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Abstract 

High-rate anaerobic reactors have qualities that make them more attractive for anaerobic 

digestion of organic substrates compared to traditional reactors such as Continuous 

Stirred Tank Reactor (CSTR). These qualities include high organic loading rate (OLR), 

short hydraulic retention time (HRT) and efficient conversion of organic matter into 

biogas. However, their use has been largely restricted to organic wastes that are low in 

suspended solids. Application of high-rate granular sludge bed reactors to particle-rich 

substrates is limited due to problems that stem from slow particle disintegration and 

solid accumulation. Since some of the largest renewable biomass resources are particle-

rich, it is important to find remedies to the slow particle disintegration and solid 

accumulation so that such resources can be efficiently utilized in high-rate reactors and 

transformed into a source of renewable energy. In order to accomplish this, a thorough 

understanding of the interaction of granular sludge bed with particles is essential.  

A review of the current state of application of granular sludge beds for anaerobic 

digestion of particle-rich substrates was carried out in order to establish how and to what 

extent substrate particles influence granular sludge beds and vice versa. It was found 

that successful high-rate digestion of particle-rich substrates with solid contents as high 

as 35% was possible in dry anaerobic digestion processes but in conventional high-rate 

reactors such as UASB, the TS limit seemed to be around 10%. Pretreatment of substrates 

has been used to improve the anaerobic digestion process. Economically sustainable 

methods of pretreatment are, however, limited. Several methods have been tried to 

improve the disintegration and hydrolysis of solid particulates with varying degree of 

success. Enzymatic pretreatment and co-digestion are often used. In addition, various 

reactor modifications have been implemented to deal with the increased solid 

accumulation associated with particle-rich substrates. Factors that affect disintegration 

and hydrolysis of particulates were investigated along with the kinetics used to model 

them. When the solid particulates contain recalcitrant lignocellulosic compounds, it is 

advantageous to classify them into easily and slowly disintegrating fractions.  

The success of high-rate reactors depends on the formation and sustenance of granular 

sludge with high settling characteristics so that they resist being washed out of the 
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reactor. The settling characteristic of granules is crucial and needs to be monitored 

regularly. In this dissertation, settling velocity and size distribution of granules were 

studied using image analysis and settling column experiments with the aim to establish 

a method that uses image data generated using Matlab as a tool to determine the 

theoretical (calculated) size distribution and settling velocity of granules and compare 

them with experimental values. Comparable theoretical and experimental mean settling 

velocity values were obtained. Settling velocities increased with Reynolds number (Re). 

Significant size differences were found in granules collected at different heights of the 

lab-scale reactor.  

Particle disintegration was studied in batch anaerobic reactors at 35 °C using particle-

rich substrate from manure supernatant. Two types of samples were applied, one high 

in suspended particles and another low in suspended particle content. Both feeds were 

digested with and without cellulase enzyme addition to obtain a better understanding 

of particle degradation mechanisms, kinetics and stoichiometry. Higher biomethane 

potential was found in the substrates with high–particle content but with a lower 

conversion rate. The addition of cellulase increased biomethane production rates in both 

high– and low–particle content samples enhancing yield by 54% and 40%, respectively 

and converting 69% and 87% of feed chemical oxygen demand (COD), respectively. 

Disintegration was modelled by classifying the solid particulates into fast and slow 

disintegrating fractions resulting in a good fit between experimental and simulated 

values. Particle disintegration was also studied in continuous reactors at 25–35 °C.  

Particulate contents ranging from 3.0–9.4 gTSS/L were fed into a 1.3 L lab-scale up-flow 

anaerobic sludge bed reactor (UASB). Biogas production was monitored while changing 

the temperature and particle content of the substrates. Biogas production increased with 

temperature in both high and low particle content substrates, however, the temperature 

effect was strongest on the high–particle substrate. Both the high– and low–particle 

samples produced a comparable amount of biogas at 25 °C, suggesting that biogas at 

this temperature came mainly from the digestion of small particles and soluble 

components present in similar quantities in both substrates. At 35 °C, the high–particle 

sample showed significantly higher biogas production than the low–particle sample, 
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which was attributed to increased (temperature-dependent) disintegration of larger 

solid particulates. Simulation of disintegration was carried out using a similar scheme 

as in the batch reactors. Classifying the solid particulates into fast and slow 

disintegrating fractions resulted in comparable results between the simulated and 

experimental values. 

Keywords: Particle-rich substrate; Disintegration; Hydrolysis; Settling velocity; 

Temperature; Biogas;   



___ 

VI   

 

List of papers 

Article 1 

Tassew, F.A., Bergland, W.H., Dinamarca, C. and Bakke, R., 2019. Settling velocity and 

size distribution measurement of anaerobic granular sludge using microscopic image 

analysis. Journal of microbiological methods, 159, pp.81–90. 

https://doi.org/10.1016/j.mimet.2019.02.013 

Article 2 

Tassew FA, Bergland WH, Dinamarca C, Kommedal R, Bakke R. Granular sludge bed 

processes in anaerobic digestion of particle-rich substrates. Energies. 2019; 12(15):2940. 

https://doi.org/10.3390/en12152940 

Article 3 

Tassew FA, Bergland WH, Dinamarca C, Bakke R. Effect of Particulate Disintegration on 

Biomethane Potential of Particle-rich Substrates in Batch Anaerobic Reactor. Applied 

Sciences. 2019; 9(14):2880. https://doi.org/10.3390/app9142880 

Article 4 

Tassew FA, Bergland WH, Dinamarca C, Bakke R. Influences of temperature and feed 

particle content on granular sludge bed anaerobic digestion. Submitted to the journal: 

Biomass and bioenergy.  

Conference poster 

Tassew F.A, Bergland W.H, Dinamarca C, Bakke R. Image analysis to measure settling 

characteristics of granular sludge. Presented to Granular sludge conference, IWA 

Biofilms specialist group, Delft, Netherlands (2018)  



  

___ 

VII 

 

 

Abbreviations and nomenclature  

ABR – Anaerobic Baffled Reactor 

ACP – Anaerobic Contact Process 

AD – Anaerobic Digestion 

ADM1 – Anaerobic Digestion Model No.1 

ADP  – Adenosine Diphosphate 

AF – Anaerobic Filter 

AMP  – Adenosine Monophosphate 

AMPTS – Automatic Methane Potential Test System 

APHA – American Public Health Association 

ATP – Adenosine Triphosphate 

C – Elemental Carbon 

C/N  – Carbon  to Nitrogen ratio 

C2H4O2 – Average Chemical Composition of Volatile Fatty Acids 

C57H104O6 – Average Chemical Composition of Lipids 

C5H7O2N – Average Chemical Composition of Proteins 

C6H10O5 – Average Chemical Composition of Carbohydrates 

C6H10O5 – Average Chemical Composition of Lignins 

Cd – Cadmium 

CF – Centrifuged Feed 

CH4 – Methane  

Co – Cobalt 

CO2 – Carbon dioxide  



___ 

VIII   

 

COD – Chemical Oxygen Demand 

CSTR – Continuous Stirred Tank Reactor 

EGSB – Expanded Granular Sludge Bed 

EPS – Extracellular Polymeric Substances 

FAO – Food And Agriculture Organization 

Fe – Iron 

FISH – Fluorescence Insitu Hybridization 

GC–FID – Gas Chromatography Flame Ionization Detector 

H2 – Hydrogen  

H2O – Water 

H2S – Hydrogen sulfide 

HLR– Hydraulic Loading Rate 

HRT – Hydraulic Retention Time 

LCFA – Long Chain Fatty Acids 

MF – Milled Feed 

N – Elemental nitrogen 

NH3 – Ammonia gas 

NH4+ – Ammonium ion 

Ni – Nickel 

O2 – Oxygen gas 

OFMSW – Organic Fraction Of Municipal Solid Waste  

OLR – Organic Loading Rate 

P – Phosphorus 

PF – Pumped Feed 



  

___ 

IX 

 

pH – Hydrogen ion concentration  

POME – Palm Oil Mill Effluent 

Re – Reynolds number 

RF – Raw Feed 

RPM – Revolution Per Minute 

S – Sulfur 

SRT – Sludge Retention Time 

TS – Total Solids 

TSS – Total Suspended Solids 

UASB – Upflow Anaerobic Sludge Blanket 

UASR – Upflow Anaerobic Solid Removal 

VFA – Volatile Fatty Acids 

VS – Volatile Solids 

VSS – Volatile Suspended Solids 

Zn – Zink 

ZrO2 – Zirconium Oxide 

 

 

 

 

 

 

 



___ 

X   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

___ 

XI 

 

Table of contents  

Preface .......................................................................................................................................... I 

Acknowledgements ................................................................................................................. II 

Abstract ..................................................................................................................................... III 

List of papers ............................................................................................................................ VI 

Abbreviations and nomenclature ...................................................................................... VII 

Table of contents ..................................................................................................................... XI 

1 Introduction .......................................................................................................................... 1 

1.1 Background ............................................................................................................ 1 

1.1.1 Overview of Anaerobic digestion process ......................................................... 4 

1.1.2 Factors affecting anaerobic digestion ................................................................. 6 

1.1.3 Anaerobic reactors and models ........................................................................... 9 

1.1.4 Anaerobic granular sludge ................................................................................ 10 

1.1.5 Anaerobic granule characteristics ..................................................................... 12 

1.1.6 High-rate anaerobic digestion ........................................................................... 13 

1.1.6.1 Up-flow anaerobic sludge blanket (UASB) ..................................................... 14 

1.1.6.2 Expanded granular sludge bed (EGSB) ........................................................... 15 

1.1.6.3 Anaerobic baffled reactor (ABR) ....................................................................... 15 

1.1.7 Bottlenecks in high-rate anaerobic digestion .................................................. 15 

1.2 Objectives ............................................................................................................. 16 

1.3 Approaches .......................................................................................................... 17 

1.4 Scope of the dissertation ..................................................................................... 18 

2 Literature review ................................................................................................................ 19 

2.1 Particle-rich substrates........................................................................................ 19 

2.1.1 Biogas production from particle-rich substrates ............................................. 19 

2.2 Anaerobic digestion of particle-rich substrates .............................................. 23 

2.2.1 Pretreatment methods ........................................................................................ 23 

2.2.2 Co–digestion ........................................................................................................ 24 

2.2.3 High-rate anaerobic digestion of particle-rich substrates.............................. 24 

2.2.4 The fate of suspended particles in high-rate reactors .................................... 25 

2.2.5 Problems during digestion of particle-rich substrates ................................... 26 



___ 

XII   

 

3 Materials and methods ...................................................................................................... 29 

3.1 Strategy .................................................................................................................. 29 

3.1.1 Pilot reactor ........................................................................................................... 30 

3.1.2 Lab-scale reactors ................................................................................................. 31 

3.1.3 Batch reactor ......................................................................................................... 32 

3.2 Experimental analysis ......................................................................................... 33 

3.2.1 Microscopic image analysis ................................................................................ 33 

3.2.2 Pilot reactor experiments .................................................................................... 34 

3.2.3 Lab-scale reactor experiments ............................................................................ 34 

3.2.4 Batch reactor experiments .................................................................................. 34 

3.2.5 Experiments on effects of substrate milling ..................................................... 35 

4 Overview of results and discussion ................................................................................ 38 

4.1 Settling velocity and size distribution measurement of anaerobic granular 

sludge using microscopic image analysis ........................................................ 38 

4.2 Granular sludge bed processes in anaerobic digestion of particle-rich 

substrates............................................................................................................... 41 

4.3 Effect of particulate disintegration on biomethane potential of particle-rich 

substrates in batch anaerobic reactor ................................................................ 42 

4.4 Influences of temperature and feed particle content on granular sludge bed 

anaerobic digestion .............................................................................................. 45 

4.5 Results from milling experiments ..................................................................... 47 

5 Conclusions ......................................................................................................................... 50 

5.1 Article 1: Settling velocity and size distribution measurement of anaerobic 

granular sludge using microscopic image analysis ........................................ 50 

5.2 Article 2: Granular sludge bed processes in anaerobic digestion of particle-

rich substrates ....................................................................................................... 51 

5.3 Article 3: Effect of particulate disintegration on biomethane potential of 

particle-rich substrates in batch anaerobic reactor .......................................... 52 

5.4 Article 4: Influences of temperature and feed particle content on granular 

sludge bed anaerobic digestion ......................................................................... 53 

5.5 Suggestions for future work ............................................................................... 54 



  

___ 

XIII 

 

References................................................................................................................................. 55 

Attachments ............................................................................................................................. 63 

Article 1: ............................................................................................................................. 63 

Article 2: ............................................................................................................................. 75 

Article 3: ............................................................................................................................. 96 

Article 4: ........................................................................................................................... 115 

Conference poster: .......................................................................................................... 144 

Appendix A: Matlab code for image preprocessing ....................................................... 146 

Appendix B: Matlab code for image processing ............................................................. 147 

 





Capabilities of anaerobic granular sludge bed process for the treatment of particle-rich substrates 

  

___ 

1 

 

1 Introduction 

In this chapter, an introductory overview of anaerobic digestion as a biochemical process 

is provided. Factors that affect its applications are laid out and discussed. Common 

examples of high-rate reactors and challenges associated with them, specifically for 

particle-rich substrates, are provided. The chapter concludes by setting the objectives, 

approaches and scopes of the dissertation. 

1.1 Background 

Global energy consumption has been heavily dependent on fossil fuels for the past 

century. However, fossil fuels are limited resources that are projected to be depleted in 

the coming decades [1]. An alarming increase in atmospheric CO2 concentration due to 

the use of fossil fuels is causing climate change whose catastrophic effects are being felt 

across the world [2]. In addition, rapid population growth and improved living 

conditions across the world increase the demand for energy considerably. Governments 

and various interest groups are focused on finding alternative energy sources that are 

renewable and environmentally friendly. An energy resource is considered renewable if 

it is harnessed from natural processes that are replenished continually such as by 

sunshine and wind [3]. Most renewable energy resources come from the sun directly or 

indirectly. Solar energy technologies such as Photovoltaic solar panels directly use 

sunlight to generate renewable energy. Wind energy, hydropower, and biomass energy 

are examples of renewable energies that come indirectly from the sun. New and efficient 

technologies that made it possible to harness various alternative energy sources have 

been developed over the years.  Solar energy technologies have been using solar energy 

to convert sunlight into electricity [4]. Wind energy is also being used to generate 

electricity through wind turbines [5]. A large number of hydropower dams are being 

built across the developing world in addition to the already large number of 

hydropower dams found in the developed world [6]. Biofuels such as biodiesel, 

bioethanol, and biogas are being produced from biomass through various processes [7]. 

Global renewable energy consumption is growing rapidly (Figure 1.1) however so there 

is still a long way to go to end fossil fuel dependence. According to a report by REN21 
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[8] (Renewables 2018 global status report), as of 2016, the global renewable energy 

consumption accounts for 18.2% of the global energy consumption. Relatively high cost 

and technological limitations contribute to the low share of renewables in the energy 

market.  

 

Figure 1.1: Global increase in renewable energy capacity in the last decade [9]. 

Biomass is one of the most promising and abundantly available renewable energy 

resources on earth. The food and agriculture organization of the United Nations, FAO, 

defines biomass as “Material of biological origin excluding material embedded in 

geological formations and transformed to fossil” [10]. The energy recovered from 

biomass is called bioenergy. Bioenergy is considered renewable because the energy 

contained in the biomass is harvested from the sun through the process of 

photosynthesis [11]. There are different kinds of biomass that are composed of various 

proportions of carbohydrates, proteins, and lipids. The largest source of biomass is forest 

wood, which is rich in carbohydrates such as cellulose, hemicellulose, and lignin. Other 

sources of biomass such as energy crops tend to contain higher proportions of proteins 

and lipids. Most of the biomass that is used for bioenergy recovery come from forestry, 

agricultural residues, waste, energy crops, parks and gardens, and industry. Conversion 

of biomass into bioenergy has been going on since humans discovered fire. Solid 

biomass such as wood and solid wastes are burned to generate heat energy. A large part 
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of the world still uses this method to heat houses, cook food and carry out other 

activities. Modern biomass–to–bioenergy conversion technologies are wide-ranging but 

they are classified into two broad categories called thermochemical and biochemical 

processes [12]. Thermochemical processes include combustion, gasification and 

pyrolysis whereas biochemical processes include fermentation, mechanical extraction, 

and anaerobic digestion. A significant section of biomass is produced because of human 

activity. Industrial, domestic, agricultural, leisure and other human activities produce a 

vast amount of wastewater that contains an array of biodegradable organic compounds, 

of which, only a small part is being utilised to recover renewable energy [13]. This shows 

that there is a huge potential for renewable energy in wastewater treatment. If the right 

treatment is used, not only does it contribute to the need for renewable energy but also 

contributes to environmentally friendly waste management. Whether humans are 

involved or not, natural decomposition of organic compounds occurs. When the 

decomposition is carried out in an environment where there is oxygen, it is aerobic 

decomposition; in the absence of oxygen, the decomposition is anaerobic and produces 

a mixture of gases. The main product of anaerobic decomposition is CH4, which is a 

potent greenhouse gas but also an energy carrier (Eq. 1). The need for wastewater 

treatment and resource recovery is paramount considering that CH4 emission from 

untreated wastewater contributes nearly 500 million tons of CO2 equivalent to the global 

emission of greenhouse gases [14]. With increasing consciousness for resource recovery 

and environmental friendliness, governments and interest groups are noticing the 

potential of renewable energy from anaerobic treatment of wastewater, resulting in a 

rapid increase in installation of anaerobic treatment plants across the world. The energy 

economy of methane produced by anaerobic treatment of wastewater indicates that 

sustainable renewable energy recovery is possible.  

CH4 +  2O2

 
→ CO2 +  2H2O                                                                   (1) 

ΔH = –890 kJ/mol CH4 = 39.7 kJ/L CH4  (at standard conditions) 

1kJ = 2.78 x 10–4 kWh 

1 m3 CH4 = 11 kWh 
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Recoverable energy from biogas (assuming 65% CH4 in biogas) = 7.2 kWh/m3 biogas 

The recovered energy is used for heating, electricity and combined heat and power. A 

more advanced way of using the recovered energy is to upgrade the CH4 content above 

95% and inject it into natural gas grids. Upgraded and liquified biogas is also being used 

as a transportation fuel. The number of vehicles that operate on compressed/liquified 

biogas is increasing. 

1.1.1 Overview of Anaerobic digestion process 

Anaerobic digestion (AD) is a biochemical process that is carried out by microorganisms 

in the absence of oxygen. During anaerobic digestion, organic compounds are broken 

down into simple molecules of CH4 and CO2. However, small amounts of H2S, H2O, and 

other trace gases are also produced. The produced gases are collectively called Biogas.  

Microorganisms need a source of carbon and energy for maintenance and reproduction. 

They obtain carbon source and energy through anaerobic oxidation of organic 

compounds. In order to achieve this, microorganisms are evolved to be capable of 

metabolizing a wide range of organic compounds resulting in a complex set of 

biochemical reactions that are generally grouped into disintegration, hydrolysis, 

acidogenesis, acetogenesis and methanogenesis steps [15]. Organic compounds 

(substrates) must be in a soluble form to be taken in and metabolised intracellularly by 

microorganisms. Prior to intracellular metabolism, extracellular conversion of organic 

compounds into soluble forms must take place [15]. This is carried out by the 

disintegration and hydrolysis steps. During disintegration, macromolecules such as 

carbohydrates, proteins, and lipids are released from a complex composite form of 

substrates. Disintegration also produces soluble and particulate forms of inert 

compounds that are not possible to hydrolyse. Disintegration is sometimes lumped 

together with Hydrolysis and other times it is altogether overlooked, but it is 

nevertheless an important step of anaerobic digestion. Hydrolysis of the 

macromolecules follows disintegration. During hydrolysis, extracellular enzymes 

secreted by microorganisms are used to hydrolyse and produce soluble forms of the 
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macromolecules. Carbohydrates are converted into simple sugars, proteins are 

converted to amino acids and lipids are converted to long-chain fatty acids (LCFA).  

After hydrolysis, the soluble compounds are taken inside microbial cells and undergo 

further breakdown. What follows is the acidogenesis step where the soluble compounds 

are transformed into organic acids by acidogenetic bacteria. The organic acids are 

collectively called volatile fatty acids (VFA), which are comprised mainly of acetic, 

butyric and propionic acids. CO2 and H2 are also produced during the acidogenesis step. 

Acetic acid formed during acidogenesis is a substrate for methanogenesis and proceeds 

directly to the methanogenesis step but other organic acids undergo additional step 

called acetogenesis. Acetogenesis is carried out by acetogens which are obligate 

anaerobic bacteria that use the acetyl-CoA pathway to produce acetate through CO2 

reduction [16]. The last step is methanogenesis which is carried out by archaea, not 

bacteria. Archaea generally have a slower growth rate than bacteria. During 

methanogenesis, CH4 is produced through two pathways by different types of archaea. 

The first one, known as aceticlastic methanogenesis, is carried out by heterotrophic 

organisms that use acetic acid to produce CH4 and CO2.  Whereas the second pathway 

is called hydrogenotropic methanogenesis and is performed by autotrophic organisms 

that use CO2 and H2 to produce CH4. The rate-limiting step of anaerobic digestion 

process varies depending on the nature of the substrate used. For substrates with high 

particle content, disintegration and hydrolysis are considered rate-limiting, whereas, in 

substrates where soluble compounds dominate, methanogenesis is often the rate-

limiting step. The above-described set of AD reactions are illustrated in Figure 1.2. 

Biochemical reactions carried out during anaerobic oxidation of organic compounds 

must be exergonic in order to maintain life and reproduction of microorganisms. 

Exergonic reactions have a negative Gibbs free energy i.e. the reaction results in a net 

release of free energy that is used by microorganisms [17]. Microbial cells store the 

energy in the form of Adenosine Triphosphate (ATP). ATP contains high–energy 

phosphoanhydride bonds that are used to “fuel” maintenance of the microbe and new 

cell formation which is an energy-intensive anabolic process. When ATP is used, it is 

converted to Adenosine Diphosphate (ADP) or Adenosine Monophosphate (AMP). 
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Conversely, when an organic compound is broken down by microorganisms, the net 

free energy is used to convert ADP to ATP in a process known as ADP phosphorylation.  

 

Figure 1.2: Biochemical reactions and steps in anaerobic digestion process (adapted 

from Batstone et al. (2002) [15]) 

1.1.2 Factors affecting anaerobic digestion 

Anaerobic digestion is affected by several physical, biochemical and operational factors. 

The temperature in which anaerobic digestion is carried out is one of the most important 

factors to consider. Anaerobic reactions that produce methane are known to take place 

at widely varying temperatures in nature [18].  Anaerobic digestion is classified as 

psychrophilic (< 20 °C), mesophilic (20–42 °C), thermophilic (42–60 °C) and 

hyperthermophilic (< 60 °C) based on the temperature in which the digestion takes place 

(see Article 4). The influence of temperature on anaerobic digestion is extensive. It affects 

various aspects of the digestion process including microbial growth, nutrient uptake, 

gas solubility, chemical equilibriums and enzymatic activity. Optimum growth and 

metabolic rates of microorganisms are achieved in a specific temperature range. 

Deviation from this temperature may result in disturbance of microbial composition and 

adaptation to the new temperature can take long time. Microorganisms with faster 

growth rates such as acidogens adapt to temperature changes relatively faster than slow 

growers like methanogens. Temperature has a direct and indirect influence on the 
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availability of nutrients to microorganisms. The rate of hydrolysis of complex 

particulates depends on temperature. Higher temperature generally leads to faster 

hydrolysis and relative abundance of nutrients (both macro and micro). Many 

Biochemical reactions that take place during anaerobic digestion are catalysed by 

enzymes whose activity are highly dependent on temperature.  

In anaerobic reactors, physical factors such as hydraulic retention time (HRT) and 

organic loading rate (OLR) have influences on the digestion process. Hydraulic retention 

time is the average time the feed liquid phase remains in an anaerobic reactor, whereas 

organic loading rate is the amount of organic substrate added per unit volume of the 

reactor per day (kg m–3 d–1). It is assumed that the longer a substrate stays in a reactor 

the higher the probability of digestion, as a result, longer HRT is associated with more 

extensive digestion. HRT of AD varies depending on the nature of substrates, type of 

reactor, the temperature of digestion and other factors. HRT values range from over a 

hundred days such as in floating drum and fixed dome reactors (used in households in 

developing countries) to a few hours in modern high-rate reactors [19]. OLR of the 

reactor is an important factor as it is linked to the stability of the digestion process. The 

right OLR has to be maintained in order to maintain a stable process. If excess organics 

are loaded especially those that are easily degradable, there is a risk of accumulation of 

volatile fatty acids which can lead to process inhibition directly or through pH drop. 

Appropriate OLR values vary depending on factors such as feed composition,  

temperature, reactor volume, reactor type, etc. Traditional low-rate reactors have, by 

definition, low OLR (2–3 kgVS m–3 d–1 ) whereas high-rate reactors are capable of loading 

rates up to 40 kg m–3 d–1 [20][21] or more [22].  

The organic composition of the substrates is also an important factor in anaerobic 

digestion. Anaerobic microorganisms require balanced nutrients to grow and 

reproduce. Macronutrients (carbohydrate, protein, and lipid), micronutrients such as 

trace metals (Fe, Co, Ni), P, N, and vitamins are required. Nutrient balance is usually 

assessed as a ratio of the total mass of carbon (g) and nitrogen (g) in the substrate (C/N 

ratio). Low C/N ratios of substrates such as manure are known to sometimes lead to 

ammonia inhibition. Whereas, high C/N ratios of substrates such as rice straw and 
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cassava peel lead to a decline in biogas production as a result of a decline in consumption 

of available C due to lack of nitrogen. The optimum C/N ratio range is considered to be 

25–30 [23].  

The pH in which anaerobic digestion takes place is another important factor that needs 

close monitoring. Anaerobic microorganisms have strict pH ranges where they grow 

and metabolize optimally. Deviations from these ranges can result in digestion failure 

from which recovery is difficult. Methanogens are especially sensitive to pH changes. 

The most favourable pH range for anaerobic digestion is 6.8–7.2, however, efficient 

digestion can take place up to pH 8.0. Anaerobic digestion is susceptible to process 

failure due to the presence of inhibitory substances. Due to inherent differences in 

nutrient requirement, growth rate and sensitivity to reactor conditions among various 

microbial communities, it can be difficult to maintain stable anaerobic digestion. The 

inhibition is often observed by the gradual decrease in biogas production [23]. Another 

common manifestation of inhibition is decline in pH. This is an indication that the 

methanogenesis step is inhibited and volatile fatty acids are being accumulated. The 

most common example is ammonia inhibition. Koster and Lettinga (1988) [23] reported 

that when the concentration increased above 4 g NH3–N/L more than half of the 

methanogen population was lost but acidogens did not seem to be affected. Anaerobic 

digestion of substrates that contain elevated concentration of ammonia, such as pig 

manure slurry should monitor and take precautionary steps to avoid inhibition. Sulfide 

is another common source of inhibition in anaerobic digestion. Sulfates are reduced to 

sulfide by sulfate-reducing bacteria. Sulfide is toxic to methanogens. In addition, sulfate-

reducing bacteria compete with methanogens and other microorganisms for resources, 

contributing to the overall inhibiting effect and loss of methane yield. Various reports 

show sulfide concentrations above 100–800 mg/L cause inhibition [24].  Some metal ions 

are also known to inhibit anaerobic digestion. Heavy metal ions such as Cd, Fe, Co, and 

Zn can accumulate over time and may reach inhibitory levels since they are not 

biodegradable. Some organic compounds especially halogenated benzenes and phenols 

are also reported to show inhibitory tendencies [25]. 
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1.1.3 Anaerobic reactors and models 

One of the most attractive features of anaerobic digestion is its simplicity of design and 

high versatility. There are several types of anaerobic reactors ranging in simplicity from 

fixed dome biogas reactor to modern high-rate reactors such as up-flow anaerobic 

sludge blanket (UASB). In its most basic form, the design of anaerobic reactor remains 

simple, as it includes a reactor vessel, inlet, and outlet chambers and gas collection 

system. This made it possible to develop low–cost anaerobic reactors, which are being 

installed in large numbers in developing countries to satisfy energy demand and 

manage waste. At the same time, developed countries are also installing modern high–

tech anaerobic reactors to treat industrial, municipal and agricultural waste. Simplicity 

and versatility mean anaerobic reactors are being adopted in developed and developing 

countries to fulfil various demands.  

Various models have been proposed for anaerobic digestion. The earliest models were 

simple and did not include complex phenomena such as microbial growth rate and 

reaction kinetics. They simply estimated how much methane could be produced from a 

given organic substrate. An example of such models is the Buswell’s formula and its 

derivatives (Eq. 2–4). Buswell and Symons (1933) [26] formulated a stoichiometric 

equation for the anaerobic reaction of organic compounds that contain C, H and O. 

CnHaOb + (n − a
4⁄ − b

2⁄ )H2O 
 

→ (n
2⁄ − a

8⁄ − b
4⁄ ) CO2 +  (n

2⁄ − a
8⁄ − b

4⁄ )CH4        (2) 

For organic compounds that contain C, H, O, and N the equation is given as [27]: 

CnHaO𝑏Nd + (n − a
4⁄ − b

2⁄ + 3d
4⁄ )H2O 

 
→  

(n
2⁄ − a

8⁄ + b
4⁄ + 3d

8⁄ ) CO2 +  (n
2⁄ + a

8⁄ − b
4⁄ − 3d

8⁄ )CH4 + dNH3                             (3) 

For organic compounds that contain C, H, O, N and S an equation based on [26] is 

derived as: 

CnHaObNdSs +
1

4
(4n − a − 2b + 3d + 2s)H2O 

 
→  
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1

8
(4n − a + 2b + 3d + 2s) CO2 +   

1

8
(4n + a − 2b − 3d − 2s)CH4 + dNH3 + sH2S            (4) 

Since Buswell equation assumes all the reactant is consumed during the reaction, which 

is rarely the case during anaerobic digestion, it can only be used to estimate the 

theoretical maximum production of CH4, CO2 and other products. The actual amount of 

CH4 and CO2 produced depends on how much of the reactant is degraded. In addition, 

due to the higher solubility of CO2 in water than that of CH4, the equations predict a 

significantly higher quantity of CO2 than what is recovered in the biogas produced in 

anaerobic reactors [27].  Later anaerobic digestion models improved from the work of 

Buswell and Symons by classifying the organic substrates as carbohydrates, lipids and 

proteins, improving estimations of methane production [28]. Modern anaerobic 

digestion models consider rates of biochemical reactions, microorganism growth, 

enzymatic activity, and reactor conditions to accurately simulate the digestion process. 

The most widely used anaerobic digestion model is ADM1 (Anaerobic Digestion Model 

no. 1) [15]. It was published in 2002 by the international water association (IWA) 

anaerobic digestion modelling task group to establish a generalised model for anaerobic 

digestion. The resulting model includes a description of each step including 

disintegration and formulation of rate and kinetic equations for major biochemical 

pathways and physicochemical processes [15].  

1.1.4 Anaerobic granular sludge 

Under favourable conditions, flocculent microorganisms are observed to coalesce 

around each other and form dense and stable aggregates that are roughly spherical in 

shape and sizes that are usually larger than 0.5 mm. Such aggregates are known as 

granular sludge. The earliest known observation of granular sludge was in the late 1960s 

by Young and McCarty in an anaerobic filter that treats low strength soluble organic 

wastes [29]. In the following years, several studies were carried out to understand what 

their characteristics are, how they are formed, and how they can be used in biological 

treatment processes. Microbial aggregation occurs through self–immobilization without 

a carrier material, resulting in granules that are composed mostly of active biomass with 

high specific activity [30]. Granular sludge density is higher than the surrounding fluid; 
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as a result, granules have good settling characteristics. Good settling and high biological 

activity are the two most important characteristics at the centre of the success of 

anaerobic granular sludge technology. There are several theories that try to explain the 

phenomenon of granule formation. Lens et al. (2004) [31] classified such theories into 

three broad categories: 

 Physical theories: They explain granule formation in terms of an interaction 

between physical conditions such as flow velocity and suspended solids 

concentration and microorganisms (e.g.: Selection pressure theory).  

 Microbial theories: They consider microbial characteristics such as physiology, 

secretion of extracellular polymeric substances (EPS), presence of filamentous 

microorganisms, etc. to explain granule formation. (e.g.: bridging microflocs 

theory). 

 Thermodynamics theories: Such theories give importance to microbial cell 

surface interactions and adhesive forces in the aggregation of cells during 

granule formation (e.g.: surface tension model).  

Regardless of how they are formed, granules are comprised of a diverse microbial 

ecosystem. The structure of granular sludge consists of a wide range of microorganisms 

that are in syntrophic and competitive relationships [32]. Microorganisms aggregate in 

such a way to ensure effective transport of resources (substrate) and by-products. 

Composition and distribution of microorganisms are important qualities of the granule. 

MacLeod et al. (1990) [33] proposed a granular structure that is layered with different 

groups of microorganisms forming layers (Figure 1.3). In anaerobic granular sludge, the 

inner layer is thought to consist of various types of Methanogens. The Methanogenic 

layer is surrounded by a layer of bacteria that consume and produce H2. The outer most 

layer consists of various Acidogenic bacteria and some H2 consuming bacteria.  
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Figure 1.3: Internal structure of anaerobic granular sludge (adapted from O’Flaherty 

et al. (2003) [32]) 

Discovery and subsequent research on granular sludge in the early 1970s have led to a 

rapid rise in the adoption of anaerobic digestion for treatment of waste [21]. Previously, 

anaerobic systems were considered unsuitable for various waste treatment methods due 

to slow growth and activity of microorganisms in anaerobic environments. In addition, 

anaerobic systems used to require large area and volume of reactors. Granular sludge 

provides high specific biological activity as well as high microbial concentration because 

of sludge retention. With granular sludge, high loading rates and small reactor volumes 

are possible. This has led to the emergence of high-rate reactor systems that can 

efficiently treat both high- and low-strength wastes. 

1.1.5 Anaerobic granule characteristics 

The quality of anaerobic granular sludge depends on its physical and microbiological 

characteristics [30]. Physical characteristics of good quality granules are high settling 

velocity, high density and high mechanical strength. When it comes to microbiological 

characteristics, the most important quality of granules is containing a well–balanced 

microbial community that ensures high metabolic activity (conversion rate). There are 

proposals to define properties of a good quality granule. The following are suggested by 

Van Lier et al. (2015) [21]. 

 Settling velocity: 2–100 m/h ; typically: 30–75 m/h 

 Size: 0.1–8 mm ; typically: 0.15–4 mm 

 Density: 1000 kg/m3–1050 kg/m3 
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 Shape: Spherical, well–defined  

 Specific methanogenic activity: 0.1–2 gCOD–CH4/gVSS day 

Some researchers regard other physical characteristics such as granule porosity to be an 

important parameter in granule quality determination because it is linked to the 

transport of substrates and digestion products to and from the granules. Pore size and 

mass transfer limitation are interlinked characteristics in anaerobic granules [30]. There 

are physical, chemical, biological and mechanical methods to determine various granule 

characteristics. Settling velocity is usually determined by using settling column tests 

[34]. There are microscopic and image analysis techniques that are used to determine 

granule size distribution and shape (more in Article 1). The density of granules can be 

measured using a pycnometer but methods that are more sophisticated are also 

available. There are standard methods that are used to determine the total solids (TS) 

and volatile solids (VS) contents of granules [35]. Batch test experiments are used to 

determine the microbiological activity of granules (see Article 3). A known concentration 

of substrate is used to determine the specific methanogenic activity of microorganisms 

and rate of reaction. Sophisticated methods such as Fluorescence In Situ Hybridization 

technique (FISH) are used to assess the content and distribution of microbial community 

in granules. Porosity and related granule properties can be determined by using size 

exclusion chromatography [30]. Whereas methods based on compression and abrasion 

resistance are available to determine the mechanical strength of granules [30].  

1.1.6 High-rate anaerobic digestion 

Continuous Stirred Tank Reactor (CSTR) systems are the most common anaerobic 

treatment processes while high-rate anaerobic digestion is becoming popular [21]. In 

CSTR, hydraulic retention time (HRT) and solids retention time (SRT) are identical. As 

a result, the rate of bioconversion in such systems is linked to the growth rate of 

anaerobic microorganisms, which is significantly slower than the growth rate of aerobic 

microorganisms. In order to sustain enough biomass concentration in the reactor, long 

HRT is required, implying large reactor volume is required and this has put traditional 

low-rate anaerobic systems at a disadvantage [21]. Discovery and development of 
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anaerobic granular sludge that are dense and have high settling characteristics 

introduced an important concept: HRT and SRT can be decoupled. In high-rate reactors, 

high concentration of biomass can be kept in a relatively small volume of a reactor. This 

makes it possible to undergo bioconversion in short HRT, high loading rates and the 

need for large reactor volume is eliminated. Compact high-rate reactors with high 

loading rates are now common. Since the 1970’s several types of high-rate reactors have 

been developed. Early high-rate reactors such as Anaerobic Contact Process (ACP) faced 

problems such as difficulty separating sludge from treated fluid or inadequate sludge 

granulation [21]. The difficulty of separating sludge from treated fluid was solved in 

Anaerobic Filter (AF) by using support material for granular sludge [21]. Similarly, other 

first-generation high-rate reactors had to deal with problems that are often associated 

with new technologies. As high-rate technology matured, a new generation of reactors 

that address problems of earlier reactors started to emerge. The new generation of 

reactors are highly dependent on the formation of stable granules. Some of such reactors 

are briefly discussed below.  

1.1.6.1 Up-flow anaerobic sludge blanket (UASB) 

UASB was first developed by Lettinga et al. in the early 1970s [36]. UASB has been the 

most widely used high-rate AD reactors in the world [21]. Its simple design, low cost, 

low sludge production, and high removal efficiency makes it an attractive reactor. The 

design incorporates substrate inlet and effluent outlet at the bottom and top of the 

reactor, respectively. Influent is pushed upward through a blanket of granular sludge 

for effective contact. Three-phase separator (Gas–Liquid–Solid separator) near the top of 

the reactor separates the biogas, effluent and granular sludge that may have been 

washed out due to the hydraulic up-flow force. In UASB, the up-flow velocity of the inlet 

fluid is an important parameter to consider during reactor design and operation as it 

affects the settling velocity of the granules, the organic loading rate, and HRT. Too high 

up-flow velocity will result in granule to be washed out from the reactor and too low 

will result in inefficient contact between inlet fluid and granules. UASB has been widely 

used for the treatment of high strength industrial wastewater with low suspended solids 

content but applications for other types of substrates are also known [32].  
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1.1.6.2 Expanded granular sludge bed (EGSB) 

Expanded granular sludge bed is a variety of the UASB reactor. It is considered a cross 

between UASB and fluidized bed reactors. It allows a higher up-flow velocity than that 

of UASB, resulting in more expanded sludge bed. While typical UASB up-flow velocities 

are 1–3 m/h, EGSB can have up-flow velocities of up to 10 m/h [37]. In order to 

accommodate high up-flow velocity, the reactor tends to be tall (7–25 m height) and/or 

there is a recycling of effluent. EGSB accomplishes a higher level of substrate–granule 

contact, which enables high organic loading rates. The resulting removal efficiency is 

very high. Most applications of EGSB are for the treatment of low strength industrial 

wastewater. It is considered especially beneficial for the degradation of highly toxic 

chemical compounds that are not suitable for UASB treatment [21].  

1.1.6.3 Anaerobic baffled reactor (ABR) 

The ABR configuration allows substrates to undergo different steps of anaerobic 

digestion separately. Acidogenesis and methanogenesis phases of the digestion are 

separated by vertical or horizontal baffles in the reactor. The separation allows both 

acidogens and methanogens to grow with relative independence in their respective 

favourable conditions. This results in a faster growth rate for both acidogens and 

methanogens in ABR (up to four times faster growth rates are observed [38]). There are 

several advantages of ABR such as simple design, few moving parts, good process 

control, no need for mechanical mixing since the up-and-down flow of the wastewater 

inside the reactor is self–mixing, high microbial growth rate, etc. Despite these 

advantages, ABR may be susceptible to sludge retention time limitation since high flow 

velocity in the reactor may push granular sludge along/across the reactor to be lost in 

the effluent. As a result, ABR reactors are not as widely used as UASB and EGSB. (More 

details regarding advantages/disadvantages of various AD reactors are presented in 

Article 2). 

1.1.7 Bottlenecks in high-rate anaerobic digestion 

High-rate anaerobic digestion is primarily used for the treatment of industrial 

wastewater, which is characterised by low suspended solids content. Both UASB and 
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EGSB are thought to be suitable for industrial wastewaters that are low in suspended 

solids. Even though there have been attempts to use high-rate reactors for wastewater 

with high suspended solids content, for the most part, they are restricted to low 

suspended solids wastewater. Some promising results have been obtained by applying 

UASB for particle-rich substrates such as manure supernatant [22] and co-digestion of 

manure and olive oil mill effluent (POME) [39] (more regarding this is presented in 

Article 2). Substrates that contain high suspended solids and those that contain a high 

concentration of lipids and protein may pose operational problems. High suspended 

solids in high-rate reactors may create mechanical problems such as pipe blockage, 

channelling and mixing problems. Accumulation of suspended matter in the granular 

sludge bed is often observed when substrates rich in particulate matter are used, 

however, the fate and interaction of such particulates are not clearly understood. Lack 

of clear understanding of the interaction of granular sludge with particulates in high-

rate reactors seems to be a recurring bottleneck that holds high-rate anaerobic digesters 

from being fully applied for particle-rich substrates. Some of the most abundant 

resources are particle-rich. It is important to understand how such resources can be used 

to recover renewable energy. If the bottlenecks are removed, there is a huge potential for 

biogas production from agricultural wastes. 

1.2 Objectives 

Particle-rich substrates are abundant resources but they have not been used effectively 

in biogas production, especially in high-rate anaerobic digestion systems.  One of the 

main reasons for this has been a lack of deeper understanding of how anaerobic granular 

sludge interacts with solid particulates in particle-rich substrates. Gaining knowledge of 

what their characteristics are leads to understanding the manner of their interaction and 

improved possibilities to control and optimize such processes. Understanding the 

interaction patterns, how solid particulates disintegrate, how influent, effluent and other 

reactor properties affect them is an important effort in increasing the use of high-rate 

anaerobic digestion for particle-rich substrates. This work aims to contribute to this 
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effort. The primary objectives of this work are to gain a deeper understanding of the 

following topics: 

 Understanding anaerobic granular sludge characteristics and how reactor 

conditions affect their formation, size, density and settling properties.  

 Developing a method that can be used to measure important granular sludge 

characteristics such as size and settling properties. 

 How different parameters such as substrate composition and temperature affect 

anaerobic digestion of particle-rich substrates.  

 Interaction between suspended particles and anaerobic granular sludge. 

 How granular sludge respond to changes in feed properties and other process 

parameters.  

 The implication of particulate–granule interaction on the overall biogas 

production. 

1.3 Approaches    

In order to achieve the objectives mentioned in the earlier section, various approaches 

have been used. Small-scale laboratory reactors have been built and experimental work 

has been carried out. A pilot anaerobic reactor was also used. In addition, modelling of 

anaerobic digestion was performed for various reactor conditions.  

 Laboratory-scale continuous flow reactors: Two lab-scale UASB reactors that are 

identical in dimension and operation were used. In addition, a separate single 

reactor with similar but not identical dimensions was used. 

 Laboratory scale batch reactors: Automatic biomethane potential test system 

(AMPTS) was used. 

 Pilot reactor: Pilot anaerobic digester located at a farm in Bjorkedalen, Porsgrunn, 

Norway. Samples were regularly collected and experimental analyses were 

carried out. 

 Laboratory experimental analysis: Influent and effluent samples, as well as 

granular sludge samples, were regularly collected from the lab-scale reactors and 

the pilot reactor for analysis. Experimental analysis of Chemical Oxygen Demand 

(COD), total solids, suspended solids, and other sample characteristics were 

measured. 
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 ADM1 modelling: Modelling and computer simulation of experimental 

conditions were carried out using ADM1 in its original version and with 

modifications to obtain more accurate modelling of particulates disintegration, 

implemented using Aquasim software. 

1.4 Scope of the dissertation 

The scopes of this PhD work are the following: 

 Conduct experiments using lab-scale and pilot anaerobic digestion reactors to 

investigate particle-rich substrates in granular sludge bed AD 

 Analysis and characterisation of influent, effluent and granular sludge samples 

collected from the reactors. 

 Assess applicability of findings from the experiments to full-scale reactors 

 Conduct anaerobic digestion modelling to understand particulate-granule 

interaction and its effects on the disintegration of suspended solids. 

 Establish implications of experimental and theoretical results on process control 

and monitoring of high-rate anaerobic digestion of particle-rich substrates. 
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2 Literature review 

This chapter presents a review of articles, books, scientific data and other works related 

to high-rate digestion of particle-rich substrates. Practical remedies suggested by various 

authors and their suitability in achieving the objectives of this dissertation are discussed. 

2.1 Particle-rich substrates 

One of the parameters used to characterise wastewater is the amount of solids it 

contains. Solid content is measured as total solids, volatile solids, suspended solids or 

dissolved solids. The total solids (TS) is the sum of dissolved and suspended solids. Even 

though there is no precise definition for dissolved solids, conventionally, many authors 

consider particles with diameters less than 0.45 µm to be dissolved [40].  

The term “particulate” is often used to refer to suspended solids. The total solids content 

of substrates can be used to classify substrates, such as particle-rich and particle free. 

Many industrial wastewaters are considered particle-free because they contain little to 

no suspended solids. On the other hand, many other wastewaters, such as municipal 

and agricultural wastewater, contain a substantial amount of suspended solids and thus, 

are considered particle-rich. Some studies classify anaerobic digestion based on the total 

solids content of the substrates [41]. Dry, semi-dry and wet digestion are types of 

anaerobic digestions that are carried out using substrates with a total solids content of > 

20%, 10–20% and < 10% respectively [41].  Agricultural wastes such as manure are 

considered particle-rich because they contain high levels of suspended solids. Animal 

manure is one of the most abundant resources containing nutrients and organic matter 

and it has the potential to be a reliable source of renewable energy as a substrate for 

biogas production. 

2.1.1 Biogas production from particle-rich substrates 

Particle-rich substrates contain high energy density, which gives them a high potential 

for biogas production. In practice, the potential is limited by how much of the particles 

are degraded. Chemical composition of particle-rich substrates plays an important role 
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in determining the extent of biodegradability. Low disintegration and hydrolysis rates 

are often encountered during anaerobic digestion of solid particulates. As a result, only 

a fraction of the solid particles is actually converted into biogas. The biogas potential of 

particle-rich substrates can be determined by estimating the average chemical 

composition of the volatile solids (VS) of the substrate. When solids are heated to 500 ± 

50 °C, a fraction of them will be volatilized, these solids are called volatile solids and 

they are generally presumed to be organic matter even though some organic 

components may not be completely volatilized and certain inorganic matter may be 

volatilized [42]. Using Buswell’s formulas in equations 2 & 3, the maximum theoretical 

methane potential is estimated for each compound per unit mass of VS (Eq. 5). 

 Buswell’s methane potential in terms of volume of CH4 /kgVS is given as [43]: 

CH4 produced (mole) × Molar gas volume (22.4 L/mole)

Substrate used (kgVS)
    (5) 

For example, the average chemical composition of VS of manure is estimated by Møller 

et al. (2004) [43] as follows: 

VSCarbohydrate = C6H10O5          (415 L CH4 /kgVS) 

VSProtein = C5H7O2N               (496 LCH4 /kgVS) 

VSLipid = C57H104O6              (1014 L CH4 /kgVS) 

VSLignin = C6H10O5                (415 L CH4 /kgVS) 

VSVFA = C2H4O2                    (370 L CH4 /kgVS) 

Chemical composition of manure from different animals shows differences. This affects 

the degree to which these manures are degraded and the amount of methane that can be 

produced. Biodegradability of manure waste is determined using biodegradability 

constant, which is defined as a ratio of consumed volatile solids and added volatile solids 

assuming infinite retention time. Biodegradability constants of animal manure were 

estimated to be 0.9 for swine, 0.56–0.65 for cattle (beef), 0.36 for cattle (dairy) and 0.7–

0.87 for poultry [44].  Møller et al. (2004) [43] studied methane potential of manure from 

pigs, sows and cattle and found values of 516 L CH4/kgVS, 530 L CH4/kgVS and 469 L 
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CH4/kgVS, respectively. The organic fraction of municipal solid waste (OFMSW) is also 

a particle-rich substrate. Organic solid waste is composed of food waste, garden waste, 

paper, and other degradable wastes. The physical and chemical characteristics of 

OFMSW varies depending on the region it is generated. Different countries produce 

different waste based on their cultures and food habits. As a result, the VS content in 

OFMSW also varies considerably. In a review carried out by Campuzano et al. (2016) 

[45], it was revealed that the VS from OFMSW from various countries ranges from 7% 

to 36% with an average at 22% (Figure 2.1). The elemental composition of OFMSW also 

varies depending on which study one looks at. However, average values reported by 

authors [45] who studied the composition of wastes in various countries seems to 

indicate that the C, H, N and S composition on a dry weight basis to be 46%, 6%, 3%, and 

0.3%, respectively. Brown and Murphy (2013) [46] derived an average chemical formula 

for OFMSW that is C16.4H29O9.8N (the derivation was mainly based on food waste), while 

Fongsatitkul et al. (2010) [47] suggested a formula of C25H42.5O20N. Application of 

Buswell’s methane potential equations on the above stoichiometric formulas suggests a 

maximum theoretical methane potential of 510 L CH4 /kgVS for C16.4H29O9.8N and 412 L 

CH4 /kgVS for C25H42.5O20N. 

 

Figure 2.1: Methane production based on VS (%) from various authors (Adapted 

from Campuzano et al. (2016) [45]) 
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Some industrial effluents such as palm oil mill effluent (POME) contain high organic 

content, of which a substantial amount is as suspended solids. The reported COD, total, 

suspended and volatile solids contents of raw POME are 44–103 g/L, 40–72 g/L, 18–46 

g/L and 34–49 g/L, respectively [48]. Since POME contains a high amount of oil and 

grease (lipids), which have a high energy density, the theoretical maximum methane 

potential is high. The main chemical constituents and their estimates in raw POME are 

crude protein (13%), crude lipid (10%) carbohydrate (30%), nitrogen-free extract (26%) 

the rest is ash and moisture [49]. Buswell’s equations can be applied to estimate the 

methane potential of POME. Alternatively, COD can be used to calculate the theoretical 

methane potential of POME. Since the maximum amount of CH4 produced from a  gram 

of COD at standard conditions (273 K and 1 atm pressure) is 0.35 L CH4 [42], the expected 

methane potential for raw POME with COD of 44–103 g/L would be 15–36 L CH4/L raw 

POME. Assuming an average VS of 42 g/L, the Maximum methane potential would be 

370–860 L CH4/kgVS.  

Another group of substrates that are considered particle-rich are energy crops, which 

are being increasingly used for biogas production [50]. There are several types of energy 

crops used as substrates in anaerobic reactors. The most common one is maize, however; 

wheat, potato, sugar beet, grass and other types of crops are also used. Energy crops 

contain high total and volatile solids contents. Typical TS values are 20–40%  [50]. 

Methane potentials of energy crops depend on the nature and composition of energy 

crop as well as the part of the crop used and the season of harvest. A literature review 

indicates that theoretical methane potential values in L CH4/kgVS are; 205–450  for 

Maize, 384–426 for Wheat, 276–400 for Potatoes, 236–381 for sugar beets and 298–467 for 

grass [50]. Overall, it is clear that the biogas potential of particle-rich substrates is high. 

The challenge is to achieve a high degree of biodegradation. In many cases, significant 

portions of organic substances remain undigested. This is especially the case if substrates 

contain a relatively high level of suspended solids, high lignocellulosic substances, and 

inhibitory compounds. Various steps are already available to increase the methane 

potential of particle-rich substrates. Some of the most important methods used to realise 

the potential of particle-rich substrates are discussed in section 2.2. 
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2.2 Anaerobic digestion of particle-rich substrates 

Topics that are often associated with anaerobic digestion of particle-rich substrates are 

discussed. Some of the most common topics are substrate pretreatment, the need for co-

digestion and commonly encountered problems during particle-rich substrate digestion. 

2.2.1 Pretreatment methods 

Particle-rich substrates are often pretreated prior to anaerobic digestion. The main 

objectives of pretreatment are increasing rate of anaerobic digestion and biogas yield. 

Various methods of pretreatment are developed over the years. They are classified as 

physical, chemical, biological and combined pretreatment methods. Physical 

pretreatment method usually involves some form of particle size reduction or attrition 

such as milling, leading to an increase in the surface area of substrates available for 

microbial action. Thermal pretreatment is carried out at high temperatures (> 50 oC), 

leading to an increase in organic compound solubility. Reports from various authors 

show that thermal pretreatment increases biogas yield [51][52][53]. However, 

pretreatment at very high temperatures (> 120 °C) may lead to the formation of complex 

compounds that are hard to degrade (e.g. Maillard reaction between amino acids and 

carbohydrate products may occur [53]). Thermal pretreatment has the added benefits of 

pathogen removal, moisture reduction (dewatering) and reduction of substrate viscosity 

[53]. Chemical pretreatment is often used for substrates with significant lignocellulosic 

content. It involves using acidic, alkali or oxidative compounds to breakdown bonds in 

the lignocellulosic matrix. Compounds such as NaOH are used for alkali pretreatment. 

Acidic pretreatment is often carried out in combination with thermal pretreatment 

(thermochemical pretreatment). For oxidative pretreatment, H2O2 is used [54]. Biological 

pretreatment methods use microorganisms, enzymes or biological processes to treat 

substrates. Reports indicate that some fungi (brown-rot, white-rot, and soft-rot fungi) 

are capable of degrading lignocellulosic substances [55][56]. Direct hydrolytic enzyme 

addition is also used as a biological pretreatment method with some success [57]. 

Combined pretreatment processes such as steam explosion, extrusion, and 



Fasil Ayelegn Tassew 

___ 

24   

 

thermochemical pretreatment use a combination of physical, chemical and biological 

methods discussed above.  

2.2.2 Co–digestion 

Anaerobic digestion of a single substrate may face challenges due to nutrient imbalance, 

high concentration of inhibitory compounds, high or low C/N ratio, etc. One of the 

methods to solve such challenges is to co–digest two or more complementary substrates 

together. Carefully selected substrates and mixing ratios lead to increased biogas 

production as well as improved reactor stability. Co-digestion of agricultural waste 

(manure in particular) with other substrates is of special interest due to several 

advantages. Despite their abundant availability, the methane potential of animal manure 

is relatively low. Using co-digestion will increase methane production and increase the 

economic feasibility of reactors. Manure anaerobic digestion is susceptible to ammonia 

inhibition due to the high concentration of nitrogen-containing compounds [58]. Co-

digestion with compounds high in carbon content would counter the inhibiting effect of 

ammonia by balancing the C/N ratio [58]. The recommended C/N ratio for anaerobic 

digestion varies but many authors report 20–30 is an optimal range. For manure, the 

ratio is usually less than 10, which is considered too low [59][60]. It is reasonable to co–

digest manure with substrates high on C/N ratio so that the resulting mixture has an 

optimum C/N ratio. Since substrates such as energy crops, industrial wastewaters, and 

certain municipal waste are high in C/N ratio, they are frequently used in co-digestion 

of manures with encouraging results [59][60].  

2.2.3 High-rate anaerobic digestion of particle-rich substrates 

As described in section 1.1, high-rate anaerobic digestion is often used for substrates of 

low suspended particulate content. Attempts have been made to adapt high-rate 

technology for substrates with high–suspended solids content. This section summarizes 

the current trends and developments in the use of high-rate reactors for digestion of 

particle-rich substrates. Even though high-rate reactors are considered unsuitable for 

substrates with a high concentration of suspended solids, tests to adapt it to particle-rich 

substrates were started early in the development of high-rate reactors.  
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One of the first attempts was made by Lettinga et al. (1984) [61] where the feasibility of 

UASB for digestion of slaughterhouse waste with 50% insoluble suspended COD was 

tested. They achieved 70% treatment efficiency based on total COD and 90% based on 

soluble COD. Boari et al. (1984) [62] also achieved 70% total COD removal using UASB 

on diluted olive oil mill wastewater. Similar other attempts were also made, but in many 

of these attempts, there were accumulations of suspended solids in the sludge bed 

especially when the HRT was short and the OLR was high (see Article 2). Solid 

accumulation in the sludge bed is known to affect the digestion process by shortening 

the sludge retention time and limiting methanogenic activity. As a result, solid removal 

in high-rate reactors was not considerable. However, Zeeman et al. (1996) [63] used an 

up-flow anaerobic solid removal (UASR), a two-phase UASB type reactor, to achieve 

high-rate removal of suspended solids from raw domestic sewage with high suspended 

and colloidal COD (65% suspended solids COD removal at 3 hr HRT).   

2.2.4 The fate of suspended particles in high-rate reactors 

Suspended solids accumulation in the granular sludge bed is a common occurrence 

during high-rate digestion of particle-rich substrates. Accumulation of suspended solids 

in the sludge bed affects the digestion process by causing granular sludge washout and 

inhibiting methanogens [64]. Understanding how and why suspended solids 

accumulate is vital for the application of high-rate anaerobic digestion to particle-rich 

substrates. In order to understand the fate of accumulated solids, it is important to 

identify what factors play a role in the accumulation. Mahmoud et al. (2003) [64] 

reviewed the main factors that play a role in solid removal in UASB reactors.  The review 

classified such factors into reactor operational conditions, substrate characteristics and 

granular sludge bed characteristics. Particular importance for this section is factors that 

affect the rate of conversion of entrapped solids. Solids accumulate because they have a 

slow rate of disintegration and hydrolysis. Temperature, size of entrapped particles, 

pretreatment, etc. have various effects on the rate of disintegration and hydrolysis. 

Higher digestion temperature leads to faster hydrolysis and efficient solid removal. The 

kinetics of hydrolysis is assumed to be first-order [15] where the hydrolysis rate constant 

follows the Arrhenius equation for temperature effect. 
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dX

dt
= Kh X                                                                                            (6) 

Kh = Ae
−Ea

RT⁄                                                                                   (7) 

Where dx/dt is the rate of hydrolysis, Kh is hydrolysis rate constant, X particulate 

component, A is Arrhenius constant, Ea is activation energy, R is gas constant and T is 

temperature. Size of the entrapped solids influences disintegration and hydrolysis rates, 

with smaller solids having faster rates than larger ones. Sharma et al. (1988) [65] studied 

the influence of particle size on biogas production by carrying out batch tests on various 

solid biomass residues and found out that smaller particles generate more biogas than 

larger ones. Interaction of accumulated solids and granular sludge involves the release 

of hydrolysing enzymes by microorganisms that facilitate solubilisation of accumulated 

solids. Accumulated solids that contain a significant amount of lignocellulosic 

substances (cellulose, hemicellulose, and lignin) tend to take a relatively longer time to 

solubilize [57] than solids that contain other biopolymers such as protein.  

The difficulty of breaking down lignocellulosic substances is due to the strong and 

reinforced nature of their chemical structure. In the case of cellulose, its monomers 

(glucose molecules) are bonded by strong beta–(1,4) glycosidic bonds that are difficult 

to break. Lignin has a complex structure made up of phenolic monomers that are 

difficult to degrade. Even when degraded in small amount, the resulting phenols have 

an inhibitory effect on anaerobic digestion (see Article 3 for more.). Enzymatic 

breakdown of chemical bonds in the lignocellulosic substances takes place at a slow rate 

because their complex structure makes it difficult for enzymes to have easy access to 

such bonds. As a result, high-rate digestion that involves substrates with lignocellulosic 

matter such as animal manure, straw, grass, and other plant biomass tend to have solid 

accumulation.  

2.2.5 Problems during digestion of particle-rich substrates  

The methane potential of particle-rich substrates is high but the presence of 

lignocellulosic biomass and other slowly degradable substances makes it difficult to 

realise this potential. Pretreatment of particle-rich substrates are used to help realise 
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methane potential but the energy demand and cost for pretreatment is not always 

sustainable [66].  

Digestion of particle-rich substrates often encounters problems that are related to 

particle accumulation. Presence of solid particles in reactors that contain various 

interlocking pipes, pumps, mixers and vessels often results in physical clogging due to 

particle embedding in pipes and pumps. When the accumulated particles become dense 

enough, efficient mixing becomes impossible and the digestion process is severely 

limited, requiring regular clean–up of reactor parts.  Accumulation of solids also leads 

to alteration of the microbial composition and density in the sludge bed, which 

eventually can result in digestion failure. Accumulating solids reduce the effective 

volume of the reactor leading to alteration of the effective HRT and OLR values [67]. In 

reactors that use internal heating systems, solid particulates can be accumulated on 

heaters and heat exchangers, greatly reducing the efficiency of heat transfer [68]. 

Prolonged presence of accumulated solids can also be a cause for granular sludge 

washout [69]. Laboratory and full-scale experiments performed by Lettinga et al. (1991) 

[69] showed signs of granular washout due to the accumulation of solids in reactors. 

When less dense solid particulates are present, a floating layer of solids may also appear 

at the top of reactors (inverted solid profile) either due to the formation of foam and/or 

due to upward moving gases pushing/lifting the solids up. 
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3 Materials and methods 

This section provides descriptions of laboratory and pilot reactors used for anaerobic 

digestion experiments. In addition, descriptions of analytical methods for influent, 

effluent and granule samples are also provided.  

3.1 Strategy  

In order to accomplish the objectives presented in section 1.2, lab-scale and full-scale 

(pilot) anaerobic digestion experiments were carried out. Various strategies were used 

depending on the specific objectives. In order to analyse granular sludge characteristics 

such as size and settling property, granular sludge samples were taken out from various 

locations in lab-scale reactors and compared with granular sludge obtained from large-

scale reactors. Correlation of granular sludge characteristics with flow conditions such 

as up-flow velocity, organic loading rate and hydraulic retention time was assessed.  

In order to understand the effect of suspended solids content of particle-rich substrates 

on anaerobic digestion, laboratory experiments were carried out where; one reactor was 

fed a substrate with high suspended solids content while the other was fed a substrate 

with low suspended solids content with all other controllable variables equal. 

Suspended solid reduction of the feed was carried out by centrifugation. Effects of 

temperature were studied by varying digestion temperature. Most of the laboratory 

experiments were carried out at 25 and 35 °C.   

The combined effect of temperature and particulate content of the substrate was studied 

by using a single reactor and changing the substrates particle content and temperature 

at various phases during the experiment. Batch experiments were also used to determine 

the methane potential of substrates with high and low particulate content and 

with/without the addition of enzyme. In addition, kinetic parameters were determined 

and used in modelling of the digestion processes.  
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3.1.1 Pilot reactor 

Feed, effluent, and granule samples were taken from a pilot ABR reactor (Figure 3.1) 

located in Porsgrunn, Norway. The reactor treats swine manure supernatant. Various 

temperature ranges were used during the experiments. HRT and OLR values were also 

varied. The basic dimensions of the reactor are provided in Table 3.1.  

Table 3.1: Dimensions and tested operational parameters of the pilot reactor 

Reactor property Pilot reactor 

Total volume (m3) 10 

Single Intermittent Feed (L) 70 

Intermittent Feed frequency (d–1) 47 

HLR (L/d) 3300 

HRT (d) 1–5 

OLR (g.L–1 d–1) Various 

Up-flow velocity (m/d) Various 

Temperature (°C) 20–35 

 

 

Figure 3.1: Pilot ABR reactor where samples were regularly investigated and reactor 

conditions monitored. 
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3.1.2 Lab-scale reactors 

Three lab-scale reactors were built. Two of them were used as identical parallel reactors 

whereas the third one was a standalone reactor with similar dimensions as the two 

identical. The basic set up of all three reactors are given in Figure 3.2 and dimensions in 

Table 3.2.  

 

 

Figure 3.2: UASB reactor set up and system description. 

 

Table 3.2: Dimensions of lab-scale reactors 

Reactor property Standalone reactor Parallel reactors 

Height (m) 0.85 0.52 

Internal diameter (m) 0.044 0.054 

Cross–sectional area (m2) 0.0015 0.0023 

Total volume (L) 1.3 1.2 

HRT (d) 1–5 Various 

OLR (g.L–1 d–1) 3–21 Various 

Up-flow velocity (m/d) 40–42 40–42 

Temperature (°C) 25–38 25–38 
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3.1.3 Batch reactor 

Various batch reactor experiments were carried out. Preliminary batch tests using 

syringes and bottles as reactor vessels were used. However, most of the data collected 

from batch experiments were from batch experiments using automatic methane 

potential test system instrument (AMPTS II, Bioprocess Control, Sweden). AMPTS is 

equipped with a temperature adjustable heat bath, automatic stirrer motors, a CO2 

removal unit, a methane volume measurement unit and software to monitor the system 

(Figure 3.3).  For samples that require mechanical pretreatment (size reduction by 

milling), milling was carried out using a milling machine using ZrO2 mill balls (Szegvari 

Attritor system, Union process from Ohio, USA). Centrifugation of samples was carried 

out using a Centrifuge (Beckman J–25, with JA–10 rotor). 

 

 

Figure 3.3: Batch experiment reactor set up and equipment description (figure from 

Bioprocess control’s homepage) 

 

http://www.bioprocesscontrol.com/products/ampts-ii/
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3.2 Experimental analysis 

3.2.1 Microscopic image analysis 

Granule image analysis was carried out using a Nikon SMZ745T microscope (Figure 3.4). 

The microscope was calibrated using a standard ruler with a known distance so that the 

pixel size of the images generated by the microscope is correlated with the size of the 

granules. The granules were rinsed with distilled water then 10–15 granules were 

scooped with a spatula and placed on a microscope slide. Since data about granule 

perimeter is crucial, individual granules were separated so that they do not overlap and 

interfere with each other’s perimeter measurements. The settings for image quality were 

adjusted and images were taken. The image files were saved as JPEG files. Each image 

file was then preprocessed and its data collected using Matlab codes (Appendix A and 

B). 

 

 

Figure 3.4: Nikon SMZ745T microscope was used to take 2D–images (2 dimensional) 

of granules. 
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3.2.2 Pilot reactor experiments 

Periodical monitoring of the performance of the pilot anaerobic reactor was carried out. 

During the monitoring, influent and effluent samples were analysed, gas flow rate and 

composition analysis were undertaken and granular characterization carried out. The 

analytical methods used for influent and effluent characterization are described in the 

following section. On-site biogas composition analysis was carried out using a portable 

gas composition analyser, Biogas 5000 (bought from Geotech UK).  

3.2.3 Lab-scale reactor experiments 

Influent and effluent samples were taken from the lab-scale reactors and analysed using 

various analytical methods. Sample characteristics such as total solids, total suspended 

solids, volatile solids, and volatile suspended solids were determined according to 

American public health association standard method APHA 2540 [35]. The organic 

content of samples was determined as total and soluble COD values using COD kits and 

Spectrophotometric method in accordance with APHA standard method 5220 D. 

Beckman 300 pH meter equipped with Sentix–82 pH electrode was used to determine 

sample pH. Ammonium–Nitrogen content (NH4+–N) was measured according to APHA 

4500–NH3. Both COD and NH4+–N concentrations were measured using commercially 

available test kits and Spectroquant Pharo 300 spectrophotometer (Darmstadt, 

Germany). Volatile fatty acid (VFA) content of samples was measured using Agilent gas 

chromatography–flame ionization detector (GC–FID). Standard VFA samples were used 

for each experiment to establish a calibration curve. Biogas compositions of samples 

from lab-scale reactors were analysed using SRI 8610C Gas chromatograph. A standard 

mixture of 60% of CH4 and 38% of CO2 was used for calibration. 

3.2.4 Batch reactor experiments 

Influent samples used in batch experiments were also characterised using the same 

methods described in section 3.2.2. In addition, granular sludge characteristics such as 

size, settling velocity and density were measured according to methods described in 

Article 1. Milling of samples was carried out using a milling machine at 400 RPM for 15 

https://www.geotechuk.com/site/wp-content/uploads/2016/01/Geotech-BIOGAS-5000-datasheet.pdf
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minutes. Centrifugation of feed samples was carried out for 15 minutes at 10,000 RPM 

using Beckman J–25 Centrifuge. 

3.2.5 Experiments on the effects of substrate milling 

In addition to the above–mentioned experiments, various others were also carried out 

for various purposes. One such experiment was a batch anaerobic digestion to 

understand the effect of milling on substrate particle size, rate of hydrolysis and 

biomethane potential. Even though the experiment did not produce publishable results, 

it is included here as it gave us insight into the effect of particle size in biomethane 

potential. For the experiment, pig manure slurry samples were collected from 

Bjorkedalen farm where a pilot anaerobic baffled reactor (ABR) reactor treats manure 

waste.  Three main sample groups were used in the experiment.  

 Raw feed (RF): Raw manure collected directly from barn manure storage. 

 Milled feed (MF): Raw manure milled using 5 mm ZrO2 balls at 400 RPM for 15 

minutes. 

 Pump feed (PF): Manure collected after raw manure passed through a rotary 

‘grinder’ pump. 

Each sample group was divided into two samples (Table 3.3). The first sample was made 

by sieving each sample group through a 0.85 mm sieve. The second sample was used 

without sieving. An additional sample was prepared by adding Cellulase enzyme into 

the unsieved milled feed. In total, seven feed samples were prepared. RF was directly 

collected from a storage tank whereas the pump feed was collected from the upper 

section of the pump. Apart from sieving, no further sample processing was conducted 

on raw and pump feeds. However, the milled feed was prepared by milling the raw feed 

at 400 RPM for 15 minutes.  A szegvari Attritor System milling/grinding machine from 

Union Process was used. 3 L of raw feed was added into a vessel that contained nearly 

8,000 ZrO2 balls whose total volume add up to 3 L. The motor was adjusted to a speed 

of 400 RPM. The milling process was carried out for 15 minutes, after which, the milled 

sample was carefully separated from the balls and collected. Feed and granule 
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characterizations were carried out as described in section 3.2.3. Batch reactor 

experiments were performed using an AMPTS II instrument. 

Table 3.3: Samples and descriptions for milling experiment. (O: Original feed and S: 

Sieved feed). 

Sample  Description 

RF–O  Raw manure feed without sieving 

RF–S  Raw manure feed after sieving through 0.85 mm sieve 

MF–O  Milled feed without sieving 

MF–S  Milled feed after sieving through 0.85 mm sieve 

PF–O  Pump feed without sieving 

PF–S  Pump feed after sieving through 0.85 mm sieve 

MF–C  Milled feed and Cellulase enzyme without sieving 
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4 Overview of results and discussion 

In this chapter, a brief overview of results obtained from performing lab-scale and pilot 

reactor experiments as well as a review of published articles are presented. Results from 

unpublished works are also presented and discussed. The implications of the results for 

anaerobic digestion of particle-rich substrates in granular sludge beds are presented. 

Section 4.1 briefly presents results and discusses the implication of using image analysis 

to determine the size and settling velocity of granules. Section 4.2 discusses to what 

extent high-rate reactors have been used and what to do to employ successfully such 

reactors for particle-rich substrates. Discussion of experimental results and their 

significance is provided in section 4.3 for batch reactor results and section 4.4 for 

continuous flow reactor results. 

4.1 Settling velocity and size distribution measurement of 

anaerobic granular sludge using microscopic image 

analysis 

The development and rapid adoption of high-rate anaerobic reactors are strongly linked 

to the discovery of anaerobic granular sludge. Since physical characteristics such as size, 

settling velocity, and density of anaerobic granules are crucial parameters of a stable 

high-rate reactor, it is important to monitor such granular characteristics regularly. 

Granules in high-rate reactors are in a dynamic system where they experience physical 

and biological changes. Granular size changes during the anaerobic digestion process 

due to microbial growth and decay, granular shear–off, granule–granule collision, and 

granule–wall collisions. In order to monitor changes in granule size and settling velocity,  

we developed a method that uses microscopic image analysis, shape factor of granules 

and settling column experiments to determine the size distribution and settling velocity 

of anaerobic granules. Three samples were collected at the top, middle and bottom 

sections of a lab-scale UASB reactor. Two other samples were obtained from industries. 

Image analysis technique was used to calculate the shape factor and equivalent diameter 

of granules. The equivalent diameter was then used to calculate the theoretical settling 
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velocities and estimate size distributions. The results showed that there was a good 

agreement between the calculated and experimental mean settling velocity values. Both 

measured and calculated settling velocities increased with increasing Reynolds number 

(Re). However, the agreement between measured and calculated values was found to be 

weaker at higher Re values. Size distribution analyses of the granules have revealed that 

there was a significant difference in the size distribution of granule samples collected at 

different heights of the lab-scale reactor (Figure 4.1). Overall, granules from the bottom 

section of the reactor had a larger mean diameter, settling velocity and shape factor than 

those at the middle and the top sections. The granules collected from the top section 

exhibited the smallest granular diameter, settling velocity and shape factor (Figure 4.2). 

A more detailed data are provided in the attached Article 1. 

 

Figure 4.1: Size distribution of granules in a Lab-scale UASB reactor. 

Use of particle-rich substrates in high-rate reactors tend to cause the accumulation of 

particles in the sludge bed. Accumulated solids affect the size, density and settling 

properties of the granular sludge. In the pilot reactor that we have monitored during the 

course of the PhD project, one of the recurring problem was the formation of floating 

particles as a top layer of the reactor,  constituted mostly of scum, straw and other light 

suspended solids that are not entrapped in the sludge bed. We noticed presence of small 
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granules in the floating layer that seemed to be sheared–off from larger granules and 

pushed out of the sludge bed and floated to the top layer, suggesting size and settling 

velocity of granules are affected not just through “regular” microbial growth/decay cycle 

of granules but also through physical and mechanical interactions of granules with 

suspended solids.  

We have shown that the size and shape influence the settling velocity of granules and 

that image analysis is an effective way to measure such properties. The method can be 

used for both aerobic and anaerobic granules in the intermediate flow regime (the 

Reynolds number value, Re, should be between 1 and 500). We also demonstrated that 

the method can be used on samples obtained from lab-scale and industrial reactors. 

 

Figure 4.2: Settling velocity distribution of granules in a Lab-scale UASB 

reactor. 
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4.2 Granular sludge bed processes in anaerobic digestion 

of particle-rich substrates  

In attached article 2, we have conducted a review of published articles, books, and 

reports to investigate how and to what extent feed particles influence granular sludge 

bed, with the aim to expand the applicability of granular sludge bed reactors to various 

types of slurries that are abundantly available. Granular sludge bed anaerobic digestion 

is well established as a method for very efficient wastewater treatment. However, it is 

limited by the wastewater particle content. The article shows that there are attempts, 

with various degrees of success, to use high-rate anaerobic digestion for particle-rich 

substrates. Nevertheless, the use of high-rate reactors for particle-rich substrates still face 

hurdles related to the slow rate of particulate disintegration that results in solid 

accumulation and sometimes reactor failure. Attempts ranging from the use of 

pretreatment methods to reactor design modifications to circumvent possible solid 

accumulations in reactors have been used. However, many of such methods may not be 

economically sustainable. Increasing disintegration and hydrolysis of solid particulates 

in high-rate reactors seemed to be more promising.  

Applications, advantages and disadvantages of commonly used high-rate anaerobic 

reactors are presented in Article 2, with UASB and its variant EGSB selected for a more 

detailed evaluation. The review pointed out that there is a large quantity of particle-rich 

substrates that can be used as a feed in high-rate AD reactors, manure being such a 

substrate. Co-digestion of manure with other substrates such as food wastes and 

municipal organic wastes was found to be increasingly common, with various papers 

showing promising results related to the reduction of ammonia inhibition, optimum 

C/N ratio, increased methane yield etc.  

Review of reaction kinetics involved in the digestion of particle-rich substrates was also 

carried out with emphasis on disintegration and hydrolysis steps.  Disintegration and 

hydrolysis of solid particulates in such high-rate reactors and factors that affect these 

processes are studied especially, as rate-limiting steps. The review shows that 

disintegration and hydrolysis are sometimes lumped together as a single step but for 
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particle-rich substrates, it is advantageous to treat them as distinct steps. For practical 

purposes, use of first-order disintegration kinetics that classifies solid particulates into 

slow disintegrating and fast disintegrating fractions was found to be a workable 

solution. How particles may influence other key processes within granular sludge beds 

is also discussed. Based on this, strategies for effective digestion of particle-rich 

substrates in high-rate anaerobic digestion reactors are proposed. More detail is given 

in the attachment section for Article 2. 

4.3 Effect of particulate disintegration on biomethane 

potential of particle-rich substrates in batch anaerobic 

reactor 

The objective of this article 3 is to understand the effect of particulate disintegration on 

biomethane potential. We used anaerobic batch reactors to accomplish this. Two classes 

of samples, one rich in particles (Raw feed) and another poor in particle content 

(Centrifuged feed) were prepared from a pig manure supernatant. The experiments 

were carried out with and without cellulase enzyme addition to obtain a better 

understanding of particle degradation mechanisms. Automatic methane potential test 

system (AMPTS) was used to carry out batch reactions at 35 °C.  

The investigation showed that substrates with high-suspended solids (RF) had higher 

biomethane potential than substrates with low-suspended solids (CF) but the conversion 

rate and methane yield were lower. As shown in Figure 4.3, the comparison of the 

biomethane potential of RF and CF revealed three distinctive stages. In the first stage (0–

8 days), the rate of biomethane production was higher for CF but later overtaken by RF 

in the second stage (8–17 days). A maximum biomethane volume was reached at around 

17 days for both RF and CF samples and remained relatively stable in the third stage 

(17–40 days) with no significant biomethane production for both RF and CF. However, 

the total volume of biomethane produced in the last stage appeared to decline slightly, 

which was attributed to a gradual (but small) increase in biomethane production from 

blank samples (in anaerobic digestion dead microbes are “recycled” and used by the rest 
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of microbes as a substrate leading to slight increase in the amount of biomethane 

produced from blank samples at the later stage of the batch test). Presence of suspended 

solids in higher quantities in RF contributed to its lower rate of biomethane production 

in the early stage of the batch test. Even if RF did not overtake CF until day 8, it is 

noticeable that the rate started to increase drastically from day 5. This suggests the 

presence of a ”lag phase” during which the disintegration of solids into hydrolysable 

components occurs. Such a lag phase was not observed in the sample with low 

suspended solids (CF). In fact, the biggest difference in the rate of biomethane 

production between RF and CF occurred in the first 2–3 days of the batch test where RF 

produced no net biomethane whereas CF produced about 50 ml.  

Enzyme addition increased methane production in both types of substrates (Figure 4.4) 

but the increase was more pronounced in particle-rich substrates presumably due to 

higher cellulose content. The rate of methane production was also affected by enzyme 

addition. Highest biomethane production rates were achieved faster in substrates with 

cellulase addition compared to those without addition. 

 

Figure 4.3: Blank adjusted biomethane potential of samples with high 

suspended solids (RF) and low suspended solids (CF). 

The amount of methane produced at peak production rate was also higher in cellulase 

added substrates. A sharp peak was observed for both RF–CEL and CF–CEL samples on 
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the first day of the digestion. Digestion of easily degradable components that are 

consumed rapidly and released as biomethane may have temporarily spiked the total 

volume but this was quickly countered by an increase in biomethane production from 

the blank samples.  

Simulation of the reactors without cellulase addition was carried out in two modes. 

Mode 1 was similar with standard ADM1 simulation where composite particulate (Xc) 

was not classified into fast and slow disintegrating fractions. Whereas, in Mode 2 

simulation, particulates were classified as Xc1 and Xc2 (fast and slow fractions 

respectively). The result of the simulation indicated that Mode 2 simulation fit the 

experimental data better than Mode 1 simulation (Figure 4.5). However, substrates with 

low particle content (Centrifuged feed) show a marginal difference between Mode 1 and 

Mode 2 simulations. Substrates with high particle content (Raw feed), on the other hand, 

showed greatly improved fit with experimental data from Mode 1 to Mode 2 

simulations, implying that Mode 2 simulation may be well suited for particle-rich 

substrates. Further description of experimental and simulation results and discussion 

can be found in Article 3 in the attachment section. 

 

Figure 4.4: Blank adjusted biomethane potential of cellulase–added samples 

with high suspended solids (RF–CEL) and low suspended solids (CF–CEL). 
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Figure 4.5: Mode 2 simulation for particulate degradation of samples with high 

suspended solids: RF (a) and low suspended solids: CF (b). 

4.4 Influences of temperature and feed particle content on 

granular sludge bed anaerobic digestion 

This article investigates the influences of temperature and particle content on anaerobic 

digestion in a continuous flow lab-scale reactor using manure supernatant as a substrate. 

The experiment was carried out in four phases by varying reaction temperature (25–35 

°C) and substrate particle content (low–high particle content). The results show that 

biogas production increased with temperature in both high and low particle content 

substrates, however, the temperature effect was stronger on high particle content 

substrate (Figure 4.6).  

At 25 °C, both high and low particle content substrates produced a comparable amount 

of biogas suggesting that biogas at this temperature came mainly from the digestion of 

small particles and soluble components present in similar quantities in both substrates 

(Table 4.1). At 35 °C, substrates with high particle content (RF) showed significantly 

higher biogas production than those with low particle content (CF), which was 

attributed to increased (temperature-dependent) disintegration of larger solid 

particulates.  
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Table 4.1: Biogas flow rate and methane yield of samples at 25 °C and 35 °C. 

Substrate 

Average biogas flow rate (L/d) 

Methane yield 

(L CH4/gVSS) 

Experimental Simulation 

25 °C  35 °C 

Mode 1 Mode 2 

25 °C 35 °C 25 °C 35 °C 25 °C 35 °C 

RF 2.1±0.5 3.7±0.2 2.7±0.3 2.6±0.6 2.5±0.4 3.0±0.9 0.41 0.71 

CF 2.4±0.2 3.3±0.9 2.4±0.1 2.5±0.1 2.8±0.0 4.7±0.8 0.76 1.06 

N.B. The average biogas flow rate of RF at 35 °C (Phase 1) was calculated after the flow rate was 

stabilized, hence flow rates from the first 5 days were not included in the calculation. 

In Phase 1, with RF at 35 °C, biogas production reached a maximum of 3.9 L/d, which 

immediately dropped to 1.4 L/d when the temperature was decreased to 25 °C  in Phase 

2. However, biogas production gradually increased to 2.5 L/d during Phase 2. Transition 

from Phase 2 to 3 did not result in a noticeable decrease in biogas production even if CF 

was used instead of RF, suggesting that the biogas production in both RF and CF at 25 

°C was primarily from soluble components (i.e RF particulates are underutilized which 

otherwise would have achieved a much higher biogas production than CF as expected 

based on the much higher COD content of RF). The transition from Phase 3 to 4 was 

carried out by increasing the temperature from 25 °C to 35 °C while CF remains the 

substrate. Increased biogas production, characterized also by larger fluctuations, was 

observed. However, the average biogas production was 11% less than the average 

production observed in Phase 1. 

 

Figure 4.6: Biogas flow rate in four phases of the experiment. 
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Mode 1 and Mode 2 simulations described in section 4.3 were applied to this case also. 

Comparison of the two modes of simulations revealed that classification of particles into 

fast and slow disintegrating fractions (Mode 2) leads to a better representation of the 

experimental data compared to Mode 1 simulation across all four phases of the 

experiment (Figure 4.7).  Mode 2 simulation showed a more efficient particulate removal 

and sensitivity to changes in temperature and particulate content than Mode 1 

simulation. 

 

Figure 4.7: Comparison of Mode 1 and Mode 2 simulations with the 

experimental data. 

4.5 Results from milling experiments 

Milling experiment described in section 3.2.5 revealed that the total volume of methane 

produced from each sample groups varies (Figure 4.8). The methane volume from the 

blank sample was subtracted from the volume of methane produced by other samples. 

The specific methane production of each sample was calculated as normal volume in 

millilitres (Nml, volume at 0 °C and 1 atm) per gram of volatile solids (VS). The total 

solid content of the original and sieved feed samples was compared. Unsurprisingly, the 

total solid content of sieved samples was lower than the original samples. However, the 

extent of decrease in TS content varies from sample to sample.  
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The largest decrease was found in pump feed samples whereas the smallest decrease 

was observed in milled samples. The total solid content decreased by 30.1% from PF–O 

to PF–S, by 20.6% from RF–O to RF–S and by 8.3% from MF–O to MF–S. Milling reduced 

particle sizes considerably and allowed over 91% of the solid particles to pass through a 

sieve of 0.85 mm size. Minimal increase in VS content was observed from original to 

sieved samples and in each case, the increase is less than 6%. The decrease in the total 

solid content seemed to be reflected on the total COD content of the samples, particularly 

in the milled samples. The total COD decreased 63.4% from RF–O to RF–S, 6.0% from 

MF–O to MF–S and 41.2% from PF–O to PF–S. The ratio of VS to TS was also compared 

for all samples. Sieved samples were found to have higher VS/TS ratios than the original 

samples. The values were 28% (RF–O), 37% (RF–S), 22% (MF–O), 25% (MF–S), 29% (PF–

O) and 42% (PF–S). The ultimate biomethane volume produced (in ml) after 40 days was 

1063 for RF-O, 1158 for MF-O and 1055 for PF-O. For the sieved samples, it was 1134, 

1052 and 1100 ml for RF-S, MF-S and PF-S respectively. 

 

Figure 4.8: Biomethane potential from the Milling experiment (not published). 
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5 Conclusions 

In this chapter, a summary of conclusions drawn from published articles and 

experiments from unpublished works are presented. It was shown that size distribution 

and settling velocity of granules in anaerobic reactors can be effectively measured based 

on image analysis. High-rate anaerobic digestion of particle-rich substrates has been 

considered challenging due to slow particle disintegration and hydrolysis which often 

lead to solid accumulation and eventual process failure. Based on literature review, 

reactor simulations, batch and continuous reactor experiments, this work showed that 

particle-rich substrates can be processed in anaerobic sludge bed reactors without 

process failure. Experiments carried out on the effect of substrate milling on biomethane 

production (unpublished work) showed that milling was an effective pretreatment 

method to reduce substrate particle sizes. It was also shown that the ultimate 

biomethane production was improved in terms of volume of biomethane. However, the 

high energy input required to mill the substrate may limit its economic feasibility. 

Altogether the work presented here demonstrates that it is possible to improve energy 

recovery from particle-rich slurries by high-rate sludge bed AD treatment. The 

conclusions made from each published article is presented below: 

5.1 Article 1: Settling velocity and size distribution 

measurement of anaerobic granular sludge using 

microscopic image analysis 

In this article, size distribution and settling velocity of granules from a lab-scale reactor 

and industry reactors were studied and the following conclusions were made: 

 The shape factor and equivalent diameter used in this article are demonstrated 

to be a good way to quantify size distribution and settling velocity of granules 

from granular sludge bed reactors. 

 Size and shape of UASB granules vary across a reactor height. Both size and 

shape factor increases from the top section to the bottom section of a reactor. 
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 Settling velocity of UASB granules depend not only on their size and density but 

also on the shape of the granules, which varies significantly between reactors. 

5.2 Article 2: Granular sludge bed processes in anaerobic 

digestion of particle-rich substrates  

This review paper assesses the state of high-rate digestion of particle-rich substrates. 

Successful high-rate AD of particle-rich substrates with TS content as high as 35% is 

possible in dry digestion processes as demonstrated by various authors. In conventional 

high-rate reactors such as UASB, the TS limit seemed to be around 10% TS, above which 

mass transfer limitation becomes a problem. Some forms of reactor modification are 

usually applied for high TS cases and there may be HRT or OLR restrictions due to the 

high solid content of the substrates. We further conclude that: 

 High-rate anaerobic digestion of particle-rich substrates has the potential to 

increase biogas production significantly due to the abundance of such substrates. 

 Economically sustainable methods of pretreatment are limited and several 

methods have been tried to improve the hydrolysis of solid particulates with 

varying degree of success (e.g., use of hydrolytic enzymes). 

 Slow disintegration and hydrolysis of particulates is the main bottleneck in fully 

achieving the biogas potential of particle-rich substrates in high-rate sludge bed 

processes. 

 Disintegration and hydrolysis of particulates within high-rate AD appear more 

promising than feed pretreatment. 

 High-rate AD is traditionally assumed to only handle low particulate levels such 

as in industrial wastewater while newer studies show that high-rate reactors, 

especially hybrid types, may handle high levels of particulates. 

 The degree of particle degradation within AD depends mainly on retention time 

so the challenge is to obtain long SRT in reactors with low HRT (SRT > HRT). 

 Feed particles have typically much lower density than granular sludge and may 

therefore not be retained by the same mechanisms and reactor configurations as 

the granules. They may float when associated with biogas bubbles. 
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 Devices to retain floating sludge may, therefore, be required to obtain efficient 

disintegration and hydrolysis of particulates. 

 There is evidence that the bacteria in the outer layer of granules can use 

extracellular polymeric structures to attach particles for the purpose of retaining 

and digesting feed particles. 

 Disintegration and hydrolysis are treated as a single step in some models when 

they are both assumed to have first-order kinetics and this works well for non-

complex substrates. Most particle-rich substrates are however quite complex and 

a wide range of models are proposed to handle such but more research is needed 

to find the best modeling approach. The relevance is emphasized by the fact that 

these are often the rate-limiting steps of the entire AD process on particle-rich 

substrates. Modified first-order kinetics that classifies solid particles into fast and 

slow disintegrating fractions may be a good approach for particle-rich substrates 

since it retains the simplicity of first-order kinetics and improves simulation 

accuracy. 

5.3 Article 3: Effect of particulate disintegration on 

biomethane potential of particle-rich substrates in 

batch anaerobic reactor 

After conducting batch reactor tests and analyzing results from substrates with high– 

and low suspended particle contents with and without enzyme addition, the following 

was concluded: 

 High biomethane production was observed in samples with higher particle 

content however, specific biomethane yield was low compared to samples with 

low particle contents. 

 Centrifugation of feed to remove particles decreased the volume of methane 

produced but increased the rate of methane production regardless of the 

addition of cellulase. 
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 Cellulase addition improved overall and specific methane productions both in 

raw and centrifuged samples but the improvement was higher in raw samples 

that contained higher suspended solids. 

 Simulation results revealed that classifying complex particulates into fast and 

slow disintegrating fractions led to more accurate modeling of digestion of 

particle-rich substrates. 

5.4 Article 4: Influences of temperature and feed particle 

content on granular sludge bed anaerobic digestion 

Anaerobic digestion experiments using lab-scale UASB reactor on two sets of feed 

samples with varying level of suspended solids and digestion temperature revealed 

influences of temperature and particulate content on sludge bed anaerobic digestion. 

The experiments and simulations carried out and the results obtained led to the 

following conclusions: 

 Increase in temperature increased the overall biogas production in both high and 

low particulate content substrates but the temperature effect was stronger on 

high particle content substrates. 

 Disintegration and hydrolysis of suspended solids were significantly enhanced 

by temperature increase from 25 to 35 °C. 

 Methane yields were significantly higher for the low particulate sample (CF) than 

the high particulate sample (RF) both at  25 and 35 °C. 

 Particulate and COD removal efficiencies were improved at the higher 

temperature. CODtotal removal efficiency improved from 44% at 25 °C to 73% at 

35 °C for the high particulate substrate and from 43% at 25 °C to 54% at 35 °C for 

the low particulate substrate. CODsoluble removal efficiencies were also improved 

at higher temperatures but they were approximately similar for both high and 

low particulate substrates. 

 Classifying particulates into fast and slow disintegrating and applying 

temperature-dependent disintegration constant values (Kdis) fit the experimental 

data better than the traditional ADM1 method of simulation. 
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5.5 Suggestions for future work 

In this dissertation, the experimental work and the results presented are carried out in 

batch and continuous lab-scale reactors with limited volumes and their applicability to 

large-scale reactors may be somewhat limited. Application of the experimental and 

simulation methods to investigate the disintegration of particulates in full-scale reactors 

is suggested for future works. The intention was to carry out such work on the farm scale 

pilot ABR mentioned under methods (Section 3.1.1) but this was not achieved due to 

technical problems beyond my control. As a result, I specifically suggest the 

investigation of disintegration and hydrolysis of suspended particles as well as their 

interaction with granular sludge beds in full-scale reactors. The effect of temperature 

and particle size/content on disintegration and hydrolysis of particle-rich substrates has 

been addressed in this dissertation. Other factors that affect disintegration and 

hydrolysis especially the influence of physical parameters and reactor conditions have 

not been included in this work. I, especially, suggest future investigations on  the 

influence of loading and flow rates on disintegration and hydrolysis of particle-rich 

substrates in full-scale reactors. The economic feasibility of measures to enhance particle 

utilization by methods investigated here (enzymes and milling), in full-scale reactors 

should also be further investigated, given the large biogas potential of such substrates. 
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Appendix A: Matlab code for image preprocessing 

This Matlab code prepares the image file for further processing.  

I= imread('image.jpg');  

I= rgb2gray(I);   

I2 = imadjust(I); 

level = graythresh(I2); 

bw = im2bw(I2,level); 

bw = bwareaopen(bw, 50); 

imshow(bw) 

cc = bwconncomp(bw, 4) 

cc.NumObjects 

 

 

 

Figure A.1: An example of the progression of the granule image from original to 

preprocessed file. 
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Appendix B: Matlab code for image processing 

After image preprocessing the Matlab code below generates data about perimeter, shape 

factor, and area from the preprocessed file. (See Figure A.2 ) 

rgbImage = imread('preprocessed_image.jpg'); 

grayImage = rgb2gray(rgbImage); 

fontSize =12; 

subplot(2, 2, 1);  

imshow(grayImage); 

title('Original Image', 'fontSize', fontSize); 

% chage to binary  

thresholdValue = 200; 

binaryImage = grayImage < thresholdValue;  

% Do a "hole fill" to get rid of any background pixels inside the object. 

binaryImage = imfill(binaryImage, 'holes'); 

% Display the binary image. 

subplot(2, 2, 1);  

imagesc(binaryImage);  

colormap(gray);  

title('Binary Image', 'fontSize', fontSize); 

% Label each object so we can make measurements of it 
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[labeledImage, numberOfRegions] = bwlabel(binaryImage, 8); 

subplot(2, 2, 2);  

coloredLabels = label2rgb(labeledImage, 'hsv', 'k', 'shuffle');  

% pseudo random color labels 

imshow(coloredLabels);  

title('Labeled Binary Image', 'fontSize', fontSize); 

% locate the centroid of the object 

measurements = regionprops(binaryImage, 'Centroid','Area','Perimeter'); 

% 'Centroid' – 1–by–Q vector that specifies the center of mass of the region. 

Perimeterinmm = ([measurements.Perimeter])*(8.54/686); 

% the correction factor for perimeterinmm depends on the  image pixel size 

   in this case (686)  and calibrated distance the image represents in this case  

    it is 8.54 mm. 

% mm/1198 pixels 

Areainmm2 = ([measurements.Area])*((8.54/686).^2); 

centroids = [measurements.Centroid]; 

centroidx = centroids(1:2:end); 

centroidy = centroids(2:2:end); 

% Plot the centroids of each object 

subplot(2, 2, 3);  
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imshow(binaryImage); 

title('Centroid Locations', 'fontSize', fontSize); 

hold on 

for k = 1 : numberOfRegions 

 plot(centroidx(k), centroidy(k), 'b*'); 

end 

% Define object boundaries 

boundaries = bwboundaries(binaryImage); 

numberOfBoundaries = size(boundaries, 1); 

for k = 1 : numberOfBoundaries 

 thisBoundary = boundaries{k}; 

 boundaryx = thisBoundary(:, 2); 

 boundaryy = thisBoundary(:, 1); 

 plot(boundaryx, boundaryy, 'r–', 'LineWidth', 1); 

 % compute distances from boundaries to edge. 

    allDistances = sqrt(((boundaryx – centroidx(k))*(8.54/686)).^2 + ((boundaryy – 

centroidy(k))*(8.54/686)).^2); 

   % depending on image dimension 8.54/686 is a correction factor for pixels   

     to mm conversion: allDistances = sqrt(((boundaryx – centroidx(k))*( 

     8.54/686)).^2 + ((boundaryy – centroidy(k))*( 8.54/686)).^2); 

    STDV(k) = std(allDistances); 
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    AVDIST(k) = mean(allDistances); 

 % Find farthest point, max distance. 

 [maxDistance(k), indexOfMax] = max(allDistances); 

 % Drawline 

 x1 =  centroidx(k); 

 y1 =  centroidy(k); 

 x2 = boundaryx(indexOfMax); 

 y2 = boundaryy(indexOfMax); 

 line([x1, x2], [y1, y2], 'Color', [1 0 1], 'LineWidth', 1); 

end 

ShapeFactor = num2cell(STDV); 

aaa=[Perimeterinmm, Areainmm2, AVDIST, STDV]; 

xlswrite('PSD from Matlab_brgrd.xlsx',transpose(ShapeFactor),'266a','A1');  

xlswrite('PSD from Matlab_brgrd.xlsx',transpose(Perimeterinmm),'266a','B1'); 

xlswrite('PSD from Matlab_brgrd.xlsx',transpose(Areainmm2),'266a','C1'); 

hold off; 
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Figure A.2: Visualising data generation from preprocessed images using Matlab code. 
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