar, place the beaker on magnetic stirrer and stir gently. 

3. Add phenolphthalein indicator (5 drops) and note the color. 

4. Titrate the sample with 0.02 N H2SO4. Add the acid in increments of 0.5 to 1.0 ml. 

5. Record the Volume (Vp) at which the color changes from pink to colorless. 

6. Add the methyl red–bromocresol green indicator (5 drops). 

7. Continue titration. Record the Volume Vmo at which the solution changes color again. 
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Figure B.3. Cow manure samples before and after titration 

 

B.5. Chemical Oxygen Demand (COD) 

Chemical Oxygen Demand is a measure of the amount of oxygen required to oxidize the 

organic matter in the sample using a strong chemical oxidizing agent. It provides a direct measure 

of all organic oxidizable matter in the sample. The required apparatus are: analytical balance, 

volumetric flasks and pipettes, drying oven capable of maintaining 150 °C, muffle furnace capable 

of maintaining 500 °C, digestion station, and UV spectrophotometer. 

The procedure is provided below: 

1. Write labels on three tubes mentioning the sample name and concentration of standard 

and group number. 

2. Add 2.5 mL of sample, blank, and standard to tubes accordingly. 

3. In the digestion station, add 1.5 mL digester (dichromate iron) and 3 mL of H2SO4 + silver 

sulphate to each tube with the help of TA 
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4. Place the tubes in the oven, record the time, and let it stay there for one hour. 

5. Take the tubes out of the oven after one hour let them remain out for 10 minutes to cool 

down to room temperature 

6. Using the UV spectrophotometer, read the A600 data for blank, water sample, and 

standard 200 mg/L concentration. 

7. Write down the data for standard 200 concentration on the board to complete required 

data for drawing the chart. 

Considering that a strong digester such as H2SO4 can almost completely oxidize any carbon 

based or organic compounds, this experiment is also often used to determine the effectiveness of 

wastewater treatment facilities. 

  
Figure B.4. Sample preparations before 

spectrophotometric analyses 

Figure B.5. pH meter indicating the pH value of a 

sample 

 

B.6. pH 

The pH is a measure of the acidity or alkalinity of manure. This can be quite variable, 

dependent upon the feed and bedding practices associated with the animal production system. The 

pH was measured using the pH meter shown in Figure B.5. 


