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ABSTRACT 
The anaerobic digestion (AD) process is an established treatment for sewage sludge produced at 

municipal wastewater treatment plants. However, water utilities lack guidelines on the effect of 

upstream processes and AD operational conditions on the overall digestion performance. This is the 

first research that investigates the interactive effects of different process conditions to determine 

their overall impact on sludge AD performance. The research aims at determining the impact of 

physico-chemical properties on the biodegradability of feed sludge; quantifying the impact of multiple 

AD operational conditions on process performance and digestate quality and integrating the findings 

into a steady-state model to design, monitor and optimise the AD process of sewage sludge. The Box 

Behnken method was selected to design the experiment on multiple operational parameters in order 

to improve the estimation of the regression coefficients. Novel automatic pilot scale digesters were 

used to conduct uninterrupted digestion experiments for approximately 1,000 days. Together with 

these an array of lab scale and batch digestion systems were used to provide reference and monitor 

feed sludge biodegradability throughout the experimental programme. The results showed that 

measured sludge physico-chemical characteristics did not control bio-methane yield of primary sludge 

(PS), and PS produced similar biogas yield irrespective of the sludge source. By contrast, physico-

chemical and operational parameters impacted the bio-methane yield of surplus activated sludge 

(SAS). These included sludge physico-chemical conditions (volatile solids content and elemental 

content) and upstream process conditions (solids retention time in the activated sludge plant). The 

operational parameters tested were PS:SAS ratio, digestion temperature and feed dry solids 

concentration (DS%). The results indicated a positive and significant interaction of high temperature 

and high DS% on specific biogas yield and pathogen removal, which could have significant implications 

in terms of process optimisation. In terms of reactor stability, the concentration of alkalinity and 

ammoniacal nitrogen were found primarily increasing with increasing DS% and SAS content, 

suggesting that operating the digester at relatively high load produces a more stable bio-chemical 

environment. It was concluded that AD of sewage sludge should be operated between 6-8% DS% at a 

temperature of 45oC in order to simultaneously produce a stable bio-chemical environment in the AD 

reactor, maximize biogas production and produce a conventionally treated sludge within a 16 day 

retention time. The produced steady-state model was used to determine that investments to upgrade 

an existing large scale sludge AD plant in the UK operating at sub-optimal conditions, could have a 

payback time of six years due to the benefits arising from displacement of imported electricity and 

fossil fuels.  
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ACRONYMS 
AD: Anaerobic digestion 

ADM1: Anaerobic digestion model number 1 

Amm-N: Ammoniacal nitrogen 

ASP: Activated sludge plant 

BMP: Bio-methane potential 

BOD: Biological oxygen demand 

BY: Biogas yield 

CapEx: Capital expenditures 

CfD: Contract for difference 

CHP: Combined heat and power 

COD: Chemical oxygen demand 

DNA: Deoxyribonucleic acid 

DS: Dry solids 

DS%: Dry solids concentration 

EPS: Extracellular polymeric substance 

GBT: Gravity belt thickener 

GHG: Greenhouse gas emissions 

HRT: Hydraulic retention time 

IBC: Industrial bulk container 

KPI: Key performance indicator 

LOD: Limit of detection 

MLSS: Mixed liquor suspended solids 

NPV: Net present value 

OpEx: Operational expenditures 

PS%: Fraction of sludge constituted by primary sludge 

PS: Primary sludge 

Psi: Indigenous primary sludge 

PSm: Primary sludge mixed with imported sludge 

PST: Primary sedimentation tank 

R2: Coefficient of determination 
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R2-adj: Adjusted coefficient of determination 

R2-pred: Predicted coefficient of determination 

RNA: Ribonucleic acid 

ROC: Renewable obligation certificate 

S: Standard error 

SAS: Surplus activated sludge 

SBP: Specific biogas production 

SBY: Specific biogas yield 

SRT: Solid retention time 

TOC: Total organic carbon 

TSS: Total suspended solids 

VFA: Volatile fatty acids 

VS: Volatile solids 

VS%: Volatile solids concentration 

VSDMB: Volatile solids destruction 

VSDVK: Van Kleeck volatile solids destruction 

WWTP: Wastewater treatment plant 

ΔG: Free energy 
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CHEMICAL FORMULAE AND ABBREVIATIONS 
Ac: Acetate 

C: Carbon 

C2H5COCH3: Butanone 

Ca(OH)2: Lime, hydrated 

Ca2+: Calcium ion 

CaO: Lime, quick 

CH2O: Formaldehyde 

CH3(CH2)2CH2OH: Butanol 

CH3(CH2)3COOH: Valeric acid 

CH3(CH2)4COOH: Caproic acid 

CH3CCOH: Acetate 

CH3CH2CH2OH: Propanol 

CH3CH2OH: Ethanol 

CH3CHO: Acetaldehyde 

CH3CHOHCOOH: Lactate 

CH3COCH3: Acetone 

CH3OH: Methanol 

CH4: Methane 

CO: Carbon monoxide 

CO2: Carbon dioxide 

Cr: Chromium 

Cu: Copper 

H: Hydrogen 

H+: Hydrogen ion 

H2: Hydrogen gas 

H2O: Water 

H2PO4- : Dihydrogen phosphate ion 

H2S: Hydrogen sulphide 

H3PO4: Phosphoric acid 

HCO3
- : Bicarbonate ion 
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HCOOH: Formate 

HS-: Bisulphide ion 

K+: Potassium ion 

Mg2+: Magnesium ion 

N: Nitrogen 

Na+: Sodium ion 

Na2CO3: Soda ash 

NaHCO3: Sodium bicarbonate 

NaOH: Caustic soda 

NH3: Free ammonia 

NH4
+: Ammonium ion 

NO2
-: Nitrite ion 

NO3
-: Nitrate ion 

O2: Oxygen gas 

OH- : Hydroxide ion 

PO4
3- : Phosphate ion 

S2-: Sulphide ion 

Zn: Zinc 
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1 INTRODUCTION 

1.1 The process of anaerobic digestion 

The World Health Organisation estimates that more than 30% of the world population does not have 

access to improved sanitation (WHO, 2015), the majority of which live in rural areas. Population 

urbanization is a widespread phenomenon and it is estimated that, from the current 50%, in 2030 

approximately 70% of the world population will live in congregated urban areas (United Nations, 

2011). Urbanisation leads to increasing stress on the environment and poses significant strategic 

challenges to municipalities and utilities. However, geographical concentration of domestic and 

industrial activities also presents the opportunity to minimize costs and maximize resource recovery, 

by centralizing treatment centers, and to generate synergies between different industries. The 

treatment of wastewater is a key aspect of sanitation and increasing the current level of wastewater 

collection and treatment could help preventing the 842,000 annual deaths from diarrhoeal diseases 

that affect the poorest regions of the world (WHO, 2015) and freeing up to 40% of hospital beds from 

people affected by enteric infections (WHO, 2006). 

Where centralized wastewater treatment plants (WWTP) exist, sewage sludge is the most abundant 

by-product. The production of sludge arises from physical and biological processes, and its safe 

treatment and disposal is regulated in many countries (European Community, 1986; US EPA, 2002). 

The main driver to the treatment of sewage sludge remains sanitation, but more recently aspects 

linked to recovery of nutrients (Vaneeckhaute, 2015) and other valuable products (Smith , 2014) and 

reducing greenhouse gas (GHG) emissions (United Nations, 2015) have also become important. The 

main hazards to public health, related to untreated sludge, are its large putrescible fraction, which has 

high potential to generate odour and attract vectors, and the high concentration of pathogens and 

the presence of contaminants (European Commission, 2001), which, without safe treatment and 

disposal, could contaminate water sources and animal or human food and crops. The major 

environmental concerns of disposing untreated sludge are related to the large methane emissions 

arising from the degradation of organics, which has high greenhouse potential, and the high mineral 

load within the sludge, which could cause eutrophication of water bodies. 

The increase in population and the construction and upgrade of new and existing networks are 

increasing the amount of sewage sludge produced globally. It is estimated that sewage sludge has 

increased by 50% in the 15 European countries from 1984, to a total production of approximately 10 

Mt/year of dry solids (DS) (Eurostats, 2013). Geographical, legislative and political constraints are key 

factors in the determination of the best solutions for any particular scenario. However, common 

drivers for decision-making in sludge management include: effluent consent limits, legislation on 
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sludge disposal, capital availability, cost of chemicals, cost of energy, incentives to renewable energy, 

carbon taxes, land bank availability, landfill gate fees, cost of nutrients and public perception. 

In this context anaerobic digestion (AD) can be a successful technology because, despite the 

requirement for a large capital investment, it allows to treat sludge at low cost, it is a net energy 

producer and it allows to convert hazardous waste into a valuable product, meeting the evermore 

stringent need for circularity of resources. Anaerobic digestion is commonly implemented for the 

following reasons: 

- Sanitation: The high concentration of biomass within a bio-reactor and the controlled temperature 

allow the biological reactions to happen faster than in an uncontrolled environment, decreasing the 

time needed for stabilization of the putrescible fraction and increasing the destruction rate of 

pathogenic elements in the sludge. 

- Capture of emission: The sealed volume of a reactor allows to retain all the gaseous emissions 

produced during the degradation of organics. Capturing the emissions allows to put the high calorific 

value of the produced biogas to beneficial use, producing a positive cash flow by generating electrical 

energy and decreasing GHG emissions, and to minimize nuisance due to odours.  

- Reduce bulk volume: Converting part of the solids into gas allows to minimize the volume of sludge 

to be disposed, decreasing GHG emissions, cost and traffic linked to hauling. 

- Mineralise nutrients: Part of the nutrient fractions within the sludge are mineralized within the 

reactor, increasing the fertilizer value of sludge applied for agricultural use. This increases the options 

available for land applications and other resource recovery processes. 

 

1.2 Anaerobic digestion in the UK 

The UK provides an excellent example to demonstrate the successful application of AD for the 

treatment of sewage sludge. It is estimated that approximately 70% of the 1.5 MtDS/year of produced 

sewage sludge is currently treated with AD (DEFRA, 2012), and this figure is approaching unity with 

the decreased use of lime stabilization and incineration. In total 168 AD plants treating sewage sludge 

exist in the UK, for a total installed electrical capacity of 208 MWe (DECC, 2015). Typically the energy 

produced from biogas displaces 20-40% of the electrical requirements of a WWTP. In the case of AD 

centers which receive large amounts of imported sludge, such as Great Billing WWTP (Anglian Water) 

and Avonmouth WWTP (Wessex Water), energy self-sufficiency can be achieved (EU, 2015), drastically 

decreasing wastewater treatment costs.  
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Given the high cost of electricity in the UK, which in the last ten years has been increasing at an average 

rate of 7% per year (DECC, 2015), and the legally binding commitment of the UK government (Climate 

Change Act) to cut GHG emissions and to promote the use of renewable energies (UK Government, 

2008), energy production is one of the most important drivers in sludge management decision-

making. The production of energy from biogas is highly incentivized via the Renewable Obligation 

Certificates (ROCs) (House of Parliament, 2011), which will soon be replaced by the Contract for 

Difference (CfD) (UK Government, 2016). Bio-based renewable energies are likely to play an important 

role in an all renewable energy scenario, because of the large availability of feedstock compared to 

highly intermittent renewable sources such as wind and solar. Figure 1-1 shows the availability of 

renewable energy technologies, based on the average load factor across the year (DECC, 2015), 

suggesting that water utilities could maximise energy incomes by matching energy demand with smart 

production.  

 

Figure 1-1: Yearly average load factor, calculated for plants with unchanged capacity (DECC, 2015) 

In the UK the most common use for digested sludge is land application, with approximately 80% of 

the total produced volume being applied to land for agricultural use (DEFRA, 2012). The reference 

legislation is “The Sludge (Use in Agriculture) Regulation 1989” (UK Government, 1989), which is a 

transposition of the European directive “86/278/EEC” (European Community, 1986) and outlines the 

acceptable concentration of heavy metals in sludge for agricultural use. An additional document, 

which was a voluntary agreement by the water industry and the British Retail Consortium, is the Safe 

Sludge Matrix (Water UK, 2006). This document provides guidance for additional microbiological 

controls on sewage sludge applied to agriculture, categorising sludge as untreated, conventionally 

treated and enhanced treated (Figure 1-2). More details on the regulatory frameworks are given in 

section 10.1. 
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Figure 1-2: The Safe Sludge Matrix (Water UK, 2006) 

 

1.3 Research drivers 

The widespread application of AD demonstrates that this is a mature technology, providing benefits 

at a low risk. Nonetheless, the efficiency of this process in recovering the available energy in 

wastewater is relatively low. If electrical energy was to be considered as process output, the energy 

recovery performance of conventional AD would be approximately 15% (Mills et al., 2014). The low 

efficiency is mainly due to the relatively slow reaction rates of anaerobic processes and the 

thermodynamic limitations of combined heat and power (CHP) units. Sludge pretreatment 

technologies are available to increase the fraction of energy recovery, such as acid digestion, alkaline 

treatment, thermal hydrolysis, sonication or a combination of those (Apples, 2008; Carrere et al., 

2010; Mills et al., 2014). These pretreatment methods provide benefits at the expense of extra capital 

and often operational costs, under the form of energy or chemicals.  

What is surprising, given the widespread utilization of AD, is that water utilities lack fundamental 

guidelines on how to best operate their AD facilities. The biological nature of the process makes the 

process performance highly dependent on environmental factors and therefore susceptible to sludge 

physico-chemical characteristics and to sup-optimal operational conditions. The variability of 

wastewater is strictly linked to the diverse range of effluents collected in the sewer networks, which 
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together with the WWTP configuration, impact the proportions and anaerobic digestibility of the 

sludges produced. Information on sewage sludge physico-chemical characteristics and their effects 

under different AD operational conditions are currently not accounted for during operation, and this 

may explain the large uncertainty and variations in AD performance across and within different sites. 

This suggests that AD performance could be enhanced by improving operational practice. In order to 

optimise AD performance, and the overall sustainability of WWTPs, an understanding and a 

quantitative analysis of the fundamental parameters governing AD is necessary. 

It is proposed to experimentally test the effects of fundamental operational parameters on the 

performance of sewage sludge AD. The test should include parameters reflecting the physico-chemical 

characteristics of the types of sludge produced at a large conventional WWTP as well as variables that 

operators can alter with different management strategies. The cumulative effects of the fundamental 

operational parameters on AD performance should be included in a mathematical model, with the 

aim to provide a monitoring and process optimisation tool to asset and operation managers. An 

experimental approach for this research could generate a large amount of data, necessary to produce 

empirical models and validate theoretical equations describing the bio-chemical AD process. The 

model proposed has the aim to bridge the gap between detailed dynamic models, such as the AD 

Model No.1 (ADM1) (Batstone et al., 2002), and simplistic substrate potential calculations, like the 

first stoichiometric equation proposed for AD (Buswell and Muller, 1952). The use of measurable 

operational parameters as input for a steady-state model, will help AD operators with different levels 

of process understanding to monitor and improve performance of their assets. 
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2 AIMS AND OBJECTIVES 

2.1 Aims 

To quantify cumulative and interactive effects of multiple fundamental operational parameters on 

sewage sludge AD performance to determine safe boundaries and optimal operational conditions. To 

characterise physico-chemical and digestibility of sewage sludge arising from different types of 

wastewater treatment processes. This will provide guidance to water companies to optimise 

operational management of sewage sludge AD, clarify differences in performance within and across 

different AD sites and improve overall sustainability of WWTP. 

2.2 Objectives 

 Define an optimal matrix of AD treatment conditions using the Box Behnken method, a proven 

statistical method for design of multifactorial experiments. 

 Perform a statistically defined series of controlled experiments using a novel automated 

digester apparatus to quantify the interactions between three control process operational 

parameters: temperature, organic loading rate and primary to surplus activated sludge ratio. 

 Perform experimental quality assurance and control tests using a semi-continuous feed 

digester system to provide baseline information on feed sludge properties used in the 

autodigester experiments, under standardised conditions affecting normal sludge AD 

operational procedure. 

 Complete feed sludge physico-chemical characterisation by laboratory analysis. This will 

include characterisation of Carbon (C), Hydrogen (H) and Nitrogen (N) content, as well as 

fractionation of the major organic constituents: protein, fibre, oil, starch and sugar. The feed 

sludge will also be tested for its anaerobic digestibility and bio-methane potential (BMP). 

  Conduct instrument calibration procedures on the autodigesters and test accuracy of 

electronic gas flow rate instrumentation compared to other methods of gas flow rate 

measurement. 

 Develop a sludge thickening unit to produce a suitable primary sludge for the experimental 

programme. 

 Develop an automated dewatering piston press to decrease time required to test sludge 

mechanical dewaterability and to improve test reproducibility. 

 Statistically scrutinise the experimental data using multiple regression analysis, or other 

appropriate statistical tools, to quantify the significance of the relationships between the 

various variables and parameters measured in the autodigester and sludge characterisation 

experiments. 
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 Expand an existing steady-state mathematical model for AD process, including the effects of 

the operational parameters tested in the autodigester experiments and the effects of the 

sludge physico-chemical properties on overall AD performance. 

 Apply the experimental, operational and modelling data to examine the economic business 

case for, and impacts of, changing AD process conditions particularly in relation to resource 

consumption and production balance. 

2.3 Scope of the research 
The research is focussed on large scale municipal WWTPs utilising conventional mesophilic AD as the 

main sludge treatment process. The anticipated outcome is to provide operational boundaries for 

stable operation and optimization strategies to maximise performance of conventional AD only. 

Conventional AD is intended as the AD process without any sludge pre-treatment process, other than 

thickening. Performance of advanced AD, including acid-phase digestion, enzymatic digestion or 

thermal hydrolysis is not reviewed. Figure 2-1 indicates the major research activities and their 

chronological order. Block 1, 2 and 3 in Figure 2-1 indicate the activities within the research objectives, 

the remaining blocks are covered with cases studies only, utilising the model produced as part of this 

research. 

 

Figure 2-1: Project flow chart indicating major research activities 
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3 LITERATURE RESEARCH 

3.1 Major bio-chemical steps in anaerobic digestion 

3.1.1 Introduction 

Anaerobic digestion is a complex process, in which a multitude of parameters interact synergistically 

or antagonistically. The consumption of substrate is primarily achieved by biological metabolism, but 

the rate of metabolism is highly influenced by chemical and physical conditions within the reactor. 

The consortia of organisms performing substrate degradation is referred to as “inoculum”. Commonly, 

sludge withdrawn from an anaerobic digester operating stably is termed “digestate” and can be 

considered inoculum, as it is mainly formed by exhausted substrate and an active population capable 

of performing the required steps to anaerobically degrade substrate (Angelidaki et al., 2009). Because 

inoculum contains a large amount of different species of organisms, which have adapted to specific 

conditions, it should be utilized for a similar substrate and in similar environmental conditions to the 

reactor from which it was originally sourced. 

The transformation of substrate, fed into a reactor, can be simplified into a linear process, in which 

distinct reactions mediate the conversion of organics into gas. This simplification is useful for 

modelling purposes but also to understand process imbalances caused by inhibition of certain 

biological consortia. The main metabolic pathways in AD are summarized in Figure 3-1 (Lettinga et al., 

1996). 

 

Figure 3-1: Major metabolic pathways in AD (Lettinga et al., 1996) 
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3.1.2 Hydrolysis 

This is a bio-chemical step mediated by a large number of enzymes exuded by hydrolytic fermentative 

bacteria, anaerobes and facultative anaerobes (Vavilin et al., 1996; Gerardi, 2003), which solubilise 

complex material into products small enough to be transported across cell membranes (Pavlostathis 

& Gomez, 1991). The sequential steps in hydrolysis generally involve enzyme production, transport, 

adsorption and reaction as indicated in Figure 3-2 (Batstone & Jensen, 2011). 

 

Figure 3-2: Steps involved in enzymatic hydrolysis (Batstone and Jensen, 2011) 

The substrate can be formed by basic components such as carbohydrates, proteins and fats (Figure 3-

1), and specific enzymes are utilised to breakdown different materials.  

Hydrolysis of carbohydrates is mainly linked to degradation of insoluble cellulose, which is degraded 

into cellobiase and glucose, while hemicellulose is hydrolysed into pentoses, hexoses and uronic acids 

(Colberg, 1988). The action of hydrolysis of cellulose is performed by the hydrolytic bacterium 

Cellulomonas, capable of processing the enzyme cellulase, used to break the mars between glucose. 

Monosaccharides are the only form of carbohydrates that can penetrate cell walls (Gerardi, 2003). 

Lignin is generally considered undegradable under anaerobic conditions, and its presence restricts or 

prevents hydrolysis of the underlying cellulosic material (Batstone & Jensen, 2011). 

Proteins are natural polymers with complex structures, formed by amino acids joined together by 

peptide bonds (Batstone & Jensen, 2011). The main products of hydrolysis of proteins are 

polypeptides and amino acids, and the process is mediated by extracellular enzymes called peptidases 

and proteases (Pavlostathis & Gomez, 1991, Gerardi, 2003). Factors having an important effect on 

hydrolysis of proteins are solubility, nature of end group, tertiary structure of proteins and pH 

(McInerney, 1988). Ammonia is released in solution during the degradation of proteins, which has an 

important effect on overall reactor bio-chemistry (Gerardi, 2003). 
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Lipids are hydrophobic and naturally occurring molecules found in animal and plant tissues (Gerardi, 

2003). Lipids are hydrolysed into glycerol, galactose and fatty acids (Pavlostathis & Gomez, 1991; 

Gerardi, 2003), by the action of lipases, enzymes which have increased activity with insoluble rather 

than soluble lipids and act at the lipid-water interface to degrade the insoluble reactant into soluble 

products (Batstone & Jensen, 2011). 

Hydrolysis rate has often been advocated as the rate limiting step in AD, but this is highly dependent 

on inoculum origin and substrate type (Pavlostathis & Gomez, 1991), temperature (Ge et al., 2011), 

system hydraulic retention time (HRT) (Apples, 2008, Batstone & Jensen, 2011) and particle size (Jiang, 

2012). For more homogeneous feedstock, the hydrolysis rate has been described with a first order 

function, but for substrate with a more complex composition this assumption is usually not valid 

(Batstone & Jensen, 2011). 

3.1.3 Acidogenesis 

This is a biological step, also known as fermentation. This process is commonly used across different 

industries, such as breweries and bio-refineries. The products of hydrolysis are taken up by a mixed 

culture of acidogens, which can be facultative anaerobes, strict or obligate anaerobes (Parkin & Owen, 

1987). The rate of fermentation and the relative abundance of different intermediate products is 

highly dependent on a number of factors such as pH, temperature, substrate, oxidation-reduction 

potential and retention time (Chynoweth & Mah, 1971). Another critical parameter is the relative 

abundance of hydrogen, which is a product of fermentation. The production and removal of hydrogen 

is one example of synergistic interaction between different bacterial species, in which the production 

and consumption has to equate to maintain metabolism of fermentative bacteria. High hydrogen 

partial pressure has been reported to inhibit the hydrolytic activity, and must be prevented by 

ensuring efficient mixing and dilution to facilitate diffusion (Cazier et al., 2015). 

This step does not result in solids stabilisation, as the compounds are mostly just transformed, 

resulting in only around 3% (w/w) new biomass formation. Significant organic compounds produced 

during anaerobic fermentation of sludge are summarised in Table 3-1 (Gerardi, 2003). 

Table 3-1: Common organic compounds produced during fermentation of sewage sludge (Gerardi, 2003) 

Compound Chemical formula 

Acetate CH3CCOH 

Acetone CH3COCH3 

Acetaldehyde CH3CHO 

Butanol CH3(CH2)2CH2OH 

Butanone C2H5COCH3 
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Caproic acid CH3(CH2)4COOH 

Formaldehyde CH2O 

Formate HCOOH 

Ethanol CH3CH2OH 

Lactate CH3CHOHCOOH 

Methane CH4 

Methanol CH3OH 

Propanol C2H5CHO 

Propionate CH3CH2COOH 

Valeric acid CH3(CH2)3COOH 

 

Acidogens, compared to other bacterial groups commonly found in AD, are more tolerant to pH 

variations and can thrive in acidic conditions. This is a key consideration for both acid digestion (Rubio-

Loza & Noyola, 2010) and dark fermentation techniques (Zahedi et al., 2016), but also for conventional 

mesophilic AD. The different tolerance to pH conditions can lead to severe imbalances in intermediate 

compounds production and consumption. This will be discussed further when considering effect of pH 

on AD (section 3.2.4). 

3.1.4 Acetogenesis and Methanogenesis 

These stages are often described together because of the highly symbiotic activity of the two bacterial 

groups. Acetogens can use a number of metabolic pathways consuming hydrogen gas (H2), carbon 

dioxide (CO2), carbon monoxide (CO), methanol and often sugars and hexoses (Gerardi, 2003). The 

products generated can be acetic, propionic and butyric acid, mainly depending on the hydrogen 

concentration (Gerber & Span, 2008). Methanogens utilise two major pathways for the production of 

methane: aceticlastic cleavage (Equation 1) and reduction of carbon dioxide (Equation 2) (Boe, 2006).  

Equation 1: Aceticlastic cleavage 

𝐶𝐻3𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 𝐶𝑂2 

Equation 2: Hydrogenotrophic methanogenesis 

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂 

It is thought that around 70% of the methane is produced through aceticlastic cleavage but the 

methane production pathway appears dependent on other factors such as hydrogen partial pressure, 

temperature and ammonia concentration. Acetate consuming bacteria can only survive if their 

metabolic waste, hydrogen, is continuously removed and if hydrogen partial pressure is kept below 

10-4 atm (Gerardi, 2003). Methane producers respond differently to ammonia concentration; it has 

been reported that Methanosarcina, acetate consumers, are more resistant than Methanobacterium, 
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hydrogen consumers, to high ammonia concentration (Hao et al., 2017). However, Methanosaeta, 

another acetate consumer, has been reported to be highly sensitive to ammonia concentration 

(Batstone & Jensen, 2011). 

Another critical parameter influencing the methane formation pathway is temperature. Acetate 

oxidation and hydrogen utilizing methanogens appear to be favored at high temperature. The lower 

effective temperature for acetate oxidation appears to be 37oC.  At very low temperature, hydrogen 

utilizing bacteria have reduced activity and homocetogenesis (Equation 3) and acetate cleavage 

become dominant (Boe, 2006).  

Equation 3: Homocetogenesis 

4𝐻2 + 2𝐶𝑂2 → 𝐶𝐻3𝐶𝑂𝑂𝐻 + 2𝐻2𝑂 

Methanogens are strict anaerobes and can only grow in environments without any free oxygen, within 

a redox range of -200 to -400 mV (Gerardi, 2003). Methanogenic bacteria also appear highly sensitive 

to pH variations, and are generally inhibited by high concentration of volatile fatty acids (VFA) and low 

pH conditions (Schink, 2002). 

Another important aspect to mention is the competition for substrate and the presence of sulphate. 

Sulphate-reducing bacteria are anaerobes responsible for the reduction of sulphate to sulphide 

(Sperling, 2007). Sulphate reducing bacteria compete with methanogens for acetate and hydrogen, 

and generally are favoured in low acetate concentration. The hydrogen sulphide produced is also more 

inhibitory to methanogens than to acidogens (Gerardi, 2003). 

3.2 Environmental factors affecting AD 

3.2.1 Oxidation reduction potential (ORP) 

Bacteria are divided in four classes in relation to free oxygen. Strict aerobes grow only in presence of 

free oxygen, while strict anaerobes grow only in absence of free oxygen (Table 3-2). The third class is 

named facultative anaerobes, because in this case bacteria can grow both with and without oxygen. 

Bacteria which belong to the fourth class are named microaerophiles, these require sub-atmospheric 

levels of oxygen and grow well at elevated CO2 partial pressure (Lester and Birkett, 1999). In aerobic 

respiration the final electron acceptor is oxygen, while in anaerobic respiration there are number of 

compounds which can be utilised as final electron acceptors such as NO3
-, SO4

2-, Fe3+, CO2 and Mn4+. 

Because the change in free energy (ΔG) associated with the oxidation of inorganic compounds is much 

smaller compared to the ΔG associated with the oxidation of organic compounds, compared to 

aerobes, anaerobic bacteria have to metabolise a larger amount of substrate in order to synthesise 

the same amount of carbon (Hogg, 2005), resulting in slower growth and reproduction rates. 
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In AD redox conditions have to be maintained between -200 to -400 mV in order for strict anaerobes, 

such as methanogens to function properly. 

Table 3-2: Typical redox range for different classes of organisms (Gerardi, 2003) 

Approximate ORP 
(mV) 

Carrier molecule for 
degradation of 
organic compounds 

Condition Respiration 

> + 50 O2 Oxic Aerobic 

+ 50 to - 50 NO3
- or NO2

- Anaerobic Anoxic 

< - 50 SO4
2- Anaerobic Fermentation, 

sulphate reduction 

< - 100 Organic compound Anaerobic Fermentation, mixed 
acid production 

< - 300 CO2 Anaerobic Fermentation, 
methane production 

 

3.2.2 Water content 

Water is necessary to sustain cellular activity. The concentration of salts in the water media, which 

affect its osmotic pressure, has a profound effect on the ability of the cell to maintain its structure. 

Cells are divided from the environment by a selectively permeable membrane, and water passage is 

regulated by a diffusive mechanism. Because in diffusive mechanisms the solvent is driven from areas 

of low solute concentration to areas of high solute concentration, in an hypotonic environment (low 

osmotic pressure) the water will enter the cell causing it to burst, while in a hypertonic environment 

(high osmotic pressure) the cell will lose water causing dehydration and inhibition of metabolic activity 

(Willey et al., 2009). 

Anaerobic digestion is commonly divided into wet and solid state AD, with the boundary considered 

around 15% DS concentration (DS%) (Baere et al., 2010). Solid state AD is more commonly applied to 

agricultural, green or solid organic waste with DS% ranging 15% to 30%, while sewage sludge is 

commonly digested below 15%, due to thickening process limitations. Problems associated with low 

dilution generally involve poor contact between biomass and substrate as well as reduced diffusion of 

compounds, which can lead to process inhibiton (Cazier, 2015). 

3.2.3 Temperature 

Temperature affects cellular and enzyme activity and their structural integrity, as well as a range of 

other physico-chemical reactions. Broadly bacteria are classified into different categories (Table 3-3).  
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Table 3-3: Temperature regimes 

Temperature class Temperature range Notes 

Psychrophiles -10 oC to + 20 oC 

Capable to grow at low temperature because the 
enzymes involved in their metabolism function in 
this range. The plasma membrane contains large 
amount of unsaturated fatty acids, which allow 
the cell to remain fluid at lower temperatures. 

Psychrotrophs -10 oC to + 35 oC Similar to psychrophiles, but with higher optima. 

Mesophiles + 10 oC to + 45 oC 
Most human pathogens fall within this category, 
because the human body is fairly stable at 37 oC. 

Thermophiles + 40 oC to + 80 oC Enzymes and cellular structure are heat stable. 

Extreme thermophiles + 55 oC to + 113 oC 
Only specialised prokaryotes can survive in this 
temperature range. 

 

The temperature boundaries specified in Table 3-3 are only indicative, and growth rate of bacteria 

could happen outside of the categories to which they belong. Within each temperature category, 

three separate phases could be recognized (Figure 3-3), in which growth rate is affected by different 

mechanisms. In region A the metabolic activity is accelerated, as temperature increases the molecules 

collide more frequently increasing the catalysis rate up to the optimum temperature (Lim, 1998). In 

region B, the growth rates decline as a consequence of the thermal denaturation of proteins, which 

over a certain temperature (region C) leads to an abrupt loss of activity due to the disruption of the 

cell membrane and to conformational changes in the structure of enzymes, which cease to be catalytic 

(Lim, 1998; Willey et al., 2009). The cardinal temperatures are not fixed and depend on other factors 

such as pH and nutrient availability, and the responsivness to temperature changes is therefore 

affected by a multitude of variables. 

 

Figure 3-3: Typical response of growth rate to temperature change (Lim, 1998) 
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In an AD reactor temperature does not appear to particularly increase uptake of substances by 

bacteria, the improved stabilization is a result of the increased solubisation of substrate, which make 

a larger fraction of the feedstock available for digestion. The increase in hydrolysis approximately 

doubles at 20oC steps, following the Arrhenius relationship (Ge et al., 2011). 

Another important effect of temperature is the inverse relationship between gas solubility and 

temperature. Decreasing solubility has an important effect on carbonate system, with an increase in 

pH due to decrease in the soluble fraction of CO2, as well as on concentration of certain compounds 

such as ammonia in the effluent, which is reduced at higher temperature (Van Lier, 1995). Change in 

solubility for a number of substances commonly found in AD is summarized in Figure 3-4 (Lide, 1992). 

 

Figure 3-4: Impact of temperature on gas solubility (Lide, 1992) 

Temperature also impacts the chemical equilibria by altering the dissociation constant (Judd, 2013). 

This has implication on the carbonate system, but also on inhibitory potential of ammonia. However, 

temperature has a relatively smaller effect on ion dissociation than pH, as indicated in Figure 3-5. 
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Figure 3-5: Impact of temperature on pKa of various organic acids and of pH/temperature on undissociated acetic acid, 

assuming an acetate concentration of 2000 mg/l (Van Lier, 1995) 

Liquid viscosity of sludge is decreased at higher temperature, this implies that lower energy is required 

to mix sludge, increasing contact between substrate and biomass. Diffusivity of soluble compounds is 

also increased at lower liquid viscosity (Perry and Green, 1984), increasing the efficiency of 

intermediate product consumption and decreasing the risk for local inhibition. 

3.2.4 pH, Alkalinity and Volatile Fatty Acids 

The pH is a measure of the acidity of an aqueous solution; pH affects growth rate and reduction in 

growth rate is a result of the denaturation of the proteins and a reduced catalyst activity of the 

enzymes used to speed up the metabolic reactions (Hogg, 2005). In AD different microbial groups have 

different tolerance to pH (Table 3-4). Acidogenic bacteria can function in quite a wide pH range 

between pH 4.0 and 8.5 (Hwang et al., 2004). Methanogens are more sensitive to pH and can only 

tolerate pH intervals between 5.5 and 8.0 (Nielsen, 2006). It is important to note that Table 3-4 does 

not take into account other inhibitory mechanisms, such as presence of un-dissociated ammonia or 

VFA, which could be caused by high or low pH, respectively. 

Table 3-4: Range of pH tolerance of major bacterial groups in AD. Data collated from Gerardi (2003), Hwang et al. (2004) 

and Nielsen (2006). 

Biochemical group / pH 4 5 6 7 8 9 

Hydrolysis       

Acidogenesis        

Aceticlastic/hydrogen methanogenesis        

Aceticlastic methanogenesis       

Where: Green, orange and red code indicate optimal, feasible and inhibitory range, respectively. 
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Alkalinity is the ability of a solution to resist changes in pH. Bicarbonate alkalinity is generally produced 

in AD by the reaction of ammonia, liberated during hydrolysis and fermentation of proteins, with CO2 

to form HCO3
- (Sotemann et al., 2005), and by the degradation of soaps and other organic acids (Parkin 

& Owen, 1987). Other compounds contributing to total alkalinity are summarised in Table 3-5, which 

was adapted from Boe (2006). 

Table 3-5: Compounds contributing to total alkalinity and equilibrium constant at ambient temperature in AD (Boe, 2006) 

Type Compounds Equilibrium (pKa) 

Bicarbonate HCO3
- 6.3 

Ammonia NH4
+/NH3 9.3 

Hydrogen sulphide H2S/HS-/S2- 7.1 and 13.3 

Hydrogen phosphate H3PO4/H2PO4
-/PO4

3- 2.1, 7.2 and 12.3 

 

Volatile fatty acids are commonly found intermediate products in AD, and result from the 

fermentation of hydrolysed material. Their accumulation can lead to decrease in pH as well as toxicity, 

especially at low pH where they are found in their undissociated form, which can disrupt cell cell 

homeostasis (Switzenbaum et al., 1990). The aggregated pKa of VFA is approximately 4.8 

(Moosbrugger et al., 1993). 

In AD the pH of the system, without addition of chemicals, is governed by the fraction of CO2 in the 

gas phase and concentration of bicarbonate alkalinity, as shown in Figure 3-6 (Sotemann et al., 2005). 

Temperature plays an important role by changing the equilibrium constant and thus the amount of 

CO2 in solution. Temporary imbalance in the production of acid and its consumption are almost 

inevitable in AD, because of the faster metabolic rate of acidogens compared to methanogens. 

However, the presence of alkalinity neutralizes the acids in solution, maintaining pH stable and 

allowing the slowest organisms to metabolise the produced acids. Under balanced conditions, total 

alkalinity is approximately equal to bicarbonate alkalinity. Under imbalanced conditions, with high 

VFA, bicarbonate alkalinity is reduced and “replaced” with acetate alkalinity (Parkin & Owen, 1987).  
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Figure 3-6: Relationship between CO2 gas fraction, bicarbonate alkalinity and pH in AD for temperature of 37oC  

(Sotemann, 2005) 

3.2.5 Ammonia 

Ammoniacal N (Amm-N) deserves a special mention because of its abundance in AD systems and its 

fundamental role in the production of alkalinity as well as for its potential inhibitory effect. Ammonia 

is a natural consequence of the degradation of N rich substrate, such as protein and urea. Amm-N is 

found either as ammonium ion NH4
+ or free ammonia NH3. Low levels of ammonia, around 200 mg/l, 

are considered beneficial in the AD process (Parkin & Owen, 1987; Appels et al., 2008). At higher 

concentration, free ammonia can pass through the cell membrane disrupting homeostasis. There is 

contradictory literature on the level of ammonia causing inhibition. Levels below 3000-3500 mg/l of 

ammonia are considered safe, but temperature and pH should be taken into account as they 

determine the fraction of free ammonia, as indicated in Figure 3-7 (Hansen et al., 1997). 

 

Figure 3-7: Fraction of free ammonia as function of pH and temperature (Adapted from: Hansen et al., 1997) 
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Methanogens appear more readily inhibited by Amm-N compared to acidogens, which are hardly 

affected (Koster & Lettinga, 1987). As discussed in section 3.1.4, also within the same bacterial group 

of methanogens there are differences, and hydrogenotrophic bacteria are more sensitive to Amm-N 

compared to acetoclastic methanogens (Hao et al., 2017). Acclimation of biomass to Amm-N 

concentration is also an important factor, as digesters have been found operative at levels of 5000-

9000 mg/l of ammonia (Van Velsen, 1979; Parkin & Owen, 1987) after a period of reduced 

performance. Hansen et al. (1997) reported inhibition of batch culture at NH3 concentration of 1.1 g-

N/l. 

Therefore, digesters fed with highly nitrogenous substrate, such as manure or activated sludge, and 

operating at higher temperature, such as thermophilic digesters, are likely to be more susceptible to 

inhibition by Amm-N, but it is still not clear to which level of Amm-N AD can adapt to, and its impact 

on performance of continuous systems. Current development is looking into technologies to decrease 

level of Amm-N within the digesters. Technologies such as recuperative thickening involve separating 

the liquid-solid phase in order to maintain higher solid retention time and wasting the liquid phase 

containing the soluble ammonia (Cobbledick et al., 2016; Hao et al., 2017), achieving comparatively 

high throughput at low ammonia levels. 

3.2.6 Nutrients 

Nutrients are necessary to sustain biomass growth and are required in different concentrations. 

Nitrogen is required for synthesis of proteins, enzymes, DNA and RNA and it comprises around 12% of 

bacterial cell mass (Parkin & Owen, 1987). Phosphorus is mainly utilised in the synthesis of energy-

storage compounds and is required in the feed sludge in a concentration of at least 0.8 mg/L (Speece, 

2008). Other micronutrients are necessary in small amounts for specialised enzyme systems, and 

include copper, cobalt, iron, nickel, sulphides and calcium (Gerardi, 2003). Presence of sulphide and 

phosphate could reduce metal bio-availability by precipitation. 

Commonly all the nutrients required for sustaining bacterial growth in AD are present in sewage 

sludge, with no addition required. However it is important to consider the presence of upstream 

processes, such a nutrient recovery processes, which could deplete the substrate from fundamental 

macro-nutrients such as P.  

3.3.7 Toxic elements 

Other than VFA and Amm-N, which have already been discussed, other elements and compounds can 

be toxic to bacteria in an AD reactor. One of the characteristics of toxic substances, which could also 

be used to devise a remedial strategy, is that they have to be soluble to be toxic. Another factor to be 
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noted is that, because toxicity alters the growth kinetics of bacteria, increase in solid retention time 

could reduce the adverse effects of toxicity (Parkin & Owen, 1987). 

Hydrogen sulphide has inhibitory effects even at low concentration (0.002-0.003 M H2S) (Speece, 

1996), because of its un-dissociated form, which can penetrate cell membranes. Methanogenic 

species are also more susceptible to sulphide inhibition compared to their acidogenic counterparts 

(Gerardi, 2003). 

Some heavy metals, such as Ni and Cu, are necessary in small concentration (below 10-4 M), but can 

be toxic at higher concentration (Angelidaki et al., 2002), as indicated in Table 3-6. The toxicity of 

heavy metals appear to be dependent on their concentration in soluble form, as well as on the amount 

of sulphide available for precipitation (Ghosh, 1972). Also light metal cations, such as Na+, K+, Ca2+, 

Mg2+ and NH4
+ have also been reported to have toxic effects at high concentration (McCarty & 

McKinney, 1961; Kugelman & Chin, 1971). 

Long chain fatty acids, which could be found in high concentration during hydrolysis of vegetable oil 

or other lipid rich compounds, can cause inhibition by adsorbing on the cell wall. This can impede 

passage of essential nutrients through the cell membrane and cause inhibition of metabolism 

(Henderson, 1973). Microorganisms have been shown to recover performance after dilution of the 

long chain fatty acids (Boe, 2006). 

A summary of inorganic species and the concentration reported to be inhibitory is presented in Table 

6 (Parkin & Owen, 1987). 

Table 3-6: Inhibitory concentration of inorganics in AD (Parkin & Owen, 1987) 

Substance 
Moderate inhibition 
concentration (mg/l) 

Strong inhibition 
concentration (mg/l) 

Na+ 3,500 – 5,500 8,000 

K+ 2,500 – 4,500 12,000 

Ca2+ 2,500 – 4,500 8,000 

Mg2+ 1,000 – 1,500 3,000 

Amm-N 1,500 – 3,000 3,000 

NH3 (Hansen et al., 1997) n/a 1,100 

Sulphide 200 200 

Cu n/a 0.5 (soluble) 

Cr (VI) n/a 3.0 (soluble) 

Ni n/a 2.0 (soluble) 

Zn n/a 1.0 (soluble) 
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3.3 Fundamental physico-chemical reactions in anaerobic digestion 

3.3.1 Dissociation reactions 

Dissociation is a reversible chemical transformation, which involves un-dissociated molecules splitting 

into atoms, ions or radicals, and vice versa. The law of mass action describes this transformation 

(Equation 4) (Judd, 2013). Dissociation constants at ambient temperature for important substances in 

AD is given in Table 3-7. Equilibrium point is governed by pH and temperature. 

Equation 4: Law of mass action 

𝐹𝑜𝑟 𝑎 𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 𝑎𝐴 + 𝑏𝐵 ↔ 𝑐𝐶 + 𝑑𝐷 

𝐿𝑎𝑤 𝑜𝑓 𝑀𝑎𝑠𝑠 𝐴𝑐𝑡𝑖𝑜𝑛: 𝐾 =
[𝐶]𝑐[𝐷]𝑑

[𝐴]𝑎[𝐵]𝑏
 

𝑊ℎ𝑒𝑟𝑒: 𝐾 = 𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑎𝑡 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑎𝑛𝑑 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒;  𝐴 = 𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡; 

𝑎 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠 𝑎𝑡 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 

Table 3-7: Acid-base dissociation coefficients (ADM1,2002) 

Acid/Base pair pKa at 25oC 

CO2/HCO3
- 6.35 

NH4
+/NH3 9.25 

H2S/HS 7.05 

H2O/(OH- + H+) 14.00 

HAc/Ac- 4.76 

 

3.3.2 Liquid-gas phase interface 

Solubility of gas depends upon temperature and partial pressure in the gas phase, Henry’s law is used 

to describe the concentration of the soluble fraction to be expected in the liquid (Equation 5) (Judd, 

2013). Temperature has a proportionally inverse effect on solubility of gas. 

Equation 5: Henry’s gas law 

𝑝𝑖 = 𝐻𝑐𝑖 

𝑊ℎ𝑒𝑟𝑒: 𝑝𝑖 = 𝐺𝑎𝑠 𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒; 𝑐𝑖 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑎𝑠 𝑖𝑛 𝑙𝑖𝑞𝑢𝑖𝑑;  

𝐻 = 𝐻𝑒𝑛𝑟𝑦′𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑜𝑟 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑔𝑎𝑠 𝑎𝑡 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

 

The difference in solubility of gas species involved in AD is significant and table 3-8 gives an overview 

of published Henry’s constants at ambient temperature (Sander, 1999). 
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Table 3-8: Henry’s constant at ambient temperature for gases typically involved in AD 

Gas Henry’s constant (M/atm) 

CH4 1.3 to 1.5 x 10-3 

CO2 3.4 to 3.6 x 10-2 

NH3 2.7 to 7.8 x 10-1 

H2 7.8 x 10-4 

H2S 8.7 x 10-2 to 1.0 x 10-1 

 

3.4 Sludge characteristics and anaerobic biodegradability 

3.4.1 Types of sludge 

High rate WWTPs generates two types of sewage sludge, primary sludge (PS) and surplus activated 

sludge (SAS). These sludge streams are commonly mixed and anaerobically digested together, but 

their different origin implies that they are intrinsically dissimilar. 

Primary sludge is the product of primary sedimentation. Typically primary sedimentation tanks (PST) 

can achieve between 45-75% total suspended solids (TSS) removal (Barber, 2014), and the produced 

sludge has a DS% of approximately 1.5% (Thames Water asset standard WWP 3.1). The removal 

efficiency of the PST has a profound effect on both the amount of PS produced, but also on its 

characteristics. Lagrotta et al. (2015) proved that dosage of Ferric prior to sedimentation increases the 

fraction of smaller particle captured in the PS. Soluble and colloidal substances are carried over in the 

settled sewage and treated in secondary processes. 

Surplus activated sludge is the by-product of activated sludge plants (ASP), which are used for the 

removal of soluble N and soluble and colloidal chemical oxygen demand (COD) (Smith, 2014). The 

excess biomass produced in the ASP has to be removed to ensure product balance in the process and 

the rate at which it is removed has an important effect on sludge characteristics, which will be 

discussed in one of the following sections (3.4.3). This sludge stream is largely comprised of dead and 

active biomass, extracellular polymeric substance (EPS) and a variable fraction of undegradable 

material (Parkin & Owen, 1987; Shana 2015). The debris arise from physical limitations and inefficiency 

of PSTs and recirculation of dewatering liquors at the head of the plant.  

3.4.2 Physico-chemical properties 

Sludge properties can be measured with a number of parameters, the most typical concerning AD are 

DS%, volatile solids (VS), COD, major elements C, H, O, N and S and organic constituents.  



 

41 
 

In PS, the DS% attainable with conventional thickening systems is in the order 3-5% for picket fence 

thickeners and 10-13% DS for gravity belt thickeners (GBTs). The fraction of VS largely depends on 

sewage collection system, presence of de-gritting unit and chemical dosing upstream of PST, values 

reported in literature range widely between 50-80% (% DS) (Barber, 2005; Duan et al., 2012). Specific 

COD content has been reported as 1.7-2.1 gCOD/gVSS (Kepp & Solheim, 2009) or 1.2 gCOD/gDS 

(Lensch et al., 2013). Primary sludge contains a lower fraction of N compared to SAS, published values 

for average elemental fractions are reported in Table 3-9. Another aspect of interest is the 

fractionation of sludge into its major organic macromolecules, such as carbohydrates, proteins and 

fats. Primary sludge is rich in fibers, arising from toilet paper, cotton and undigested residues of 

vegetables and grains. The proteinaceous fraction of PS is mainly formed of an undigested portion of 

vegetables, animals or fish, similarly to the lipids fraction, which is more abundant in PS compared to 

SAS (Gonzalez, 2006). Reported values for organic compounds in PS are summarized in Table 3-10. 

Table 3-9: Published elemental fractions in PS 

C H O N S Unit Reference 

41.8% 6.1% 29.4% 2.2% 0.5% % DS Lensch et al., 2013 

18 19 9 1 n/a Molar 
(normalized to N) 

Mininni, 2004 

23 35 8 1 n/a Molar 
(normalized to N) 

Barber, 2014 

10 19 3 1 n/a Molar 
(normalized to N) 

McCarty, 1972 

 

Table 3-10: Published organic constituents in PS. Values expressed as %DS 

Carbohydrates Fibres Proteins Lipids Ash Reference 

23% (as cellulose) 22% 22% 13% 20% Barber, 2014 

n/a 19% 25% 11% n/a Smith, 2014 

23% (calculated) 21% 21% 11% 24% Gonzalez, 2006 

18% (cellulose) n/a 17% 19% 20% O’Rourke, 1968 

 

Surplus activated sludge is more difficult to thicken compared to PS, average values attainable with a 

conventional GBT are in the order 5-7% DS. The reason for this resistance to water release is 

attributable to the presence of EPS, which constitutes a gel-like structure and retains a large fraction 

of water (Figure 3-8). The VS concentration (VS%) of SAS depends on operational conditions in the ASP 

and amount of refractory organics recirculated from dewatering equipment, reported values range 

58-81% VS (%DS) (Bolzonella et al., 2005; Mottet et al., 2010). The large fraction of proteins in SAS is 

due to the uptake of soluble N in wastewater, which is converted into cellular material and results in 

a relatively large fraction of N (Table 3-11). Extracellular polymeric substance and soluble microbial 
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products are mainly comprised of proteins and carbohydrates (Shana, 2015). The small fraction of 

lipids found in SAS are part of the bacterial cell, thus difficult to access (Gonzalez, 2006) (Table 3-12).  

 

Figure 3-8: Scanning electron microscopy of gelatine (x1,000) (De Colli et al., 2012) 

Table 3-11: Published elemental fractions in SAS 

C H O N S Unit Reference 

34.7% 5.5% 21.9% 5.9% 0.7% % DS Lensch et al., 2013 

5 7 2 1 n/a Molar 
(normalized to N) 

Mininni, 2004 

7 11 3 1 n/a Molar 
(normalized to N) 

Barber, 2014 

 

Table 3-12: Published organic constituents in SAS. Values expressed as %DS 

Carbohydrates Fibres Proteins Lipids Ash Reference 

22% 1% 42% 3% 32% Barber, 2014 

n/a 5% 45% 8% n/a Smith, 2014 

28% (calculated) 0% 42% 2% 27% Gonzalez, 2006 

22% n/a 43% 5% 26% 
Adapted from 

Mottet et al. (2010) 
Values as %VS 

 

3.4.3 Operational factors 

Primary sedimentation relies on gravity settlement of solids and the main parameter controlled by 

operators is the sludge blanket level, which is adjusted by changing the frequency and velocity of 

sludge removal from the bottom of the tank. Chemical dosing can be adopted to increase the mass of 

solids removed, and a 15% increase in PS volume can be achieved by dosing coagulants (Barber, 2014). 

The use of chemicals, such as ferric or aluminum salts, produces also a decrease in VS%, linked to the 

increase of inert precipitates. Lagrotta et al. (2015) also showed that the capture of smaller solid 

particles can be enhanced by pre-precipitation. Another aspect to be considered is storage time, as 

prolonged periods of storage increase sludge acidity and can lead to losses of BMP especially when 
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ambient temperature is high. Contact of raw sludge with digesting or digested sludge outside the AD 

reactor has to be avoided, as it can lead to uncontrolled production of methane, with consequent loss 

in sludge BMP and health and safety concerns linked to the production of explosive atmosphere. 

Secondary treatment can be achieved with a number of different configurations. Here high-rate ASPs, 

with the oxygen provided by submerged bubble diffusers, were considered. As opposed to PS, the 

properties of SAS are strictly linked to the conditions maintained in the ASP. 

The first thing to consider is the discharge consent of the effluent, Barber (2014) recognized three 

scenarios which depend upon local sensitivity and type of water body receiving the effluent: 

- Carbonaceous removal. In this case the only requirement on the effluent is to achieve low biological 

oxygen demand (BOD) and TSS in the effluent. In high-rate ASP, removal of BOD dictates wastewater 

HRT, which is typically between 4-9 hours. Solids are trapped in the flocs and settled with the sludge 

in secondary clarifiers. 

- Ammonia removal. In this scenario, other than BOD and TSS removal, nitrification is required to 

decease the level of Amm-N in the effluent. Nitrifying bacteria are typically slow growers, which 

dictates solid retention time (SRT or Sludge age) of at least 10 days, as opposed to a conventional 

sludge age of 5-6 days for carbonaceous removal systems. 

- Phosphorus removal. Phosphorus can be removed either with biological uptake or chemical 

precipitation. Chemical dosage will result in an increase in sludge volume and decrease in VS%. 

 The most important operational parameter in the AD context is sludge age (Gossett & Belser, 1982; 

Bolzonella et al., 2005; Ge et al., 2013). Figure 3-9 (Bolzonella et al., 2005) shows the relationship 

between increasing sludge age and decrease in BMP of SAS. This is linked to reduction in digestible 

organics linked to a prolonged retention of the solids in the secondary biological process. Batstone et 

al. (2011) suggested that SRT> 15 days would likely result in a failure of the digestion process, due to 

the undigestibility of SAS.  

 

Figure 3-9: Impact of secondary process SRT on sludge biogas yield (Bolzonella et al., 2005) 
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Sludge age can be controlled by varying the fraction of activated sludge surplus. Because of this, and 

because of the decrease in biomass yield linked to increased SRT (Barber, 2014), sludge age becomes 

a critical parameter affecting biodegradability and volume of sludge to be processed. Overall WWTP 

energy demand, which is highly dependent on aeration load, is also affected by sludge age, as specific 

oxygen demand increases with increasing sludge age (DWA-A, 2000). When adjusting SRT, 

considerations should be done on its impact on mixed liquor suspended solids (MLSS) in the ASP, 

which affects the process food:biomass ratio and sludge settleability characteristics. 

 3.4.4 Anaerobic degradability 

Anaerobic degradability of sludge varies depending on the type of sludge, its composition and the 

operational conditions found in the WWTP.  The amount of biogas produced is intimately linked to 

the amount and type of organics destroyed. Angelidaki and Sanders (2004) provided a review of the 

gas yield to be expected from the degradation of macropollutants (Table 3-13). Therefore organics 

and elemental fraction information can be used to determine the maximum theoretical biogas yield 

of sludge.  

Table 3-13: Methane yield and fraction obtainable from the elemental composition of the organic constituents degradation 

(Angelidaki & Sanders, 2004) 

Substrate type Composition 
COD/VS 

(gCOD/gVS) 
CH4 yield  

(STP l/gVS) 
CH4 

(% gas) 

Carbohydrate (C6H10O5)n 1.19 0.415 50% 

Protein C5H7NO2 1.42 0.496 50% 

Lipids C57H104O6 2.90 1.014 70% 

Ethanol C2H6O 2.09 0.730 75% 

Acetate C2H4O2 1.07 0.373 50% 

Propionate C3H6O2 1.51 0.530 58% 

 

For PS, theoretical specific biogas production was estimated 0.98 (NLbiogas/gVSdestroyed ) (Barber, 2014). 

Volatile solids reduction has been reported in the range 55-60% (Barber, 2005; Batstone & Jensen, 

2011). This implies that biogas yield for PS, with a VS% of 80% (%DS) can be estimated to be 

approximately 430 to 470 m3
biogas/tDSfed. Utilising an average composition of organic constituents from 

the values in Table 3-10 and the estimated yield provided in Table 3-13, it is also possible to estimate 

that the maximum biogas production of PS is between 0.51 – 0.57 (LCH4/gVS). This indicates that, for a 

PS with 80% VS (%DS) content, between 383 and 454 (m3
biogas/tDSfed) should be expected. When using 

information on elemental fraction from Table 3-13, with the version of the Buswell equation proposed 

by Angelidaki and Sanders (2004), the methane production of PS can be estimated between 0.59-0.79 



 

45 
 

(LCH4/gVS). The yield obtained in reality will depend on the operational conditions maintained in the 

AD reactor, which influence degradation kinetics. 

For SAS, theoretical specific biogas production was estimated 0.79 (Lbiogas/gVSdestroyed ) (Barber, 2013). 

Volatile solids destruction varies greatly, mainly depending on sludge age, and it could be anything 

between 18-45% (%DS) (Bolzonella et al., 2005; Winter & Pearce; 2010; Batstone & Jensen, 2011). This 

implies that there is a great difference between the biogas potential of SAS and to what is practically 

obtainable in conventional AD reactor, with biogas yield ranging 106 to 266 m3
biogas/tDSfed, for a 75% 

VS sample. Using published values for organic constituents (Table 3-12) and their respective yield 

(Table 3-13), the theoretical methane production can be estimated between 0.46 and 0.52 (LCH4/gVS). 

For a SAS sample with 75% VS (%DS) content, biogas yield could range between 103 and 278 

(m3
biogas/tDSfed). Similarly, using the values reported in Table 3-11 for elemental constituents, and with 

the adapted Buswell equation proposed by Angelidaki and Sanders (2004), biogas production of SAS 

can be estimated between 0.64-0.65 (LCH4/gVS) The reason for the low solids reduction during AD 

appears to be the inaccessibility of the organics, which in SAS are enclosed in and within the cellular 

material. Confirmation of this can be found in the effect of high temperature and pressure pre-

treatment, which can rupture and solubilise part of the cell walls, liberating the occluded organics. 

When SAS is conditioned with such energy intensive methods, the reported VS reduction can be 

increased up to 50% (%VS) (Shana, 2013), potentially increasing biogas yield up to 310 (m3
biogas/tDSfed). 

3.5 Operational parameters affecting anaerobic digestion 

3.5.1 Primary:Surplus activated sludge ratio (PS%) 

This parameter indicates the proportion of PS and SAS fed to the AD reactor (Equation 6). 

Equation 6: Fraction of PS in AD feed 

𝑃𝑆% =  
𝑃𝑆 (

𝑡
𝑑

)

𝑃𝑆 (
𝑡
𝑑

) + 𝑆𝐴𝑆 (
𝑡
𝑑

)
 

 For high-rate WWTP a common PS% is 50%. Barber (2014) showed how upstream process 

management influences the total and relative amount of sludge to be treated. Key factors influencing 

sludge stream proportions are summarized here. 

- Chemical pre-precipitation increases the total amount of sludge to be processed by approximately 

10%, but it also increases the fraction of PS% to 70%. 

- Decreasing sludge age, avoiding nitrification in ASP, increases total volume of sludge by 

approximately 5% and decreases PS% to 45%. 
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- Avoiding chemical dosing for P removal leads to approximately 10% decrease in total processed 

volume and an increase in PS% to 55%. 

The PS% is a key parameter in overall WWTP energy balance, because it affects the overall 

degradability of sludge, and thus the potential to recover biogas from AD, but also because it impacts 

the aeration demand in the secondary ASP. Increasing the fraction of solids removed in the PST 

increases the PS% and removes load from the downstream processes, Barber (2013) showed that 

aeration demand can be decreased by 20% by increasing TSS removal from 50% to 75% and BOD 

removal from 25% to 50% with the use of chemical dosing. Another technology that could allow 

improving the PS% is dissolved air flotation as primary process. This type of process requires energy 

to compress air and produce bubbles, which lift solids to the surface of the water and could potentially 

increase TSS capture to 90% (Menkveld et al., 2003). 

3.5.2 Organic loading rate (OLR) 

The OLR is a mathematical expression, function of feed volume, sludge DS% and VS% and digester 

volume (Equation 7). 

Equation 7: Organic loading rate 

𝑂𝐿𝑅 (
𝑘𝑔𝑉𝑆

𝑚3 ∗ 𝑑𝑎𝑦
) =  

𝑘𝑔𝑠𝑙𝑢𝑑𝑔𝑒

𝑑𝑎𝑦
∗

𝑘𝑔𝐷𝑆
𝑘𝑔𝑠𝑙𝑢𝑑𝑔𝑒

∗
𝑘𝑔𝑉𝑆
𝑘𝑔𝐷𝑆

𝑚𝑟𝑒𝑎𝑐𝑡𝑜𝑟
3  

Assuming: 1 m3 = 1000 kg 

The OLR is a useful function as it determines the throughput of solids which can be allowed in AD. 

Digestion operation managers are typically interested in maximizing OLR to intensify use of assets, 

avoiding underutilization of available digestion volume. For an existing asset this can be achieved 

either by maximizing solids concentration of sludge or minimizing the retention time. These two 

parameters, although contributing to the OLR, have significantly different implications on the AD 

biological and physico-chemical systems. Previous studies (Hill, 1982; Gianico et al., 2013; Gou et al., 

2013) demonstrate that OLR impacts the absolute and specific CH4 production rate. The relationship 

between CH4 productivity and OLR is non-linear (Husain, 1998), which may be explained due to 

biological stress and substrate inhibition. 

The impacts of HRT on AD process have been widely studied (Parkin and Owen, 1987; Miron et al., 

1999; Gerardi, 2003; Appels et al., 2008). The limitations on minimum HRT are dictated by the process 

limiting step. The limiting step can either be hydrolysis in the case of slowly biodegradable material 

and low process temperature or methanogenesis for soluble and highly degradable material and high 

process temperature (Miron et al., 1999). The minimum retention time needed to avoid biomass 
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washout of the slowest growing bacteria, methanogens, is between 10-12 days (Batstone & Jensen, 

2011). Increasing HRT above 20 days contributes to the degradation the most slowly degradable 

materials, but is generally considered economically unfavorable because of the capital costs involved 

in building extra digestion capacity (Parkin and Owen, 1987). A method to increase throughput while 

safeguarding biomass from washout is recuperative thickening (Batstone et al., 2015; Cobbledick et 

al., 2016). This solution involves recirculating a fraction of the dewatered digested solids inside the 

reactor, similarly to what is done in ASP, de-coupling the HRT from the solid retention time (SRT). 

In terms of sludge solids concentration, the limits on maximum allowable DS% in AD are generally 

linked to physical and biological limitations. Sludge behaves as a non-Newtonian fluid, its apparent 

viscosity is highly affected by temperature and DS%, with higher DS% corresponding to higher 

apparent viscosity (Cao et al., 2016). This implies that more energy is needed to pump and mix sludge 

at higher solids concentration. Biological limitations are dictated by the increase in concentration of 

inhibitory compounds and decreased diffusion of compounds. Ammonia and VFA are likely to be the 

inhibitory mechanisms where no other toxicants are present in significant concentration (Duan et al., 

2012). The decrease in water content linked to increased DS concentration can also limit diffusion of 

intermediate compounds such as H2, which can produce inhibition of processes which rely on the 

continuous consumption of these intermediate products (Cazier et al., 2015). Liu et al. (2016) 

suggested that at high solids concentration gas-liquid transfer could also be rate limiting. 

Operationally the OLR has important implications on thermal management, as it determines the 

volume of sludge to be heated and thus the overall thermal energy requirements, with higher DS% 

decreasing the thermal load (Asaadi, 2010). Increased DS% is also linked to increased polymer 

electrolyte demand, pumping and mixing energy, and Barber (2014) indicated 6% DS to be the limit 

where benefits outweigh costs of increasing solids concentration. 

Typical OLR for conventional AD range between 1.5 and 4 kgVS/m3/d (Wilson et al., 2011; Winter & 

Pearce, 2010) with solids ranging 2-7% DS (Batstone & Jensen, 2011). Solid state digestion (>15% DS) 

of sewage sludge has also been performed, but Liu et al. (2016) and Duan et al. (2012) noticed a 

decrease in performance associated with an increase in feed DS%. Experience with pre-treatment 

technologies such as thermal hydrolysis show that higher OLR, in the order 4-6 kgVS/m3/d at DS% 10-

12% can be sustained in AD with no inhibition or drop in performance (Shana, 2013). No study has yet 

identified the optimal bio-chemical point for OLR in conventional AD. 
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3.5.3 Temperature 

The main physiological effects of temperature on AD have been discussed in section 3.2.3. Typically 

AD of sewage sludge is operated either at mesophilic (37oC) or thermophilic (55oC) temperature. The 

main improvements in performance are linked to increased solids destruction, complex compounds 

solubilisation and increased pathogen destruction. 

Bolzonella et al. (2012) reported an increase in VS removal from 36% to 48% for a digester fed with 

SAS in the mesophilic and thermophilic range, respectively. Correspondingly specific biogas yield 

increased from 0.33 to 0.45 (m3/kgVSfed) with an increase in temperature from 37 to 55oC. The increase 

in solids reduction is linked to the increase in hydrolysis at higher temperature (Ge et al., 2011), and 

thus more likely to impact high SAS digestion compared to high PS digestion, due to less hydrolysable 

properties of SAS. Ge et al. (2011) also demonstrated that microbial metabolism of the major bacterial 

groups found in AD, does not appear to be particularly affected by the increase in temperature. 

Bolzonella et al. (2012) showed an increase in ammonia concentration associated with thermophilic 

AD, compared to mesophilic AD, but noticed no increase in total alkalinity associated with the different 

temperature regime. Salt precipitation, linked to the formation of struvite and hydroxyapatite, also 

increased with increased temperature. 

Temperature is also a critical factor controlling pathogen inactivation, Strauch (1991) indicated that 

the combination of time and temperature can be utilized to provide an effective barrier to pathogen 

diffusion. Smith et al. (2005) demonstrated that at mesophilic temperature inactivation of pathogens 

is not governed by heat induced stress, but by other mechanisms, such as microbial competition and 

substrate limitation. However, increasing temperature to the thermophilic range induce thermal 

inactivation of indicator pathogens. E.coli removal rate increases from approximately 2 log for 

mesophilic AD to approximately 3 log for thermophilic AD (Smith et al., 2005; Gonzalez, 2012). 

Operational aspects of temperature management include the increase in absolute humidity of the 

biogas and thermal energy self-sufficiency considerations. Referring to published data on 

psychrometry of natural gas (Shallcross, 2008), an increase in temperature from 37oC to 55oC, 

increases the absolute humidity from 0.018 to 0.040 (kgwater/kgdry_gas), indicating that more than twice 

as much water has to be removed to obtain a dry gas. Thermal energy self-sufficiency is determined 

by a number of factors, the most important are: AD temperature set-point, DS content of the sludge, 

gas yield, thermal efficiency of thermo-combustion unit, inlet sludge temperature, digester insulation 

and ambient temperature (CIWEM, 1996). 
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3.5.4 Mixing 

Mixing is essential in AD as it ensures contact between substrate and bacterial population, aiding 

diffusion of intermediate products and generating a uniform environment, both in terms of 

temperature and compounds concentration (Apples et al., 2008). Digester mixing also avoids 

formation of scum layers and excessive precipitation of heavier material (Shana, 2015). On the other 

hand excessive mixing has been linked to process acidification and process failure (Vavilin & 

Angelidaki, 2005) when organic load was high.  

Mixing can be achieved with different configurations, Figure 3-10 provides a schematic of the most 

common methods (CIWEM, 1996). The shape of the digester also affects the mixing performance and 

grit deposition. Modern digesters often utilize an egg-shape to minimize the amount of dead space in 

the reactor and increase mixing efficiency (Wu, 2010). Little information is available on typical mixing 

energy requirements, it would appear that between 6-10 W/m3 are required for efficient mixing 

(Barber, 2005).  

 

Figure 3-10: Conventional mixing methods in AD (CIWEM, 1996) 

Mixing is also affected by DS% concentration, as sewage sludge behaves as a non-Newtonian fluid. 

Apparent viscosity increases with DS% (Cao et al., 2016), therefore mixing energy requirements are 

increased at high sludge DS% concentration. 
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3.6 Key performance indicators in anaerobic digestion 

3.6.1 Bio-methane potential 

The bio-methane potential refers to the amount of CH4 gas that can be obtained from a feedstock 

under AD conditions. The standard BMP test (Angelidaki et al., 2009) is a batch test, in which a 

precisely known amount of substrate, usually measured as VS or COD, is mixed with an active inoculum 

and sealed in a closed assay. The CH4 produced is then measured and recorded, allowing the 

determination of rate and overall volume of CH4 produced. The BMP is an indicator of the amount of 

CH4 to be expected from different feedstocks, but it is still subject to variability linked to process 

temperature, feed:inoculum ratio and inoculum metabolic activity. 

A number of studies have been conducted trying to obtain surrogates to predict BMP. As discussed in 

section 3.4.4, elemental analysis (Buswell & Mueller, 1952) and organic macropollutants 

concentration (Angelidaki and Sanders, 2004) can be utilized to determine maximum theoretical CH4 

production. However, especially in the case of SAS where biodegradable material remains inaccessible 

during digestion, the value obtained with these methods cannot predict the actual biogas yield during 

continuous AD. Other biodegradability indicators that have been pointed out in literature include: 

COD/VS ratio, COD/TOC ratio, SAS sludge age and other empirical models which involve combination 

of different parameters. 

The COD/VS ratio could be used as an indicator of the energy potential. As indicated in Table 3-13 the 

different organic constituents in sludge, have different COD/VS ratios and energy yields. This results 

in PS having a higher gCOD/gVS ratio of 1.7-2.1, compared to SAS, which usually has between 1.4-1.6 

gCOD/gVS (Kepp & Solheim, 2009). However, because of the different degradability of SAS, this 

method encounters the same limitations as other methods, such as elemental analysis and organic 

constituents concentration, and cannot be used on its own to predict CH4 yield. 

The COD/TOC ratio is the value of the required oxygen for the oxidation of the carbon (Spies, 1986). 

Lensch et al. (2013) plotted a relationship (Figure 3-11) between the oxidation state of the carbon, the 

COD/TOC and the specific methane production of organic compounds, with compounds having a 

higher reductivity (closer to methane) resulting also in a slower reactivity of the substance. Primary 

sludge is found ranging from 2.9-3.9 gCOD/gTOC (from proteins to fat), while SAS ranges between 3.2-

3.6 gCOD/gTOC (range of lower fatty acids), while food waste ranges 3.6-4.0 gCOD/gTOC. When 

comparing the theoretical and experimentally measured biogas production, Lensch et al. (2013) 

noticed that the higher the methane potential, the higher the degradability. However, this method, 

as others previously mentioned, does not provide a way to estimate the different degradability of 

sludge. 
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Figure 3-11: Linear correlation of COD/TOC ratio and oxidation state and dependency of the specific methane production 

(Lensch et al., 2013) 

Mottet et al. (2010) conducted a detailed bio-chemical characterisation of SAS from different plants, 

in an effort to determine which indicators could be used to predict sludge biodegradability. The 

characterisation highlighted that the sum of all organic constituents was generally less than 100% of 

the VS%, and the longer the SAS age, the lower the total of the analytically determined organics. They 

suggested that this could be due to stronger floc cohesion in longer sludge age sludges, which render 

the organics unavailable during analytical measurement. The empirical model built from this study 

suggests that the following parameters could be used to accurately estimate biodegradability: 

COD/TOC, soluble organic C, carbohydrates fraction, lipids and protein fractions. The empirical 

equation provided appears to estimate the biodegradability with an R2 of 83%. Whether the 

measurement of all these parameters provide an easier method to estimate degradability of sludge, 

compared to direct BMP method, remains debatable. 

Another method that has been suggested to estimate degradability of SAS is the use of sludge age. 

Gosset & Belser (1982) proved that longer sludge age corresponded to lower degradability of activated 

sludge. The findings have been confirmed by other studies (Bolzonella et al., 2005; Ge et al., 2013), 

and Figure 3-12 (LHS) provides an estimate of the effects of sludge age on SAS degradability (Batstone 

& Jensen, 2011). It is important to note that the degradability values (Figure 3-12, Left) have to be 
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further multiplied by the fraction destroyed during AD (Figure 3-12, Right), which is mainly function of 

hydrolysis rate and retention time. As an example: a SAS sample with a 10 days sludge age, will have 

a degradability of 50%. When digested for 15 days, 80% of the available fraction will degrade. 

Therefore overall degradability obtained will be 50% x 80% = 40%. 

 

Figure 3-12: Left: Impact of sludge age on SAS biodegradability 

Right: Digester performance as function of retention time and hydrolysis rate 

(Batstone & Jensen, 2011) 

From the presented literature it would appear that to accurately determine the degradation of 

organics during AD, and thus the biogas yield, it is necessary to use a combination of sludge bio-

chemical or process conditions information and AD reactor process kinetics. 

3.6.2 Continuous AD performance indicators 

Continuous AD here refers to systems where sludge is either continuously or semi-continuously added 

to a reactor, either by “feed and spill” or “draw and feed” mechanisms.  

The performance of continuous AD is commonly measured by the volume of gas produced and the 

solids destroyed. The two indicators are closely linked, as discussed earlier the destruction of different 

types of solids yield a known amount of gas and product balance should allow calculating gas from 

solids destruction, and vice-versa. Variations in inlet VS% and VS properties might make the calculation 

more difficult as the AD system has usually around two weeks of buffering, thus matching solids in the 

inlet and outlet might be challenging. However a steady-state system, where all conditions are 

maintained constant, should yield a consistent performance. 

Another important performance parameter in AD is pathogen reduction. This is calculated either as a 

logarithmic reduction or as a percentage, based on organism plate count of the raw and digested 

sludge. A number of organisms can be used as indicator of pathogen inactivation, depending on local 
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environmental and social conditions, in Europe the “Evaluation of sludge treatments for pathogen 

reduction” (EU commission, 2001) provides the necessary guidance. 

Mineralisation of nutrients could also be an area of interest, where the digested sludge is used directly 

or indirectly for nutrient recovery. The mineralized fraction of N into Amm-N and of P into potash are 

important to define the bio-availability of these nutrients for plants uptake, thus can be used to 

quantify the fertilizer value of the produced digestate. 

3.6.3 Continuous AD stability indicators 

A number of parameters can be used to determine the health of an AD system. An unhealthy system 

could be defined as one which is not performing at stable conditions given the type of feedstock and 

environmental conditions within the reactor. 

pH is an important stability indicator, because microbial consortia can only operate within certain 

ranges, as discussed in section 3.2.4. From Table 3-4 it can be discerned that pH should be maintained 

between 7.0-8.0 to allow all bacterial groups to operate in their optimal range. pH can be monitored 

online and thus it is usually a preferred parameter, but it is not always indicative of process 

imbalances. In highly buffered systems, where there is sufficient alkalinity to buffer changes in pH due 

to VFA accumulation, the change in pH might be delayed and not allow prompt corrective action. Well 

managed reactors do not need pH correction with chemical additions, but where that should be 

necessary the chemicals listed in Table 3-14 are suggested for pH correction and alkalinity addition 

(Gerardi, 2003). The use of lime is only advisable for extreme acid conditions, and only useful up to pH 

of 6.0-6.2. The most convenient and predictable alkali for neutralization of acidity is sodium 

bicarbonate as it allows correcting pH to any desired value (CIWEM, 1996) 

Table 3-14: Suggested chemicals for pH correction and alkalinity addition (Gerardi, 2003) 

Chemical Formula 

Ammonia, anhydrous NH3 

Caustic soda NaOH 

Lime, quick CaO 

Lime, hydrated Ca(OH)2 

Soda ash Na2CO3 

Sodium bicarbonate NaHCO3 

 

Alkalinity quantifies the buffering capacity of an AD system. As discussed in section 3.2.4 different 

compounds contribute to total alkalinity. Generally speaking the higher the alkalinity the better, as 

high alkalinity will maintain stable pH conditions, allowing the microorganisms to function even when 
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VFA accumulate. Total alkalinity measured with titration to pH 4.3 has been demonstrated insensitive 

to VFA accumulation. Partial alkalinity appears to have a relationship with VFA accumulation, and 

could be used to detect process instabilities. However, in systems with high ammonia concentration, 

this does not hold true, as ammonia adds alkalinity to the system (Boe, 2006). 

Volatile fatty acids are the most abundant intermediate products in AD, and their accumulation could 

be symptomatic of inhibition of the acetogenic or methanogenic phase. Change in total VFAs provides 

an indicator of system instability and information on specific VFA can be used to determine inhibition 

of specific metabolic pathways during AD. Currently VFA are measured offline either by titration or 

gas chromatography, but recently methods to measure VFA online are being studied and developed 

(Boe, 2006). 

Ammonia is potentially the most common inhibitor in AD (section 3.2.5), because of its production 

during hydrolysis and destruction of proteinaceous organic matter. Therefore close monitoring of this 

parameter is necessary to prevent inhibition of the methanogenic phase. 

Biogas methane and carbon dioxide fractions can provide a warning of system failure. The actual 

composition of biogas depends on substrate type, but large deviations from the common value of 

CH4:CO2=60:40 should be regarded as signs of instability. More specifically decrease in CH4 content 

can indicate inhibition of the methanogenic phase. 

Hydrogen can also be utilized as AD stability indicator, because of its importance as an intermediate 

product. The accumulation of hydrogen has been suggested as an early stage indicator of process 

imbalance and can provide indication of toxic inhibition from heavy metals. Dissolved hydrogen should 

be used as opposed to hydrogen gas fraction, as it has been indicated to be a better indicator due to 

supersaturation of the liquid (Boe, 2006).   
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4 MATERIALS AND METHODS 

4.1 Experiment design 

4.1.1 Rationale for variable and range selection 

The variables selected for the experiments were PS%, OLR and temperature. The selection of the range 

to be tested for each variable had to reflect both research requirements and operational constraints, 

to ensure the experiment output are both novel and applicable results. The range and rationale for 

the selection are summarised in Table 4-1, more details are given below. 

Table 4-1: Range and rationale for selected control variables 

Parameter Minimum Median Maximum Rational for selected range 

PS% (DS basis) 20% 50% 80% 

Conventional WWTPs with activated 
sludge process normally operate with a 
PS%=60%. The selected range allows 
different plant configurations, which 
can be achieved with current or future 
process technologies. 

OLR (KgVS/m3/d) 
(DS% w/w) 

1.5 
(3%) 

2.75 
(5.5%) 

4 
(8%) 

The OLR is varied by controlling the DS% 
of the feed sludge. The selected solids 
range is achievable utilising 
conventional GBTs. 

Temperature (oC) 37 41 45 

Process performance has been 
demonstrated increasing up to 37oC, 
but literature was lacking on the upper 
mesophilic range. 

 

PS% (section 3.5.1) determines the type of feed to the AD reactor and it is thus critical to determine 

the chemical composition and ultimate biodegradability. For a conventional plant with high rate ASP, 

a PS% of 50% should be expected, but factors such as chemical pre-precipitation could enhance this 

by up to 10 percentile points. Emerging technologies, such as fine bubble diffused air flotation 

(Menkveld et al., 2003), could further increase the solid capture rate in the primary stage of 

wastewater treatment and push the PS% to a level higher than 60%. However, operational data show 

that poorly managed PST can have very low efficiency and the PS% could be reduced to 30% or lower. 

The OLR (section 3.5.2) as function of DS is primarily dictated by concentration capacity of the 

thickening unit. Operational data indicate that where picket fence thickeners (PFT) are used, average 

DS% is in the order of 3-4%. Modern GBTs and drum thickeners can increase concentration of PS up 
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to 10-13% DS and 5-6% DS for SAS. To increase the DS% above this level the use of energy intensive 

units such as a centrifuge or a belt press is required. 

Temperature (section 3.5.3) can be adjusted by altering the amount of heat supplied to the sludge 

prior to feeding. From company asset standards, the target for conventional mesophilic AD is generally 

37-39oC. Alternatively the AD process can be operated in the thermophilic range, with a conventional 

set-point of 55oC. It is unclear what are the implications of operating a digester between these two 

traditional temperature set-points and whether or not the AD process can be auto-thermal for 

temperature higher than 37oC. 

 

4.1.2 Statistical design of experiment 

Considering the purpose of the experiment to test multiple control variables simultaneously, two 

response surface design of experiment (DOE) have been taken into consideration. 

- Central composite (Minitab, 2017). 

This is a factorial design with center points, augmented with a group of axial points that allows 

estimation of curvature. With this type of design it is possible to estimate first and second 

order terms. This type of design is especially useful in sequential experiments, where it is 

possible to build on previous factorial experiments. Thus, this design is built around a 

previously defined center point, which should be the point of curvature of the response. 

- Box-Behnken (Myers and Montgomery, 2009). 

This type of response surface design does not contain an embedded factorial design. The 

design has treatment combinations that are midpoint of the edges of the experimental range 

and requires at least three factors. It allows efficient estimation of first and second order 

regression coefficients and it requires fewer treatments for an equivalent number of factors, 

compared to the central composite design. With this type of design, all factors are never set 

to their high levels simultaneously. 

The chosen DOE was the Box-Behnken method, because it allowed to define the response for three 

control variables and because the mid-point of the experiment was not expected to be the point of 

curvature. 

The DOE generated with Minitab using the Box-Behnken method suggested 42 blocks, with 13 

treatment combinations. Each treatment combination situated at the edges of the range consisted of 

three replicates, and the mid-point treatment consisted of six-replicate experiments, to increase the 

confidence of the coefficient estimation (Figure 4-1). 
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Figure 4-1: Box-Behnken experimental design 

4.1.3 Experiment planning 

The planning had to take into account time and resource availability during the course of the program. 

The time available for the experimental activity was two years, thus the plan, which required a 

minimum of 441 days of activity, was deemed feasible. Each treatment outlined in Figure 4-1, was 

designed as a consecutive series of sludge hydraulic retention times, which were used as pseudo-

replicates for the statistical analysis. Three reactors were available to perform the required 

experiments. Thus, the strategy adopted was to divide the treatments between the digesters, keeping 

the ratio of PS and SAS constant in each digester, in order to minimise adaptation time between 

different treatments. The rationale was that SAS contains an active population of acidogens and other 

facultative anaerobes growing within the activated sludge plant. It follows that the PS% impacts not 

only the type of substrate fed the biomass, but also the population dynamics within the reactor 

(Kirkegaard et al., 2016), which needed to be kept as stable as possible throughout the course of the 

experiment. The plan taken forward is outlined in Table 4-2.  

Table 4-2: Minimum time required for completion of experiment 

Digester 
number 

Treatments Equilibration and contingency Total days 

1 1, 2, 3, 4 
+ 1 HRT/equilibration/treatment 

+20% contingency 

307 

2 5, 6, 7, 8, 9 441 

3 10, 11, 12, 13 307 
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One of the challenges for an experiment with such a long lead time was the change in environmental 

and process conditions, which could have potentially changed the physico-chemical properties of the 

sludge sampled for the experiment. Therefore, a control experiment was set-up, with the aim to 

capture changes in raw sludge biodegradability. The control experiment was run in parallel to the main 

experiment, using the same raw sludge and adopting constant operational parameters (Table 4-3) 

throughout the experimental research period. The conditions in Table 4-3 were the same adopted 

during the commissioning period of the experimental equipment, and thus provided a useful baseline 

to benchmark different equipment performance. 

Table 4-3: Control experiment operational conditions 

Operational parameter Unit Value 

PS% % DS 80% 

OLR kgVS/m3/d 1.5 

Temperature oC 37 

HRT days 16 

 

4.2 Sludge source 

4.2.1 Experiment on operational parameters 

Figure 4-2 indicates the typical configuration of large scale WWTP with conventional AD, such Reading 

WWTP, Slough WWTP and Maple Lodge WWTP, examined in this research. The blocks indicate 

processes and the arrows the different liquid and sludge flows. 

 

Figure 4-2: Role of AD in a conventional large scale WWTP 
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The sludge for the experiment was collected from Reading WWTP. This plant is the most recently built 

among the Thames Water sludge digestion centers. The plant receives municipal wastewater from a 

population equivalent of approximately 220,000 people. The influent wastewater is screened with 

5mm plates before passing through a tank for the removal of grit, fats, oil and grease (FOG), before 

primary sedimentation. The FOG removal plant however has been found ineffective since its 

installation. Sedimentation of PS is achieved with a lamellae process. Settled sewage is then treated 

in an ASP which consists of a 3-stage Bardenpho process with internal recirculation and pre-anoxic 

stage. Activated sludge is precipitated in secondary clarifiers. 

Primary sludge is screened for rags and collected in a storage tank where it is mixed with imported 

sludge from nearby WWTPs and cesspits, before being thickened with GBTs. Surplus activated sludge 

is thickened on a dedicated set of GBTs and then mixed with the stream of PS and imports. The mixed 

sludge stream is thermally treated in a pasteurization plant and fed to mesophilic anaerobic digesters. 

The digested sludge is dewatered with centrifuges and transported off-site for agricultural use. 

Sludge imported to Reading WWTP originated from different sources, and could potentially contain a 

fraction of activated sludge or humus from trickling filters. Therefore, to improve experimental control 

over the PS physico-chemical characteristics, PS was sampled from the lamellae de-sludge lines and 

thickened to 10-13% DS, using a dedicated thickening device. The development and working principle 

of the thickening rig are discussed in section 5.1. 

Surplus activated sludge was sampled from the GBT discharge pipe, at a concentration ranging 5-7% 

DS. For experiments which required higher than 6% DS, SAS was stored for 3-5 hours in woven draining 

bags, to remove the remaining fraction of free water and increase the solid concentration up to 9% 

DS.  

No major change was implemented in Reading WWTP during the course of the experiments, but the 

lamellae process experienced problems with formation of a layer of scum, due to poor performance 

of upstream FOG process removal, and blockages, due to rags accumulation. This could explain the 

detriment in performance, which led to a decrease in total PS throughput (Figure 4-3) and a decrease 

in VS% of PS (Figure 4-4). The VS% of SAS also varied during the course of the research, but no single 

trend nor correlation with the PS VS% could be found. 
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Figure 4-3: Reading WWTP PS throughput, weekly average. Data from Thames Water cockpit. 

 

Figure 4-4: Reading WWTP PS and SAS VS%, weekly samples. 

The properties of SAS are affected by the operational conditions of the primary sedimentation 

process, which determines the amount of suspended solids that is carried into the ASP, as well as the 

ASP operational conditions. Important factors, which affect SAS age, are the MLSS and the rate of 

surplusing, which determines the total volume of SAS. The relationship between MLSS, rate of 

surplusing and SAS age is indicated in equation 8. 

Equation 8: Surplus activated sludge age 

𝑆𝑙𝑢𝑑𝑔𝑒 𝑎𝑔𝑒 =  
𝑉(𝑚3) ∗ 𝑀𝐿𝑆𝑆(

𝑔
𝐿

)

𝑆𝐴𝑆 (
𝑡𝐷𝑆

𝑑
) ∗ 1000(

𝑘𝑔𝐷𝑆
𝑡𝐷𝑆 ) 

    𝑜𝑟    𝑆𝑙𝑢𝑑𝑔𝑒 𝑎𝑔𝑒 =
1

𝑆𝑢𝑟𝑝𝑙𝑢𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%𝑡𝑜𝑡𝐴𝑆)
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It was interesting to observe that there was no direct correlation between the MLSS and the SAS 

throughput, but the factor having the highest impact on SAS age was SAS throughput (Figure 4-5). This 

suggests that the rate of surplusing could be used as a control parameter to adjust SAS age.  

 

 

Figure 4-5: Relationship between ASP operational conditions in Reading WWTP 

Sludge age as measured was approximately 20 days, but conditions were particularly variable in the 

second half of the experimental research (Figure 4-6), suggesting the need for a corrective algorithm 

to take into account of these changes. 
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Figure 4-6: Reading WWTP ASP operational conditions 
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4.2.2 Experiment on sludge characterisation 

Sewage sludge was sampled from Reading WWTP, Slough WWTP and Maple Lodge WWTP. These 

plants are all operated from Thames Water, the main characteristics of wastewater treatment 

processes are summarised in Table 4-4. 

Table 4-4: Characteristics of the WWTPs used as control for the sewage sludge characterisation experiment 

WWTP Wastewater 
source 

Primary 
sedimentation 

Chemical dosage Secondary treatment 

Reading Municipal. 
Water treatment 
plant discharge. 

Lamella No BNR  
3 stage Bardenpho 
with pre-anoxic and 
internal recirculation 

Slough Municipal. Food 
factories 
discharge. 

Settlement tank Ferric addition in 
activated sludge 
plant 

BNR 
3 stage Bardenpho 

Maple 
Lodge 

Municipal. Settlement tank Ferric addition prior 
to primary 
sedimentation 

BNR Sebokeng 
configuration. 
Mainly chemical P 
removal. 

 

In Reading WWTP the sludge was sampled as indicated in section 4.2.1, while in Slough and Maple 

Lodge WWTPs, the PS sampled was mixed with imported sludge. The samples were collected with 

approximately a two month frequency for a total of 10 samples. 

The changes in sludge age in the two control plants were determined by different factors. In Maple 

Lodge WWTP the MLSS had small variations, and the changes in SAS age were attributable to changes 

in SAS throughput. On the other hand in Slough WWTP, the SAS throughput was approximately 

constant and the variations in SAS age were determined primarily by variations in MLSS (Figure 4-7). 

 

Figure 4-7: Relationship between ASP operational conditions in Maple Lodge and Slough WWTP 
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In all control WWTPs the conditions of the ASP were monitored and data recorded. As Figure 4-8 

shows, conditions were significantly different in Slough WWTP and Maple Lodge WWTP, which 

attained an average SAS age between 10 and 20 days, compared to Reading WWTP (Figure 4-6). 

 

 

 

Figure 4-8: Activated sludge plant conditions in Maple Lodge and Slough WWTP. 
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4.3 Experimental equipment 

4.3.1 Autodigesters 

The autodigesters (Figure 4-9) were fully automated, semi-continuous and completely stirred 

anaerobic digesters, used to carry out the experiment on impact of operational parameters on AD 

performance. Sludge was stored in a refrigerated and intermittently stirred buffer tank, with a capacity 

of 50L. Sludge was cooled to below 6oC (EK Immersion cooler, Thermo Fisher Scientific, US) and fed to 

the reactor by means of a peristaltic pump (630 Process pump, Watson Marlow, UK).  The reactor had 

a 60L capacity, with 10L headspace and 50L active volume, controlled by a level sensor (Level sensor, 

PEPPERL+FUCHS, Germany) installed on the top. Temperature in the reactor was maintained at the 

correct set-point using an electric heating jacket (Standard 50L flexible heating jacket, LMK, UK), 

controlled via a pH/temperature probe (INPRO4260SG/120/PT1000, Mettler Toledo, US) and a 

thermocouple. The digested sludge was withdrawn using a peristaltic pump and discharged into a 

waste tank, sitting on a digital load cell, used to control the mass of wastage at every cycle. Sludge 

was fed in batches at a frequency of 3 times per day. The biogas was conditioned through a copper 

sulphate catchpot to strip H2S and through silica gel to remove water vapor. Biogas was continuously 

monitored for CH4 and CO2 fractions (Gas card NG, Edinburgh Instruments, UK) and flowrate (Model 

32908-61, ColeParmer, US). Data for biogas properties, reactor temperature and pH were recorded 

digitally every 3 minutes. The values expressed here refer to dry gas, normalized at 25oC and 1 Atm. 

The software used to control the autodigesters was LabViewTM (Version 8, National Instruments, US) 

and the virtual instruments were originally designed by Glamorgan University. 

 

Figure 4-9: Image and schematic of the autodigester apparatus 

4.3.2 Chemostats 

The chemostats (Figure 4-10) were used as a control experiment and run in parallel with the 

autodigesters. The chemostats were semi-continuous and manually fed anaerobic digesters, with a 

total capacity of 8L. The reactors were completely mixed using a paddle mixer powered by an external 
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motor. Temperature was controlled by immersing the reactor in a water bath, heated by an electric 

resistance. Biogas was measured for the total volume by either water displacement bottle or wet-tip 

flow meter. 

 

Figure 4-10: Picture and schematic of chemostat with water displacement bottle 

4.3.3 Automatic methane potential test system 

The automatic methane potential test system (AMPTSTM) (Bioprocess, Sweden) (Figure 4-11) was used 

to conduct batch digestion tests for the sludge characterization experiment. The AMPTSTM consisted 

of a water bath with variable temperature control, a CO2 stripping unit, a wet tip flow meter for biogas 

volume measurement and computer to record the biogas volume and flowrate. Up to 15 1L bottles 

could be connected to each AMPTS. Each bottle was continuously mixed with dedicated stirrers and 

submerged in the water bath. The values expressed here refer to CH4 gas normalized at 0oC and 1 Atm. 

 

Figure 4-11: AMPTSTM components 



 

67 
 

4.4 Analytical methods 

Both raw and digested sludge were routinely sampled to characterise their physico-chemical and 

biological properties. The samples were stored for 1-2 days in the fridge below 6oC between collection 

and analysis, for VFA of digested sludge this could result in measured concentrations up 80-90% lower 

than measurements carried out immediately after sample collection. Table 4-5 summarizes the type 

and frequency of analysis for each of the experiments carried out as part of this research. 

Table 4-5: Analysis carried on sludge samples indicating frequency and method reference code 

Analysis (unit) Frequency Company: UKAS specification-method 

Operational parameters experiment 

DS% (w/w %), VS% (% DS) Daily TW: LP/R/567 - Thermogravimetric 

pH 2 / week TW: LP/R/576 - Sirius GLpH probe 

Total Alkalinity (mg/L) 2 / week TW: LP/R/528 Part 2A - Colorimetry 

Total and Individual VFA (mg/L) 2 / week TW: LP/R/431 – Gas Chromatography 

Total N (mg/L) 2 / week TW: LP/R/527 – Combustion 

Amm-N (mg/L) 2 / week TW: LP/R/029– Steam distillation 

Total P (mg/L) 2 / week 
TW: LP/R578 - Inductively Coupled Plasma – 

Optical Emission Spectrometry (ICP-OES) 

E.coli (count) Weekly TW: LP/R/372 – Plate count 

Sludge characterization experiment 

Oil (% DS) 5 / year Sciantec: S1026 – Weibul acid hydrolysis 

Protein (% DS) 5 / year Sciantec: S1018 - DUMAS 

Crude fibre (% DS) 5 / year Sciantec: S1022 - Gravimetry 

Cellulose (%DS) 5 / year Sciantec: S1043 - Calculated 

Neutral detergent fibre (%DS) 5 / year Sciantec: S1012 – Enzymatic gravimetry 

Starch (% DS) 5 / year Sciantec: S1028 - Polarimetry 

Total sugars (% DS) 5 / year Sciantec: S1027 – Luff Schoorl 

C, H, N (% DS) 5 / year Exeter analytical: 17025 - Thermoconductivity 

Fe and Al (mg/kgDS) 5/ year TW: LP/R/578 – Acid digestion and ICP-OES 

Total COD (mg/L) 5 / year 
TW: n/a – Hach Lang test kit 

(untreated with dilution) 
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4.5 Gas flow-meter calibration 

The measurement of gas flowrate was one of the most challenging experimental tasks to achieve, 

because of the difficulty associated with accurate gas volume measurements. For this reason a 

method was developed, which aimed at detecting differences in gas flowrate measurement between 

multiple devices. The rationale was that if independent devices, utilizing different working principles, 

output the same reading, then the devices could be confidently used for the measurement. The 

devices used for the tests were an electronic mass flow meter (Model 32908-61, ColeParmer, US) and 

a wet-tip flow meter (Vandebilt university, US) (Figure 4-12).  

 

Figure 4-12: Left: Electronic mass flow-meter, Right: Wet-tip flow-meter 

The procedure for the cross comparison of gas flow measurements between the devices was the 

following: 

1. Connect a gas cylinder to a rota-meter or similar device to control gas flow. 

2. Line up all the devices to be tested. 

3. Open gas cylinder and set a gas flow with the rota-meter and allow a minute for the gas flow 

to stabilise. 

4. Connect one instrument at a time without altering the position of the gas flow control valve. 

5. Record the measurement of each device. 

6. Repeat steps 3-4-5 twice at a different flow rate within the range of interest. 

7. Normalise all values to the same temperature and pressure, when required. 

8. Compare the results to determine the relative difference in gas flow readings. 
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An example of the results obtained with this test is presented in Figure 4-13. In this case the range of 

interest was between 10 and 70 cubic centimeter per minute (ccm), as measured during the 

experiments with the autodigesters. The electronic meters were those utilized on the three 

autodigesters. The gas used for the experiment was N2. In this case no normalization was required as 

the electronic meters automatically normalise to 25oC and 1 Atm, which were the same environmental 

conditions recorded during the test, and thus experienced by the wet-tip flow meter. The analysis of 

the results indicated that all the devices produced similar results, the relative standard deviation was 

below 2%, within the tested range. 

 

Figure 4-13: Comparison of performance of different units at different flow regimes 

 

4.6 Calculations 

For the estimation of sludge BMP, two theoretical formulae have been used. 

Organic fractions potential, indicates the theoretical methane yield that can be obtained from the 

degradation of the different macromolecules present in the substrate (Equation 9).  

Equation 9: Organic fractions potential 

𝐵𝑀𝑃 =  ∑ 𝑋𝑖 ∗ 𝑌𝑖 ∗ 𝐹𝑖

𝑛

𝑖=1

 

𝑊ℎ𝑒𝑟𝑒: 𝐵𝑀𝑃 = 𝐵𝑖𝑜 − 𝑚𝑒𝑡ℎ𝑎𝑛𝑒 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 (𝑆𝑇𝑃
𝑚𝑙𝐶𝐻4

𝑔𝑉𝑆𝑓𝑒𝑑

) 𝑋𝑖 = 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%𝑉𝑆),

𝑌𝑖 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑚𝑒𝑡ℎ𝑎𝑛𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑆𝑇𝑃
𝑚𝑙𝐶𝐻4

𝑔𝑉𝑆𝑑𝑒𝑠

) , 𝐹𝑖 = 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%𝑉𝑆) 

Elemental fraction potential, indicates the theoretical methane yield that can be obtained from the 

transformation of elements present in the substrate into methane gas. A readapted stochiometric 

formula proposed by Angelidaki and Sanders (2004) is shown in Equation 10. 
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Equation 10: Elemental fraction potential 

𝐵𝑀𝑃 =  
(

𝑐
2

+
ℎ
8

−
𝑜
4

) ∗ 22.4

12 ∗ 𝑐 + ℎ + 16 ∗ 𝑜
  

𝑊ℎ𝑒𝑟𝑒: 𝐵𝑀𝑃 =  (𝑆𝑇𝑃 
𝑙𝐶𝐻4

𝑔𝑉𝑆
) , 𝑐 = 𝐶𝑎𝑟𝑏𝑜𝑛 (𝑚𝑜𝑙), ℎ = 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 (𝑚𝑜𝑙), 𝑜 = 𝑂𝑥𝑦𝑔𝑒𝑛 (𝑚𝑜𝑙) 

Ratio of COD/VS calculated from elemental fractions provides a useful indication of the energy 

content of the organic matter and can be calculated starting from the major fractions of elements 

found in sludge as indicated in Equation 11 (Sotemann et al., 2005). 

Equation 11: Sludge COD/VS from elemental fractions 

𝐶𝑂𝐷

𝑀𝑀
=

8 ∗ (ℎ + 2 ∗ (2 ∗ 𝑐 − 𝑂) − 3 ∗ 𝑛)

12 ∗ 𝑐 + ℎ + 16 ∗ 𝑜 + 14 ∗ 𝑛
 

𝑊ℎ𝑒𝑟𝑒:
𝐶𝑂𝐷

𝑀𝑀
= (

𝑔𝐶𝑂𝐷

𝑔𝑉𝑆
) , 𝑐 = 𝐶𝑎𝑟𝑏𝑜𝑛 (𝑚𝑜𝑙), ℎ = 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 (𝑚𝑜𝑙), 𝑜 = 𝑂𝑥𝑦𝑔𝑒𝑛 (𝑚𝑜𝑙), 𝑛

= 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 (𝑚𝑜𝑙) 

 

The performance of the anaerobic reactors was calculated via mass balances, based on the solids and 

the gas produced. The different key performance indicators (KPI) are presented here. 

Biogas production (BP), indicates the volumetric production of biogas of the AD reactor (Equation 12). 

The daily average values will be used for the specific biogas production and yield calculations. This 

parameter does not provide a meaningful way to compare between digesters of different size. For 

data acquired with high resolution electronic mass flow meters, this parameter could also be used to 

determine rate of production, in terms of hours or minutes.  

Equation 12: Absolute biogas flowrate 

𝐵𝑖𝑜𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝑚3

𝑑
 

Specific biogas flowrate, indicates the specific utilisation of the AD reactor and it is a useful measure 

to determine process intensity (Equation 13). However, it is not useful to quantify specific utilisation 

of the feedstock. 

Equation 13: Specific biogas flowrate 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑏𝑖𝑜𝑔𝑎𝑠 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 =  
𝑚3

𝑚𝑟𝑒𝑎𝑐𝑡𝑜𝑟
3  
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Biogas yield (BY), is a measurement of the amount of gas recovered from each tonne of DS (Equation 

14). It is a useful indicator of process performance and can be used to give an indication of the ability 

of the AD process to convert solids into gas. Variations in VS% of the raw sludge may lead to 

inconsistency in the numeric value of this KPI, within or across WWTPs. 

Equation 14: Biogas yield 

𝐵𝑖𝑜𝑔𝑎𝑠 𝑦𝑖𝑒𝑙𝑑 =
𝑚3

𝑡𝐷𝑆𝑓𝑒𝑑
 

Specific biogas yield (SBY), indicates the amount of biogas recovered from each tonne of VS (Equation 

15). This is potentially the best parameter to benchmark AD process performance as it indicates the 

degree of conversion of organic matter into biogas. However, it is subject to limitations, as the organic 

constituents, and their biodegradability, within the VS can vary widely across WWTPs. 

Equation 15: Specific biogas yield 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑏𝑖𝑜𝑔𝑎𝑠 𝑦𝑖𝑒𝑙𝑑 =
𝑚3

𝑡𝑉𝑆𝑓𝑒𝑑
 

Volatile solids destruction (VSDMB), indicates the percentage reduction of VS during the AD process 

(Equation 16). The mass balance method takes into account both DS% and VS%, and it is especially 

useful under unsteady conditions. 

Equation 16: Mass balance VSD 

𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒, 𝑉𝑆 𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 =  
𝑉𝑆𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛,𝐼𝑁 − 𝑉𝑆𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛,𝑂𝑈𝑇

𝑉𝑆𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛,𝐼𝑁
 

The Van Kleeck method (VSDVK), also indicates the level of VS destruction attained within an AD 

reactor (Equation 17). This method assumes that the fixed solids are conserved during the digestion 

process (Switzenbaum et al., 2003). This method is useful under conditions of variable solids 

concentration as it does not take into account the DS% of the raw and digested sludge.  

Equation 17: Van Kleeck VSD 

𝑉𝑎𝑛 𝐾𝑙𝑒𝑒𝑐𝑘, 𝑉𝑆 𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 =  
𝑉𝑆𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛,𝐼𝑁 − 𝑉𝑆𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛,𝑂𝑈𝑇

𝑉𝑆𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛,𝐼𝑁 − (𝑉𝑆𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛,𝐼𝑁 ∗ 𝑉𝑆𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛,𝑂𝑈𝑇)
 

  

Specific biogas production (SBP), specifies the methanation potential of the feedstock (Equation 18). 

This is a useful parameter to compare different types of feedstock and their ability to generate biogas 

under anaerobic conditions. However, it is subject to errors in both gas measurement and solids 
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destructions calculations, thus its variability could be high, especially in processes which are not 

operated at steady-state. Both types of VS destruction calculations could be used to calculate this KPI. 

Equation 18: Specific biogas production 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑏𝑖𝑜𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝑚3

𝑡𝑉𝑆𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑
 

Hydraulic retention time (HRT) indicates the residence time of the sludge within the reactor (Equation 

19). Unless specified there is no distinction between solid retention time and hydraulic retention time. 

Equation 19: Hydraulic retention time 

𝐻𝑅𝑇 =
𝐷𝑖𝑔𝑒𝑠𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚3)

 𝐹𝑒𝑒𝑑 𝑟𝑎𝑡𝑒 (
𝑚3

𝑑
)

 

First order kinetics for continuous digestion can be modelled using equation 20 proposed by Vavilin 

et al. (1996). 

Equation 20: Continuous digestion first order kinetic equation 

𝑋𝑠−𝑑𝑒𝑠 = 𝑋𝑠 −
𝑋𝑠

(1 + 𝐾 ∗ 𝐻𝑅𝑇)
 

𝑊ℎ𝑒𝑟𝑒: 𝑋𝑠: 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑙𝑒 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒; 𝑋𝑠−𝑑𝑒𝑠: 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑙𝑒 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑; 𝐾: 𝑅𝑎𝑡𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

 

4.7 Statistical methods 

Analysis of variance 

One-way analysis of variance (ANOVA) is used to directly compare two datasets (Hogg and Ledolter, 

1987). The p-value is used as summary statistics to determine whether the null hypothesis can be 

rejected or not. For high p-values the null hypothesis cannot be rejected, indicating that the two 

datasets do not present statistically significant differences. For a low p-value (p<0.05) the null 

hypothesis can be rejected and the dataset present statistically significant differences.  

Multiple regression analysis 

This section describes the process and nomenclature used when dealing with multiple regression 

techniques in this research, which is carried out with Minitab ® statistical software. The content of this 

section is a re-adaptation from various sources (University of Reading, 2017; Minitab blog, 2017). 

Multiple regression analysis is a statistical technique, which allows to determine the significance of 

inference between one response parameter and one or more predictor variables. Multiple regression 
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techniques also allow to quantify the strength of the correlation between response and predictors by 

generating coefficients assigned to each predictor. The quality and precision of the generated model 

is assessed through a number of statistical parameters and this section discusses their importance and 

interpretation process. 

The majority of the multiple regression analysis carried out in this research is linear regression analysis, 

which means that a single coefficient is assigned to each predictor. Linear regression can describe 

linear, quadratic or cubic responses and an example is given in Figure 4-14. Another type of 

relationship that can be described is interaction, which implies that the impact of one predictor on the 

response will be dependent on the value or category of another predictor. 

 

Figure 4-14: Types of linear regression curves 

The algorithm behind multiple regression analysis, unless otherwise specified, is ordinary least square, 

which produces coefficients by minimising the distance between the fitted line and all the data points. 

There are different methods of regression, such as unconstrained and stepwise regression. 

Unconstrained regression indicates a model including all the terms under analysis, independently of 

their significance. Stepwise regression adds or removes terms to the regression equation based on 

their significance. Generally speaking a model with higher number of terms has higher precision, but 

there is the risk of overfitting the model. Overfitting the model indicates the case where the model 

can describe extremely well the dataset under analysis, but has low predictive ability for new 

observations. 

Significance of the terms is based on their p-value. High p-value indicates that the null hypothesis is 

true and the coefficient of the term should be zero. Low p-values indicate the null hypothesis can be 

rejected and the coefficient of the term is different from zero. Significance level for this research is 

95% or p-value<0.05. The models built as part of this research are hierarchical. Hierarchical models 

maintain lower terms (main effects) if the higher terms (quadratic, cubic or interactive) are significant. 

Residuals plots can be observed to determine if the normality of data is respected and if the model 

produced biased results. Residuals plots can indicate if the model maintains a random error, or if some 

terms in the model are describing this random error, producing a biased model (Figure 4-15). 
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Figure 4-15: Example of residual plots 

The precision of the model can be assessed with the coefficient of determination (R2) and the 

standard error (S) value. The R2 value provides a measure of how close the data are to the regression 

line and indicates the percentage of the response variable that is explained by the linear model. The 

R2 value does not provide any indication whether the variables explain a significant change in 

response, but it indicates how precise the prediction is. A problem with the R2 is that increasing the 

number of predictors (overfitting) always increases the R2 value, but it does not necessarily increase 

the quality of the estimation for new observations. To obviate to this problem there are two modified 

version of the R2, the Adjusted R2 (R2-adj) and the Predicted R2 (R2-pred). The R2-adj increases only if 

the additional terms improve the model more than it would be expected by chance alone. The R2-pred 

indicates how well a model predicts new observation and in contrast with the R2 will drop for an 

overfitted model. The standard error of the regression represents the average distance between the 

values and the regression line. The smaller the S number the more consistent the fitted line plot with 

the modelled data. The standard error can be a more intuitive measure than the R2 value because it 

uses the same units of the response. 

For a correct interpretation of results the confidence and prediction intervals should be considered 

when presenting the model output. The prediction interval is the range where a single new 

observation is likely to fall within. The confidence interval is the range where the mean value is likely 

to fall within. The implications of this are significant when considering a new prediction and the 

likelihood of obtain a higher or lower value. Figure 4-16 shows a fitted line plot giving an example of 

using prediction interval for correct results interpretation. From Figure 4-16 it is possible to see that 

in order to obtain a response of 450.0 or higher, with 95% confidence, the model should be set to 

output a minimum value of 505.7.  

Another important aspect to keep in mind is that the regression model generated with this kind of 

analysis is only valid for the range of conditions tested and for constant environmental variables, 

where environmental variables refer to the set of conditions held constant when collecting the 

observations and which could impact the response when changed. The choice of the preferred model 
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depends on the complexity and precision required for any given application. In general, a model 

should have the ability to accurately predict new observations while maintaining the natural 

randomness of the phenomenon observed. 

 

Figure 4-16: Example interval plot 

Minitab® contour plots can be used to visualise a change in response as function of two variables. For 

guidance an example of Minitab® contour plot generated for this research is given in Figure 4-17. In 

the rest of the thesis contour plot refers to plots generated with Minitab® to visualise change in a 

response variable as function of two predictors. 
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Figure 4-17: Example of contour plot to visualise change in response as function of multiple variables 

Non-linear regression 

Non-linear regression techniques are applied where a linear equation is not sufficient to describe the 

response variable. Non-linear regression methods involve estimation of two or more coefficients 

assigned to each predictor. The majority of non-linear regression analysis in this research is applied to 

batch digestion experiments, in order to describe the cumulative CH4 production as function of time. 

Two equations were used and compared to model cumulative CH4 production, both of which use 

asymptotic type functions. Minitab ® was used as statistical software for non-linear regression. 

The Vavilin equation (Vavilin et al., 1996) utilises two parameters only as indicated in Equation 21. 

Equation 21: Vavilin equation 

𝑃𝑡 = 𝐵𝑜 ∗ (1 − 𝑒(−𝑘∗𝑡)) 

𝑊ℎ𝑒𝑟𝑒: 𝑃𝑡 = 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡;  𝐵𝑜 = 𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑦𝑖𝑒𝑙𝑑; 𝑘 = 𝑅𝑎𝑡𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡; 𝑡 = 𝑡𝑖𝑚𝑒 

The modified Gompertz equation (Donoso-Bravo et al., 2010) utilises an additional parameter 

compared to the Vavilin equation as indicated in Equation 22. 

Equation 22: Gompertz equation 

𝑃𝑡 = 𝐵𝑜 ∗  𝑒
(−𝑒

(𝑟∗
𝐸

𝑃𝑚𝑎𝑥
∗(𝑙−𝑡)+1)

)
 

𝑊ℎ𝑒𝑟𝑒: 

 𝑃𝑡 = 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡;  𝐵𝑜 = 𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑦𝑖𝑒𝑙𝑑; 𝑟 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ; 

𝑙 = 𝑙𝑎𝑔 𝑡𝑖𝑚𝑒; 𝑡 = 𝑡𝑖𝑚𝑒 
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5 METHODS DEVELOPMENT  

5.1 Sludge thickening rig 

A sludge thickening rig was designed and built to sample indigenous PS in Reading WWTP, whilst 

avoiding contamination from sludge imported from smaller sites and cesspits. Sludge was sampled 

from the lamellae desludge lines, at a concentration between 0.3 to 5% DS. To meet the requirements 

set in Table 4-1, the minimum sludge concentration to be attained was 8% DS. The volume of sludge 

to be collected at each run varied greatly, therefore the rig was sized accordingly to accommodate the 

case of maximum demand, determined by 3 autodigesters operating at 4 kgVS/m3/d. This determined 

that approximately 7 kgDS had to be collected at each run. In the worst case scenario of sludge being 

collected at 0.3% DS, the total volume of sludge to be thickened was approximately 2300 L. The design 

of the thickening rig aimed at minimizing manual handling and sludge sampling time. A schematic of 

the rig is presented in Figure 5-1 and an image in Figure 5-2. A list of the components utilized, and 

their purpose, is given here. 

 

Figure 5-1: Thickening rig schematic 

Ball valve – High pressure hose – 3-way valve: These components were connected to the main 

process line, and were designed to withstand pressure up 16 Bar and high flow rates. The 3-way valve 

was used to switch the flow between two storage tanks. 

Industrial bulk containers (IBC): Two IBCs were used as buffer tanks and allowed to collect up to 2000 

L of sludge in a single run. Sludge entering the tank from the top was filtered through a 5mm stainless 

steel mesh, which stopped most of the rags and larger debris from entering the system, protecting 

downstream equipment from blockages. Sludge was withdrawn from the bottom of the tanks. 

Mono pump and flow distribution: The pump was used to move sludge from the containers into the 

draining bags, through a distribution system, which allowed splitting the flow manually between the 

three bags. 
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Poly storage – Dosing pump – Static mixer: These components delivered the cationic polymer used 

to flocculate the solids and improve thickening. The flow was manually adjusted on the dosing pump. 

The polymer was injected via a non-return valve ahead of an in-line mixer, which increased contact 

between polymer and sludge solids. 

Draining bags: Three woven drainage bags were used to retain the solids and allow passage of water. 

The bags were hung from a steel frame and conditioned sludge was pumped from the top. Around 2 

hours were allowed for all free water to be drained, before slashing the bottom of the bags and 

collecting the solids into a 25 L barrel. For PS the final solids concentration obtained was in the range 

10-13% DS. 

 

Figure 5-2: Image of the thickening rig located in the lamella desludge building 

5.2 Sludge dewatering piston press 

An automated piston press was developed to speed up the sludge dewatering test, compared to the 

existing manual piston press available at the Thames Water Innovation centre. This press was not used 

to test dewaterability of the sludge produced during the experiment on operational parameters, due 

to the delay in the design and construction. 

The main aims of the automated piston press, compared to the manual piston press, were to: 

- Decrease operator’s hands-on time. 

- Increase test repeatability.  

Both aims were achieved by automating processes such as pressure adjustment and filtrate volume 

measurement. This allowed similar conditions in all tests and an ability to precisely record time series 

results for pressure and filtrate volume. 

The requirements for the test were obtained from the literature (Olivier and Vaxelaire, 2004) and 

specifications of the existing press. The sample volume was up to 200ml of sludge plus 50 ml of 
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polymer, for a total of 250 ml. The aspect ratio of the cylinder was maintained similar to the existing 

press, approximately 1.5:1 (height:diameter). The operating pressure range was 0-15 Bar. 

A picture of the assembly is given in Figure 5-3, and the main components are described here. 

Motor: An electric stepper motor was used to generate the required force to compress the sludge. 

Other alternatives were also considered but subsequently discarded: pneumatic drive raised health 

and safety concerns associated with compressed gas and hydraulic drive did not allow control in the 

low pressure range (0-2 Bar), due to the minimum pressure required to operate an hydraulic pressure 

multiplier. The stepper motor selected had a 40Nm output and could be controlled down to 0.7o 

angles, providing sufficient power and accuracy. 

Transmission: The transmission assembly comprised an Oldham coupling and a lead screw. The 

purpose of the transmission was to transform the rotational motion into linear motion, to drive the 

piston forward and backwards in the cylinder. The lead screw utilised had a pitch of 3 mm, which 

allowed a control over linear movements < 1 mm. 

 

Figure 5-3: Image of the automated piston press 
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Compression chamber: The chamber comprised a number of other elements as indicated in Figure 5-

4. The pressure transducer allowed to control the pressure inside the chamber and had a working 

range 1-24 Bar. The filter membrane allowed the passage of water and was kept in place by a 

perforated steel plate fitted with o-rings.  

 

Figure 5-4: Piston press compression chamber components 

Proximity sensors: These induction sensors allowed correct positioning of the piston and provided a 

safety measure for the equipment. 

Scale: The digital scale recorded the filtrate volume and sent the signal to the computer for data 

logging. The maximum capacity was 2200 g and the accuracy 0.01 g. 

The computer control was developed using LabViewTM and a screenshot of the control panel is 

provided in Figure 5-5.   

 

Figure 5-5: Screenshot of the virtual user interface for the dewatering piston press 
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The control system allowed to monitor pressure and filtrate volume every 100 ms, changing the 

position of the piston accordingly. The pressure profile was determined using a sigmoidal function 

(Equation 23), which mimics well the pressure profile within a belt press (drainage – pressure increase 

– hold pressure). 

Equation 23: Sigmoidal function used to mimic belt press pressure profile 

𝑃𝑡 = 𝑃𝑚𝑎𝑥 ∗ 𝑒−𝑒
(

𝑟∗𝑒
𝑃𝑚𝑎𝑥

∗(𝑙−𝑟)+1)

  

𝑊ℎ𝑒𝑟𝑒: 𝑃𝑡 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡, 𝑃𝑚𝑎𝑥 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑟 = 𝑅𝑎𝑡𝑒, 𝑙 = 𝐿𝑎𝑔 𝑎𝑛𝑑 𝑡 = 𝑇𝑖𝑚𝑒  

Another advantage of automating and digitalizing the work on dewatering was to provide a common 

framework to all tests. This encouraged the operator to provide details about the sludge properties 

and upstream process conditions, which might not have been relevant to the specific tests, but could 

help to build a database to inform future studies. 

During the commissioning period, different digested sludge samples were tested, and the 

performance of the piston press was compared to the performance of full scale assets, on the basis of 

the dewatered sludge (cake) DS%. The results for the samples tested are presented in Figure 5-6. The 

sites tested used different types of dewatering assets, centrifuge in Reading, Bucher press in Beckton, 

Crossness and Oxford and belt press in Cherstey and Crawley. Centrifuges and Bucher presses were 

expected to produce higher cake DS%, as these assets generate higher shear levels and thus release a 

higher fraction of water. As expected, the piston press produced more comparable results in sites 

utilising belt presses, with a relative difference in performance between full scale and pilot scale of 

+10% and -9% for Cherstey and Crawley, respectively. Overall the piston press performance trended 

as expected for a full scale process, but further optimisation may be required to obtain a more 

accurate estimate of dewatering efficiency (Figure 5-6). 

 

Figure 5-6: Comparison of pilot scale and full scale dewatering performance 
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6 EXPERIMENT RESULTS ON SLUDGE CHARACTERISATION 

6.1 Generic physico-chemical characteristics 

In this section the properties of the different types of sludge are presented as time series and the 

experiment number indicates the chronological order followed for the sludge sampling. This is useful 

to determine the range of parameters found in different WWTP, the variation during the sampling 

period and potential correlations between them. 

Figure 6-1 shows the time series, expressed as experiment number, for VS% and COD value of solids 

in PS. It would appear that for Reading WWTP and Maple Lodge WWTP there has been a decrease in 

VS% over the two years sampling period. This could be due to changes in the influent sewage 

characteristics, increase in inert fraction or decrease in performance of the PST. COD values were 

generally found in the region 1.0-1.7 gCOD/gDS. 

 

Figure 6-1: Measured VS% and COD content in PS 

For SAS, Reading WWTP and Maple Lodge WWTP showed a matching trend in VS%, suggesting that 

there was a common underlying mechanism controlling the organic content in activated sludge (Figure 

6-2). However when categorising the plants by the ASP configuration, it was possible to highlight a 

strong impact of Fe content. What is surprising is that in Maple Lodge, where the Fe concentration 

was higher compared to the other sites, the VS% appeared completely unrelated to the Fe content 

(Figure 6-3). COD values were found in the order of 0.75 to 1.2 gCOD/gDS. 
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Figure 6-2: Surplus activated sludge VS% and Total COD content 

 

Figure 6-3: Impact of Fe concentration on VS% of SAS 

The amount of VFA and the pH level of PS can give an indication of the state of the sludge, with high 

values of VFA and low values of pH suggesting that fermentative reactions have already initiated in 

the raw sludge. Between the sites the only notable difference was the higher pH level for Reading 

WWTP (Figure 6-4). It should be noted that PS in Reading WWTP was sampled immediately after de-

sludging from the lamella. When the same PS sludge was sampled after being mixed with imported 

sludge from cesspits and small WWTP, the pH was found to be lower, in the range 5.5-5.8. 
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Figure 6-4: Primary sludge alkalinity, total VFA and pH value 

For SAS samples, Maple Lodge WWTP showed a consistently higher pH value compared to the other 

sites (Figure 6-5). The higher value was consistent with the higher concentration of alkalinity found in 

the same sludge samples, while VFA did not appear to play a role in determining the pH value. The 

higher pH level could be affected by a number of factors, such as the different ASP configuration and 

metal dosing strategy. Figure 6-6 confirms the interaction of pH and Fe content in the sludge. This is 

consistent with previous findings which indicated a precipitation of insoluble ferrous compounds is 

decreased at pH < 7.0 (De Haas et al., 2000). 
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Figure 6-5: Surplus activated sludge alkalinity, total VFA and pH value 

 

Figure 6-6: Correlation between Iron content and pH of SAS 
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Another interesting aspect of sludge is the relative abundance of nutrients found in the solids, as this 

has important repercussions on the physico-chemical conditions and the biological requirements of 

the AD reactor, as well as on the fate of the produced digested sludge.  

Figure 6-7 summarises the total amount of P and N found in PS across the different sites. It is apparent 

that Maple Lodge WWTP, the only site utilising a pre-precipitation strategy, presented the largest 

abundance of nutrients in PS, per g of DS. Slough WWTP also showed a higher concentration of N 

compared to Reading WWTP. The impact of Fe concentration on total P can be observed more clearly 

in Figure 6-8. Aluminium (Alum or Al) was found in much lower concentration compared to Fe, but 

Figure 6-9 suggests that Al could play a role in determining the abundance of N found in PS. Speece et 

al. (2008) indicated that a minimum of 0.8 mg/l of P is required to sustain biological reactions in AD, 

suggesting that a sludge feed consisting exclusively of PS, at a concentration as low as 1%DS, would 

meet this requirement. 

 

Figure 6-7: Primary sludge total P and N content 
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Figure 6-8: Impact of Fe concentration on total P and N content in PS 

 

Figure 6-9: Impact of Al concentration on total P and N content in PS 

All the SAS samples presented a higher concentration of nutrients compared to PS, indicating the 

importance of this sludge type for further utilisation of digestate on land application for fertilization 

purposes. Between the SAS samples, Slough WWTP showed a significantly higher level of P, while in 

Reading WWTP a lower concentration of N was found (Figure 6-10). None of the measured parameters 

appear to fully explain the difference in nutrients concentration across the various sites. Interestingly, 

high level of Fe appear to reduce the amount of P found in SAS, although this could be caused by the 

higher pH associated with the sludge from Maple Lodge WWTP (Figure 6-5), but in both cases a small 

portion of the variability in P concentration was explained. Sludge age appeared to be the only 
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measured parameters explaining part of the variability in total N content (Figure 6-12), with higher 

sludge age increasing the level of denitrification in the ASP and thus decreasing the amount of N in 

the biomass produced. 

 

Figure 6-10: Surplus activated sludge total P and N content 

 

Figure 6-11: Impact of Fe and pH on total P content 
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Figure 6-12: Impact of SAS age on total N content 

 

6.3 Organic macromolecules content 

Organic macromolecules have been monitored in both types of sludge. Here results are presented 

either as time series or as averages for each site. The average values will then be utilized for modelling 

purposes. It should be noted that values below limit of detection (LOD) have been replaced with half 

the LOD value and values from missing analysis replaced with the average obtained from the available 

results. 

In PS, the most notable difference in organic macromolecular concentration, between the tested sites, 

was the large fraction of proteins found in Maple Lodge WWTP (Figure 6-13). Again, Fe dosing could 

play a role in capturing a fraction of proteins, which are found either in suspended solids or in colloidal 

forms, during the primary sedimentation stage (Figure 6-14), although the presence of proteins in 

Maple Lodge PS could be attributable to the discharge of SAS from a medium size WWTP in the 

catchment. What is counterintuitive is why the total N fraction does not appear to be impacted by Fe 

dosing, when proteins are the most abundant N carriers between the various organic constituents 

tested (Table 3-13). Reading also showed a lower concentration of fibre in PS, which could linked to 

the use of a sludge screen process for the removal of rags or to a less efficient sedimentation obtained 

with the lamella process, compared to the traditional sedimentation tanks. 
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Figure 6-13: Primary sludge organic macromolecules content 

 

Figure 6-14: Impact of Fe on proteins fraction in PS 

In SAS, organic fractions were found generally more consistent across sites. The only significant 

difference was the higher fraction of lipids found in Slough (Figure 6-15). This could be due to the 

presence of food factories discharging fats in the sewers network of Slough WWTP, which are not 

separated from wastewater during primary sedimentation. The higher amount of fibres in Slough was 

only found in the first two samples, then the concentration attained values similar to the other 

WWTPs. 
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Figure 6-15: Surplus activated sludge organic macromolecules content 

Results were generally in agreement with literature presented in section 3.4.1, with PS showing a 

much larger fraction of fibres compared to SAS, and proteins being the dominant macromolecule in 

SAS. For both types of sludge only a fraction of the VS was characterized, with the lowest average 

value being 57.5 %VS for SAS in Reading. This suggests that the methodology utilized is not particularly 

fit for these types of sample, which present a very heterogeneous matrix, or that a large fraction of 

inorganic compounds in present in the VS. 

 

6.4 Major elemental fractions 

The sludge samples were characterized for the major elements found in organic matter C, H and N, 

with the O fraction assumed from literature, due to unavailability of analytical service providers. 

Results for PS were variable and difficult to replicate, potentially due to the heterogeneous matrix of 

this sludge and the small sample size (<1 mg) used for the elemental test. During the course of the 

sampling period the method has been modified in an effort to improve test precision. Figure 6-16 

shows that including a high energy mechanical blend prior to the test, improved the reproducibility of 

the test. Surplus activated sludge was not blended as standard deviation of test results was found 

acceptable. 
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Figure 6-16: Effect of mechanical pre-treatment on standard deviation of elemental analysis results 

Even with the addition of an homogenisation step, results for PS appeared highly variable across the 

different tests and the total amount often exceeded 100% (Figure 6-17). When normalising the molar 

concentration of the average value for each site (assuming O = 25 %DS), the following compositions 

were obtained for PS:  

- Maple Lodge = C15H26O4N 

- Reading = C19H49O7N 

- Slough = C17H31O4N 

These values were within the range indicated in literature (Table 3-9), but the large variability within 

and across sites could make the use of results particularly challenging for modelling purposes. 

 

Figure 6-17: Primary sludge elemental analysis 
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Similarly to the results reported in Figure 6-16, the results of the elemental analysis on SAS were more 

precise compared to the results obtained from testing PS samples. The results obtained across the 

different sites were also generally consistent, with samples from Slough WWTP showing a consistently 

higher value for all the tested elements (Figure 6-18). 

 

Figure 6-18: Surplus activated sludge elemental analysis 

Normalising the molar concentration obtained from the average elemental fraction from each site 

(assuming O = 21 %DS) the following formulae are obtained for SAS: 

- Maple Lodge = C7H16O2N 

- Reading = C7H13O2N 

- Slough = C7H18O2N 

Generally the measured compositions agreed with literature, with only the H fraction exceeding the 

values reported in Table 3-11. This could be caused by the fact that samples were tested wet and the 

actual moisture content could have varied slightly, altering the correction applied to calculate H 

fraction in solids. 
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6.5 Bio-methane potential 

The BMP test is a widely used indicator for sludge biodegradability as it provides a direct measure of 

the amount of gas that can be generated from any given substrate at standard conditions (Angelidaki 

et al., 2009).  

Primary sludge demonstrated a highly variable BMP over the sampling period (Figure 6-19), with no 

apparent seasonal relationship. The one-way ANOVA test conducted on the BMP between the 

different sites indicated no significant difference (p=0.174). However, on average Maple Lodge 

appeared to have a higher BMP compared to Reading. 

 

Figure 6-19: Primary sludge BMP – values normalised to STP 

Surplus activated sludge also demonstrated a variable BMP across the different experiments (Figure 

6-20), but the difference between the sites was more evident. The one-way ANOVA confirmed the 

statistically significant difference between the sites (p<0.05). Reading WWTP resulted the lower 

amount of gas per gram of VS fed into the batch reactors. 

 

Figure 6-20: Surplus activated sludge BMP- values normalised to STP 
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6.6 Bio-methane potential estimation 

As discussed in section 3.6.1 a number of potential parameters could be used as surrogate for the 

estimation of the BMP. Here a number of these parameters are tested either directly or in combination 

to determine which could be used to forecast the BMP of a sludge sample. 

Figure 6-21 shows the correlation between different parameters and the value obtained from the BMP 

test. Given the large difference in BMP (y-axis) between the two types of sludge, data should not 

overlap along the x-axis, for parameters that are indicative of degradability. A certain degree of 

clustering is only observable for the VS% and CHN theoretical estimators. Trends appear particularly 

poor for PS sludge types, while VS%, CHN theoretical and sludge age could partially explain variability 

in BMP.  

 

Figure 6-21: Correlations between key predictors and response in BMP for PS and SAS 

On the basis of the observations of trends from Figure 6-12, the three parameters demonstrating the 

higher impact on BMP of SAS (VS%, CHN theoretical and Sludge age) were taken forward to determine 

if a combination of them could provide a full explanation of SAS biodegradability. The three 

parameters were used as input for a multiple regression analysis, including both linear and quadratic 

terms, with a backward elimination (p-value < 0.05), for the estimation of BMP. Table 6-1 provides a 

summary of the statistical analysis for the multiple regression analysis. 
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Table 6-1: Multiple regression equation statistical output for SAS BMP estimation 

Term Contribution p-value Coefficient St. Error 

Coefficient 

Adjusted R2 

VS% 40.0% 0.023 405 153 
68.7% 

CHN 

theoretical 

33.6% 0.003 0.124 0.033 

Sludge age 9.2% 0.034 -2.064 0.851 

 

The regression analysis (Table 6-1) indicated that all three terms were significant. The equation was 

further developed to be more representative than previously observed from other studies (section 

3.4.3). This implied that a negative exponential term was to be included to represent the effect of 

Sludge age.  The CHN theoretical value was replaced with a COD/VSCHON ratio calculated from the 

elemental fractions as indicated in Equation 11.  The non-linear regression function in Minitab® was 

used to determine the coefficient of the newly built equation (24). For non-linear estimations the 

individual p-values cannot be calculated, but the model fit can be plotted against the experimental 

results (Figure 6-22). It can be observed that the new equation provides a good fit and could be used 

to determine SAS BMP value with an error of approximately ± 24 NmlCH4/gVSfed. 

Equation 24: Surplus activated sludge BMP prediction 

𝐵𝑀𝑃 (
𝑚𝑙𝐶𝐻4

𝑔𝑉𝑆
) =  −401.24 + 706.69 ∗ 𝑉𝑆% + 45.82 ∗  

𝐶𝑂𝐷

𝑉𝑆 𝐶𝐻𝑂𝑁
− 2.547 ∗ 𝐴𝑔𝑒 + 225664 ∗ 𝑒−𝐴𝑔𝑒  

 

Figure 6-22: Bio-methane prediction and measured values for SAS 
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6.7 Kinetics 

Further work was carried out to determine the degradation kinetics of individual organic constituents. 

The rationale behind this was that, because each organic constituent degrades at different rate, 

insights on the individual kinetic curve could have produced information to estimate the overall BMP 

of the different sludge types. The results for the batch test at 37oC conducted with Reading PS are 

presented in Figure 6-23, where the points represent the average of triplicates. 

 

Figure 6-23: Degradation kinetics of individual organic constituents in PS at 37oC 

Cellulose degraded rapidly and at the first sampling interval, on day 3, around 80% of the cellulose in 

PS was already degraded. As expected lignin degraded really slowly and around 85% of the initial lignin 

was still present after 17 days of digestion. The total oil was the only constituent to be found below 

LOD, thus its total degradation of approximately 65% is an estimate based on the total methane 

produced. Only approximately 20% of the proteins measured in the substrate were degraded during 

the 17 days test period. 

Figure 6-24 shows the results for digestion of SAS at 37oC. In this case there is no speciation of type of 

fibrous material, because of their relatively low concentration and around 45% of the crude fibres 

were degraded during the test. Oil concentration fell below LOD and the total degradation based on 

cumulative methane produced was estimated to be approximately 60%. The measurement of protein 

degradation proved challenging and it is possible that the biomass produced during digestion 

interfered with the readings, because after 10 days the concentration of proteins appeared to 

increase. This is the reason why the predicted BMP curve shows a decreasing trend. Observing the 

measured BMP curve it is possible to deduce that protein degradation continued until the last day of 
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test and it is estimated that approximately 25% of the proteins were destroyed to attain the measured 

volume of methane. 

 

Figure 6-24: Degradation kinetics of individual organic constituents in SAS at 37oC 

The experiment was repeated at 41oC for both types of sludge, to determine the impact of 

temperature on the degradation of different organics. The test had to be stopped after 14 days for 

lack of time and resources. 

The results for the stabilization of PS at 41oC are shown in Figure 6-25. Approximately 68% of the total 

cellulose was found to be degraded, the majority of which was disintegrated during the first 2 days of 

testing. Oil was found to be below LOD and therefore its degradation factor was fitted against total 

bio-methane production and estimated as 45% of the initial mass. Only 15% of the total proteins were 

degraded during the 14 days retention. Lignin degradation was insignificant and thus is not shown in 

Figure 6-25. 

 

Figure 6-25: Degradation kinetics of individual organic constituents in PS at 41oC 
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The theoretical and measured methane production for SAS at 41oC is shown in Figure 6-26. In this 

experiment fibres degradation was in the order of 15% of the total mass, however the measurement 

appeared erratic, potentially due to the low concentration. Oil concentration fell below LOD and 

ultimate degradation was estimated to be 35% of the initial mass. Approximately 18% of the proteins 

fed into the batch reactor were degraded after 14 days. 

 

Figure 6-26: Degradation kinetics of individual organic constituents in SAS at 41oC 

The results on organics degradation, from the 37oC experiments, have been applied to the rest of the 

data collected from the three WWTPs. The aim was to determine whether the degradation fractions 

obtained could be generalised to accurately predict BMP of PS. From Figure 6-27 it is possible to 

deduce that even by applying individual degradation factors, the BMP estimation for PS did not 

improve. Therefore, it is possible to conclude that the degradation kinetics of individual 

macromolecules are controlled by not just temperature, but also other factors. Site-specific 

degradation factors have also been applied, without a successful outcome. Potentially the initial 

concentration of the constituents could play a role, but it is also likely that the broad characterisation 

carried out in this research did not take into account the different types of proteins, oils and fibres 

which make up this large macromolecular groups and which could demonstrate significantly different 

degradation rates. 

 

Figure 6-27: Bio-methane prediction and measured values for PS 
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6.8 Discussion on sludge characterisation 

Iron dosing altered the composition of PS, with higher Fe content leading to an increase in P fraction 

and proteins fraction in the solids. This is consistent with previous findings indicating up to 90% 

removal of P and improved BOD and SS removal with the use of iron salts during primary 

sedimentation (Lees et al., 2001). The N content did not appear to be directly related to Fe content, 

but high N levels were found to be associated with high Fe content in Maple Lodge WWTP. It is not 

clear whether or not this was attributable to large discharge of SAS in the sewer networks from an 

adjacent WWTP. Previous authors reported a small increase in N content in PS after addition of Fe 

(Doyle and Parsons, 2002). Aluminium was found in much lower concentration compared to Fe and 

its presence could be associated with galvanic industries as well as extensive use of aluminium 

compounds in households. Nitrogen content appeared to increase with Alum fraction in solids 

 The VS% of PS was not found to be different across the sites tested, but a decreasing trend was 

noticeable in Reading and Maple Lodge. In the case of Reading this could be associated with 

decreasing performance in the lamellae, caused by rags blockages and formation of scum layers, which 

require regular maintenance and closure of part of the available sedimentation lanes. The VS% of SAS 

was found to decrease with Fe content, consistently to that reported in literature (Barber, 2014). 

However, the relationship between SAS VS% and Fe content only held for similar Bardenpho-type ASP. 

In Maple Lodge WWTP, utilising chemically enhanced primary sedimentation and Sebokeng-type ASP, 

the VS% of SAS was equivalent to that found in sludges produced from Bardenpho-type ASP with 

approximately half the Fe content. 

Maple Lodge SAS was also found to have the highest average pH value, and the Fe content in sludge 

SAS was found to directly correlate with pH, confirming that pH > 7 contribute to the precipitation of 

Fe (Ersoz & Barrot, 2012). However, high Fe content appeared to have a negative impact on the 

amount of P found in SAS. This suggests that even in sludges with relatively high Fe content (1.5%DS 

< Fe < 6.5%DS) the main route of accumulation of P in ASP remains biological. The only parameter 

showing a potential effect on N content of SAS was sludge age, with longer solid retention time leading 

to a lower concentration of N in the sludge. The macromolecular composition of SAS was found 

consistent across the sites and similar to presented literature (Table 3-12). The only exception of 

higher level of oil in Slough, potentially due to the presence of food industries in that area which 

discharges passed through the primary sedimentation into the settled sewage. The inconsistency in 

concentration between protein and N concentration, could be attributable to presence of inorganic N 

compounds, such as urea and nucleic acid. 
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Primary sludge biodegradability was not found to be significantly different across the tested sites and 

none of the tested parameters appeared to control the methane yield during batch digestion. The 

average degradable fraction for PS was in accordance with previous literature (Batstone & Jensen, 

2011) and in the order of 60%-65% of VS.  The only way to accurately predict methane yield was 

measuring degradation of individual compounds during digestion. This confirmed that the values 

provided in literature (Angelidaki and Sanders, 2004) for theoretical yield of individual organic 

compounds are accurate and can be used to carry out mass balances in AD. However, the results also 

indicated that degradation kinetic rates of individual macro-molecules could not be generalised and 

the BMP could not be accurately estimated using only initial substrate composition. 

The biodegradability of SAS was found to be significantly different across the tested sites and three of 

the measured parameters were found controlling the BMP. Consistent with the literature (Gossett & 

Belser, 1982; Bolzonella et al., 2005; Ge et al., 2013) SAS age impacted BMP, with longer retention in 

the ASP reducing yield of SAS. In addition to that, VS% and elemental fractionation of SAS were found 

to contribute to the overall BMP of sludge. The regression equation developed as part of this research 

and including sludge age, VS% and elemental information appeared to explain a good proportion of 

the variability (R2=88.2%) in BMP of SAS. 
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7 EXPERIMENT BASELINE AND CONTROL 

7.1 Autodigesters baseline experiment 

Before applying the treatment defined with the statistical design of the experiment, the three 

autodigesters were subject to a period of commissioning. The same conditions were maintained for 

175 days, the only variation was the source of PS. Approximately half way during the commissioning 

period the PS fed to the reactors was changed, from a PS mixed with imported sludge (PSm) to 

indigenous PS (PSi). The effects and implications of this change will be discussed. The conditions 

maintained throughout the commissioning period are indicated in Table 7-1. 

Table 7-1: Digestion conditions during autodigesters commissioning period 

Condition HRT (days) PS% (%DS) DS% (w/w) Temperature (oC) 

Value 16 80% 3% 37 

 

Figure 7-1 shows the time series for the feed DS% and VS%, and Table 7-2 provides a tabulated 

summary of the data. The full output from the statistical analysis are presented in Annex 1.1.  A one-

way ANOVA indicated no significant difference (p-value=0.507) between the digesters DS%, which 

meant that the reactors received an equal amount of substrate, because the feed volume and regime 

were identical across the different rigs. On average also the VS% of the sludge between the digesters 

did not present any significant difference (p-value=0.277). However, the PSi contained a significantly 

higher (p-value<0.05) VS% compared to PSm. This suggested that a higher fraction of biodegradable 

material was available in the indigenous sludge compared to the sludge mixed with imports. This could 

be due to the low VS% of the imported sludge, as well as a partial degradation of the VS% in the 

indigenous sludge due to storage and contact with a potentially established bacterial population in 

the imported sludge. In the following graphs (Figure 7-1, 7-2 and 7-3) the performance using PSm can 

be found on the left hand side of the graph, while the performance feeding PSi is on the right hand 

side.  
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Figure 7-1: Feed properties time series during autodigesters commissioning 

Table 7-2: Feed properties during autodigesters commissioning (Average ± relative standard deviation) 

(PSm) Digester 1 Digester 2 Digester 3 

DS% (w/w%) 3.2% ± 7.0% 3.2% ± 8.7% 3.2% ± 7.7% 

VS% (%DS) 79.3% ± 1.5% 79.4% ± 1.8% 79.5% ± 1.8% 

(PSi) Digester 1 Digester 2 Digester 3 

DS% (w/w%) 3.1% ± 7.5% 3.2% ± 9.4% 3.2% ± 7.1% 

VS% (%DS) 81.1% ± 2.7% 80.6% ± 2.7% 81.2% ± 2.7% 

 

The reactor conditions based on temperature and OLR are presented in Figure 7-2, and Table 7-3 gives 

a summary of the average values attained during the commissioning period. The ANOVA analysis 

indicated a significant difference (p-value<0.05) in temperature between the digesters, but from Table 

7-3 it is possible to see that on average the differences were within ± 0.2 oC, which in practice have 

very little influence on the system behavior. The increase in temperature observed in digester 3 in the 

final days of the test was due to an operator mistake, but the 0.75 oC difference should have a 

relatively small impact on the system. The measured OLR did not present any significant difference (p-

value=0.863) between the reactors and on average was on target. 
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Figure 7-2: Conditions as measured in the autodigesters during commissioning  

Table 7-3: Reactor conditions during autodigesters commissioning (Average ± relative standard deviation) 

(PSm) Digester 1 Digester 2 Digester 3 

Temperature (oC) 37.2 ± 0.2% 37.3 ± 0.1% 37.4 ± 0.2% 

OLR (kgVS/m3/d) 1.5 ± 7.1% 1.5 ± 8.7% 1.5 ± 7.7% 

(PSi) Digester 1 Digester 2 Digester 3 

Temperature (oC) 37.2 ± 0.7% 37.2 ± 0.2% 37.4 ± 0.6% 

OLR (kgVS/m3/d) 1.5 ± 8.3% 1.5 ± 9.9% 1.5 ± 8.7% 

 

The performance of the reactors is presented on the basis of gas production and solids destruction. 

The time series is presented graphically in Figure 7-3 and the average values summarized in Table 7-

4. Specific biogas yield data proved highly variable and the main reason for this was the large 

proportion of PS in the feed, which had inherent variability in biodegradability as discussed in section 

6.5. The ANOVA analysis also indicated significant difference (p-value<0.05) in SBY between the 

digesters, the reason for which could be found in mechanical problems. A leak was detected in digester 

2 and it is thought to have affected the period between days 80 to 140, reducing the total volume of 

gas measured. A more challenging problem was encountered in digester 3, where blockages in the gas 

line upstream of the electronic mass flow meter appeared to have increased the measure and 

variability of gas reading. Around day 130 the problem was resolved and the last 25 days of gas 

measurement were performed with a wet-tip flow meter, which produced an average SBY of 560 
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m3/tVSfed. Conducting an ANOVA on digester 1, which was considered the most representative in 

terms SBY, a significant increase (p-value<0.05) in SBY was found between the period using PSi and 

PSm. The measured increase in SBY using PSi was approximately 30% compared to an equivalent feed 

using PSm. This indicates the importance of factoring in the amount and type of imported sludge when 

assessing the expected performance of any given AD plant. The analysis on VSD indicated no 

significant difference (p-value=0.580) across the three digesters, which suggested the reactors were 

operated in an equivalent manner and that PS% was consistent. When comparing the VSD between 

the periods where different types of PS were utilized, the VSD confirmed the trend measured in the 

SBY, a significant increase (p=0.001) in VSD was measured as indicated in Table 7-4. 

 

Figure 7-3: Time series for autodigesters performance during commissioning 

Table 7-4: Reactor performance during autodigesters commissioning (Average ± relative standard deviation) 

(PSm) Digester 1 Digester 2 Digester 3 

SBY (m3/tVSfed) 425.8 ± 12.4% 443.3 ± 13.5% 511.2 ± 12.1% 

VSD (%VS) 47.1% ± 11.1% 48.5% ± 13.2% 49.3% ± 10.0% 

(PSi) Digester 1 Digester 2 Digester 3 

SBY (m3/tVSfed) 553.5 ± 12.6% 484.4 ± 9.5% 608.6 ± 10.3% 

VSD (%VS) 50.6% ± 12.1% 51.1% ± 14.2% 50.3% ± 11.7% 
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A test was also conducted to compare the degradation potential of the microbial consortia within the 

different autodigesters. The batch test used the same feed type (5gVS/bottle) with different inocula 

collected from the autodigesters. Figure 7-4 presents the results of the batch test. Digester 2 showed 

a higher degradation potential, but that could be attributable to the higher residual methane potential 

present in the inoculum. Overall the three samples produced within ± 5% of total methane, which 

indicated an equivalent ability to degrade substrate. 

 

Figure 7-4: Comparative inoculum test carried out at end of autodigesters commissioning period 

7.2 Chemostats control experiment 

This experiment maintained the conditions tested during the baseline experiment (table 7-1) 

throughout the duration of the main experiment on operational conditions. The aim was to detect 

significant changes in feed conditions and biodegradability to help interpretation of results in the main 

experiment. The chemostats were not fed during weekend days, therefore the results presented here 

are relative to Thursdays and Fridays only, when the digesters reached a condition close to steady-

state.  

The results presented in Figure 7-5 and 7-6 are relative to the sludge solids in digester 1 and 2, 

respectively. From the graphs it is possible to observe that there has been a small but constant 

decrease in VS% of the feed, which is consistent with the decrease in PS VS%, observed in Figure 4-4. 

The VS% of the digested sludge did not appear to change accordingly and only a small decrease is 

observable in the last three months of operation. On average DS%’s were consistent and only a small 

increase in DS% is observable in chemostat 1. None of the solids parameters were found to be 

significantly different between the two chemostats and average value and p-values obtained from 

one-way ANOVA analysis are summarized in Table 7-5. 
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Table 7-5: Chemostats solids data (average ± relative standard deviation) 

Parameter Chemostat 1 Chemostat 2 p-value 

Feed DS% 3.0% ± 13.2% 3.0% ± 13.2% 0.905 

Feed VS% 77.7% ± 5.1% 77.7% ± 5.1% 0.847 

Digestate DS% 1.8% ± 28.2% 1.8% ± 26.7% 0.578 

Digestate VS% 64.6% ± 6% 64.2% ± 6.2% 0.336 

 

Figure 7-5: Sludge solids in chemostat 1 

 

Figure 7-6: Sludge solids in chemostat 2 

Figures 7-7 and 7-8 provide a summary of the performance as measured in chemostat 1 and 2, 

respectively. In both cases the graphs highlight a consistent decline in performance, both in terms of 

SBY and solids destruction. The performance over the first six months of 2015 was consistent with that 

measured in the autodigesters during commissioning in term of SBY, approximately 550 m3/tVSfed, but 

indicated a higher VSD compared to the autodigesters, between 55-65% VS. The SBY for the last period 

of testing appeared to be in the region 450-500 m3/tVSfed with an average VSD ranging between 45-
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55% VS. The change in gas yield and biodegradability was fairly consistent with the BMP measured in 

batch experiment (Figure 6-19). However, the BMP experiments showed an increase in the last two 

experiments (October – December 2016), which was not evident in the chemostats experiment. 

Because of the variable performance over the control period, performing an ANOVA on the mean 

values would not provide a meaningful comparison. 

 

Figure 7-7: Reactor performance for chemostat 1 

 

Figure 7-8: Reactor performance for chemostat 2 

The variability in performance found with the control experiments suggested that for high PS% 

experiments a large variability in results would have to be expected and that measures would have to 

be taken to correctly interpret the impact of operational parameters tested in the main experiments, 

factoring in the change in substrate conditions. Potential corrective measures will be discussed in the 

modelling section 9.2. 
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8 IMPACT OF ANAEROBIC DIGESTION OPERATIONAL PARAMETERS  

In this chapter the data from three treatments from the main autodigester experiments on AD 

operational parameters are analysed, by plotting the available data as time series. The data are then 

categorized in terms of treatment conditions and a regression analysis conducted to measure the 

significance and strength of the correlations between the selected operational parameters and the 

key performance indicators. 

8.1 Time series case studies 

In this section a number of time series are presented to indicate how the data was selected. An 

example treatment is taken from each auto-digester, running at different PS%. 

8.1.1 High SAS treatment 

The high SAS treatment selected was treatment number 2 (Figure 4-1). The target conditions for this 

experiment were PS%=20%, OLR=2.75 kgVS/m3/d and temperature=37oC. The measurable conditions 

attained in the experiment are summarized in Figure 8-1. The circled numbers and dashed lines 

indicate the periods selected for the three pseudo-replicates. The change in OLR in the last period was 

due to a decrease in solids as indicated by Figure 8-2. 

 

Figure 8-1: Reactor conditions in treatment number 2 

A common phenomenon observed in all autodigester experiments was the decrease in DS% of feed 

sludge during the period of sludge storage. This was attributable to a less efficient mixing associated 

with decreasing volume of stored sludge and creation of preferential solids pathways within the 

storage tank, which led to a decrease in apparent DS%. From approximately day 55 to end of 

experiment 2, the frequency of collection was decreased from one to two weeks. This led to a decrease 

in average DS% fed to the reactor as shown in Figure 8-2, hence it is also possible to observe that this 
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did not have immediate repercussion on the digested DS%, due to the buffering effect offered by the 

digester volume. 

 

Figure 8-2: Sludge solids for treatment number 2 

Due to the the buffering offered by the reactor volume, alkalinity and amm-N were slow to attain 

steady-state during transition from one treatment to the next. For this reason they constituted good 

indicators of process acclimation. Total VFA concentration was used to determine if there was any 

process unbalance and as can be observed from Figure 8-3, at the conditions applied in treatment 

number 2, virtually all VFAs produced were digested in the reactor. 

 

Figure 8-3: Reactor chemical conditions for treatment number 2 

Figure 8-4 shows reactor performance measured as SBY and VSD. The initial higher than average 

values for VSD are potentially due to the combination of lower DS% of the digested sludge and higher 

VS% in the feed, which lead to higher VSD for the first period of time. Also the higher SBY could be 

attributed to the higher VS% in the first period of time, which has a large impact on SAS yield as 

observed in section 6.6.    
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Figure 8-4: Reactor performance for treatment number 2 

8.1.2 Midpoint treatment 

This represents a special case in the statistical design of the experiment, as all the control variables 

assumed their median value as opposed to the other treatments, which all include one extreme value. 

The aim of this test was to increase confidence in the regression analysis and for this reason 6 pseudo-

replicates, as opposed to the 3 pseudo-replicates ran for other treatments, were included. 

The target conditions for the midpoint treatment were PS% = 50%, OLR=2.75 kgVS/m3/d and 

temperature=41oC. The conditions were maintained as shown in Figure 8-5, with an average OLR of 

2.61±0.08 kgVS/m3/d over the course of the experiment. 

 

Figure 8-5: Reactor conditions for midpoint treatment 

Solids mass flow into and out of the digesters were approximately stable (Figure 8-6). A decrease in 

digested DS% could be observed, with value of approximately 4.1% at the start of the experiment 

down to a minimum of 3.6% around day 120, after which digested DS% showed an upward trend.  
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Figure 8-6: Sludge solids for midpoint treatment 

Reactor chemical conditions did not appear to change significantly during the experiment, but 

alkalinity was found to be more variable during the second half of the experiment, with an increase 

above 8,000 mg-CaCO3/l in phase 6 (Figure 8-7). 

 

Figure 8-7: Reactor chemical conditions for midpoint treatment 

The measured performance for this digester was of particular interest because two distinct levels of 

gas production and solids destruction could be recognised (Figure 8-8). In the initial phase, which 

encompasses replicates 1 and 2, the average values of SBY and VSD attained values of approximately 

460 m3/tVSfed and 40% VSD, respectively. Normalising values to STP, the calculated specific biogas 

production amounted to 1054 Nm3/tVSdes. During phase 3 the average performance appeared to 

increase both in terms of gas yield and solids destruction. For phases 4,5 and 6 the average SBY was 

515±48 460 m3/tVSfed and VSD attained an average level of 44% ± 4%. Therefore the calculated specific 

biogas production was approximately 1073 Nm3/tVSdes , indicating consistency between gas produced 

and solids destroyed. 
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Figure 8-8: Reactor performance for midpoint treatment 

There are different possible explanations for the measured change in performance. For due diligence, 

during the period of time between day 120-150 a wet-tip flow meter was utilised instead of the 

electronic flow meter. The average SBY measured during this period was 512±47 m3/tVSfed , which 

suggested that there was no systematic error in gas measurement due to the electronic flow meter. 

Figure 8-9 presents information on the feed sludge physico-chemical properties. The measured PS and 

SAS BMP remained virtually unaltered, while SAS age increased over the course of the experiment. On 

the basis of what discussed in section 3.4.3., this should have brought a decrease in sludge SBY. 

However, SBY appeared to increase (Figure 8-8) over time. This suggests that the observed change in 

SBY was not attributable to change in feed sludge characteristics.  

 

Figure 8-9: Raw sludge properties for midpoint treatment 

An additional explanation could be the adaptation of microbial biomass to optimal environmental 

conditions, which could have stimulated reaction rates and therefore increased gas yield and solids 

reduction. It was unclear whether the acclimation would have been stimulated by the environmental 
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conditions tested for this treatment or by the fact that these conditions have been maintained for 

longer, compared to the other treatments. The most reasonable explanation would be a combination 

of the two factors, as the conditions which were maintained for much longer in the control chemostats 

(section 7.2), did not stimulate a similar increase in performance. 

The final decision was to maintain all of the pseudo-replicates for the statistical analysis. This reflected 

in an increased error on the regression coefficients, but it allowed capturing the beneficial effects to 

AD attributable to this set of operational conditions. 

 

8.1.3 High PS treatment 

The treatment analysed for the high PS range of experiment is experiment 10. The conditions tested 

in this experiment were really similar to the baseline experiment (section 7.1), but an increase in 

temperature proved to have a drastic negative effect on the overall stability of the digestion process. 

The target conditions for this treatment were PS%=80%, OLR=1.5 kgVS/m3/d and temperature=41 oC. 

Figure 8-10 shows the conditions as measured in the digester. The digester was re-commissioned, by 

filling the reactor with inoculum from an operating full scale reactor (Reading WWTP), approximately 

after 1 HRT of stable conditions. Even when instability was evident, the target conditions were 

maintained in order to have a true representation of the treatment under examination. 

Figure 8-11 shows the solids in the feed and digested sludge, which appear more variable compared 

to the experiments examined in sections 8.1.1 and 8.1.2. The higher variability in digestate properties, 

observed up to the point of digester re-commissioning, was probably a result of the unstable 

conditions in the digester, which resulted in unfavorable bio-chemical conditions for substrate 

consumption. Figure 8-12 provides a summary of the change in chemical conditions observed as a 

result of the reactions imbalance within the reactor. It should be observed that the measured total 

alkalinity remains unchanged even during VFA accumulation. 

The large increase in alkalinity after digester re-commissioning was due to the alkalinity present in the 

inoculum introduced to re-seed the digester, and the equilibrium point for this conditions was 

approximately 2,500 mg-CaCO3/l. 

 



 

115 
 

 

Figure 8-10: Reactor conditions for experiment 10 

 

Figure 8-11: Sludge solids for experiment 10 

 

Figure 8-12: Reactor chemical conditions for digester 10 
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However, even with the higher alkalinity concentration provided by the new inoculum, the 

accumulation of acids generated a drop in pH, indicating that levels below 4,000 mg-CaCO3/l of 

alkalinity were not sufficient to buffer the amount of acids produced by the combination of highly 

hydrolysable material due to high PS% and the increase in reaction rate due to the increase in 

temperature. Another method to determine reactor stability is the measure of the fraction of CH4 and 

CO2 in produced biogas. Figure 8-13 shows the data collected for treatment 10. It could be observed 

that the gas fraction could provide an early indication of the digester health. As an example CH4 drops 

to 57% on day 5, while the drop in pH, which lead to a loss in gas production (Figure 8-14) happened 

on day 12. From a practical point of view it could still be challenging to use gas fraction as system 

stability indicators, as this kind of deviation could also be a result of poor maintenance/calibration of 

the instruments. 

 

Figure 8-13: Gas fractions for experiment 10 

The reactor performance was highly erratic for this treatment as shown in Figure 8-14. Specific biogas 

yield was of the order of 500 m3/tVSfed, in line with that observed in the baseline experiment (section 

7.1), however, when pH dropped below approximately 6.7, gas production was reduced. Solids 

destruction and biogas production appeared de-coupled in this case, potentially due to the buffering 

offered by the digester volume, which brought a slower rate of change in the solids destruction 

compared to the biogas production. 
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Figure 8-14: Reactor performance for experiment 10 

 

8.2 Analysis of digester performance 

Here the average of each pseudo-replicate (Figure 4-1) was utilised as input to the regression analysis 

to determine the overall effect of operational parameters on KPIs. For each KPI the steps to converge 

to the best linear model are shown. 

8.2.1 Specific biogas yield 

Regression including all terms 

Figure 8-15 indicates that the model produced for SBY was not biased and presented adequately 

distributed residuals. However for a large number of terms the null hypothesis was valid (Table 8-1) 

and therefore these terms should not be included in the model. A refined version of the model is 

produced with the backward elimination method.  

 

Figure 8-15: Residuals plot for multiple regression analysis on SBY 
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Table 8-1: Unconstrained regression analysis on SBY 

Term Contribution p-value Adjusted R2 

PS% 68.4% <0.05 

76.2% 

DS% 0.0% 0.23 

Temp 2.2% <0.05 

PS%*PS% 2.3% <0.05 

DS%*DS% 7.3% <0.05 

Temp*Temp 0.3% 0.37 

PS%*DS% 0.2% 0.52 

PS%*temp 0.3% 0.53 

DS%*Temp 5.0% <0.05 

 

 

Regression using backward elimination method 

This method included only highly significant terms (Table 8-2) and generated a non-biased (Figure 8-

16) and relatively precise model as can be seen from the R2-pred=78.8%. The standard error (8-17) 

indicates that the precision of the error is approximately ± 52 m3/tVSfed. The resulting regression 

equation is shown below (Equation 25). 

 

Figure 8-16: Residuals plot for multiple regression analysis on SBY using backward elimination 

Table 8-2: Backward elimination regression analysis on SBY 

Term Contribution p-value Adjusted R2 

PS% 68.4% <0.05 

78.8% 

DS% 0.0% 0.23 

Temp 2.2% <0.05 

PS%*PS% 2.3% <0.05 

DS%*DS% 7.3% <0.05 

DS%*Temp 5.0% <0.05 

 

The contour plot (Figure 8-18) indicates that the quadratic effect of DS% on SBY could be utilised to 

optimise the process for an equivalent PS%. Optimal DS% appeared to be within 5-6% DS. The 
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interactive effect of temperature and DS% could also be utilised to improve gas performance of the 

AD system, with a combination of high temperature and DS% being beneficial to the overall reaction 

rate. Temperature proved to have a relatively low impact on the overall change in response. 

Equation 25: Specific biogas yield empirical equation 

𝑆𝐵𝑌 (
𝑚3

𝑡𝑉𝑆𝑓𝑒𝑑
) = 670 − 559 ∗ 𝑃𝑆% − 5048 ∗ 𝐷𝑆 − 14.26 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 − 297 ∗ 𝑃𝑆% ∗ 𝑃𝑆% − 70737 ∗ 𝐷𝑆 ∗ 𝐷𝑆

+ 313.6 ∗ 𝐷𝑆 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

 

 

Figure 8-17: Fitted line plot for SBY model 

 

Figure 8-18: Contour plot for SBY model 
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8.2.3 Volatile solids destruction – Mass balance 

Regression including all terms 

The regression model produced for VSDMB using all terms (Table 8-3) was relatively unbiased (Figure 

8-19) but also presented a relatively low R2-pred of 51.5% and the majority of the terms included were 

non significant. The analysis was therefore run again with a backward elimination procedure. 

 

Figure 8-19: Residual plots for VSDMB 

Table 8-3: Unconstrained regression analysis on VSDMB 

Term Contribution p-value Adjusted R2 

PS% 44.1% <0.05 

51.5% 

DS% 11.4% <0.05 

Temp 0.0% 0.50 

PS%*PS% 4.1% <0.05 

DS%*DS% 2.9% 0.08 

Temp*Temp 0.1% 0.68 

PS%*DS% 0.1% 0.85 

PS%*temp 1.1% 0.30 

DS%*Temp 9.4% <0.05 

 

Regression using backward elimination method 

The use of the backward elimination method was useful to eliminate non significant terms (Table 8-4) 

from the model and to generate a small improvement in the R2-pred, which remained lower than for 

the SBY model. This indicated that the model produced for SBY was able to explain a larger amount of 

variability in the dataset compared to the model for solid reduction. The standard error (Figure 8-21) 

indicated that the model could provide confident answers within approximately ± 6% VSDMB, which 

was quite poor considering the majority of the VSDMB measured was within 30% to 48%. 
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Figure 8-20: Residuals plots for VSDMB using backward elimination 

Table 8-4: Backward elimination regression analysis on VSDMB 

Term Contribution p-value Adjusted R2 

PS% 44.1% <0.05 

59.0% 
DS% 11.4% <0.05 

Temp 0.0% <0.05 

PS%*PS% 4.1% <0.05 

DS%*Temp 9.4% <0.05 

 

Equation 26: Volatile solids destruction – mass balance empirical equation 

𝑉𝑆𝐷𝑀𝐵  (%) = 1.065 + 0.385 ∗ 𝑃𝑆% − 14.03 ∗ 𝐷𝑆 − 0.01792 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 − 0.232

∗ 𝑃𝑆% ∗ 𝑃𝑆% + 0.3194 ∗ 𝐷𝑆 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

 

 

Figure 8-21: Fitted line plot for VSDMB model 

The contour plot (Figure 8-22) indicated that the VSDMB did not follow the same trends measured for 

the SBY. High DS% appeared to generate a large reduction in VSDMB across the whole PS% range tested. 

The linear temperature term had a relatively low impact. However, the interaction between DS% and 
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temperature was significant, with higher temperature reducing the negative effect of high DS% on 

VSDMB. 

 

Figure 8-22: Contour plot for VSDMB model 

8.2.4 Volatile solids destruction – Van Kleeck 

Regression including all terms 

The residual (Figure 8-23) for VSDVK appears reasonably distributed, but the R2-pred was below 50% 

and a large number of the terms included in the unconstrained model appeared non-significant (Table 

8-5). Therefore the terms were selected with a backward elimination method. 

 

Figure 8-23: Residual plots for VSDVK 
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Table 8-5: Unconstrained regression analysis on VSDVK 

Term Contribution p-value Adjusted R2 

PS% 51.4% 0.07 

47.8% 

DS% 5.5% <0.05 

Temp 0.2% 0.82 

PS%*PS% 0.1% 0.61 

DS%*DS% 0.7% 0.39 

Temp*Temp 0.2% 0.65 

PS%*DS% 2.3% 011 

PS%*temp 1.1% 0.33 

DS%*Temp 8.4% <0.05 

 

Regression using backward elimination method 

The backward elimination method provided a model with an improved R2-pred compared to the 

unconstrained method and all the terms in the model were significant (Table 8-6). From figure 8-24 

the residuals appear homogeneously distributed. Compared to the VSDMB model, the VSDVK model 

resulted less precise, with an expected precision of approximately ±7% VSDVK (Figure 8-25). 

 

Figure 8-24: Residuals for VSDVK model after backward elimination method 

Table 8-6: Backward elimination regression analysis on VSDVK 

Term Contribution p-value Adjusted R2 

PS% 51.4% <0.05 

56.1% DS% 5.5% <0.05 

Temp 0.2% <0.05 

DS%*Temp 8.5% <0.05 

 

No quadratic effect was included in the model, decreasing the negative effect of high DS% on VSDVK, 

compared to the mass balance calculation. The interaction between DS% and temperature is still 

present and significant, as can be observed in Figure 8-26. 
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Equation 27: Volatile solids destruction – Van Kleeck empirical equation 

𝑉𝑆𝐷𝑉𝐾(%) = 1.121 + 0.1905 ∗ 𝑃𝑆% − 15.11 ∗ 𝐷𝑆 − 0.01856 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 0.35

∗ 𝐷𝑆 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

 

Figure 8-25: Fitted line plot for VSDVK model 

 

Figure 8-26: Contour plot for VSDVK model 
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8.2.5 Digestate DS% 

Regression including all terms 

The unconstrained model generated from regression on digestate DS% data was highly precise, with 

a R2-pred of 97.7% (Table 8-7). The residuals (Figure 8-27) appeared clustered with a tendency to 

increase the spread at higher values. The combination of high R2 and presence of patterns in the 

residuals plot would suggest an overfitted model. The regression was run again with a backward 

elimination method to incorporate only significant terms. 

 

Figure 8-27: Digestate DS% residuals 

Table 8-7: Unconstrained regression analysis on digestate DS% 

Term Contribution p-value Adjusted R2 

PS% 1.6% 0.16 

97.7% 

DS% 96.4% <0.05 

Temp 0.0% 0.68 

PS%*PS% 0.1% 0.20 

DS%*DS% 0.3% <0.05 

Temp*Temp 0.0% 0.79 

PS%*DS% 0.1% 0.13 

PS%*temp 0.1% 0.30 

DS%*Temp 0.2% <0.05 

 

Regression using backward elimination method 

Using a backward elimination method the non-significant terms were dropped out of the model and 

the R2-pred was further increased to 98.0% (Table 8-8). The residual plot (Figure 8-28) still indicated a 

pattern, which could potentially suggest that the assumption of equal variance was violated, as the 

residual increased with the fitted value. The estimated precision of the model was approximately 

±0.3% DS% (Figure 8-29). 
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Figure 8-28: Digestate DS% residuals using backward elimination 

Table 8-8: Backward elimination regression analysis on digestate DS% 

Term Contribution p-value Adjusted R2 

PS% 1.6% <0.05 

98.0% 
DS% 96.4% <0.05 

Temp 0.0% <0.05 

DS%*DS% 0.3% <0.05 

DS%*Temp 0.2% <0.05 

 
 
Equation 28: Digestate DS% empirical equation 

𝐷𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒 𝐷𝑆 (𝑤 𝑤⁄ )

= −0.0213 − 0.00734 ∗ 𝑃𝑆% + 1.011 ∗ 𝐷𝑆 + 0.000695 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

+ 2.61 ∗ 𝐷𝑆 ∗ 𝐷𝑆 − 0.01304 ∗ 𝐷𝑆 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

 

 

Figure 8-29: Fitted line plot for Digestate DS% model 
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The inlet DS% dominated the change in response for the DS% measured in the digested sludge (Figure 

8-30). Only a small fraction of the variability was explained by the change in PS%, with higher PS% 

leading to lower DS% at the outlet.  

 

Figure 8-30: Contour plot for Digestate DS% model 

8.2.6 Digestate VS% 

Regression including all terms 

The model generated with an unconstrained method did not contain any statistically significant term 

for Digestate VS% (Table 8-9), and the residual in figure 8-31 indicated a “fanning” trend, with an 

increase in residual following an increase in the fitted value. The regression was carried out again using 

a backward elimination method. 

 

Figure 8-31: Residual plots for Digestate VS% 
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Table 8-9: Unconstrained regression analysis on digestate VS% 

Term Contribution p-value Adjusted R2 

PS% 0.1% 0.62 

57.6% 

DS% 64.4% 0.18 

Temp 2.9% 0.57 

PS%*PS% 2.4% 0.13 

DS%*DS% 2.9% 0.08 

Temp*Temp 0.4% 0.49 

PS%*DS% 1.2% 0.22 

PS%*temp 0.0% 0.77 

DS%*Temp 1.6% 0.15 

 

Regression using backward elimination method 

When the analysis was carried out with backward elimination, two terms appeared significant and the 

R2-pred was increased to 64.3% (Table 8-10). Also the residual in Figure 8-32 appeared more 

homogeneous within the range of fitted values, compared to those generated with the unconstrained 

method (Figure 8-31). Prediction for this model was estimated to be 95% accurate within 

approximately ±2% VS%. 

 

Figure 8-32: Residual plots for Digestate VS% using backward elimination method 

Table 8-10: Backward elimination regression analysis on digestate VS% 

Term Contribution p-value Adjusted R2 

DS% 64.5% 0.40 
64.3% Temp 2.9% <0.05 

DS%*DS% 3.6% <0.05 

 

 

Equation 29: Digestate VS% empirical equation 

𝐷𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒 𝑉𝑆 (%𝐷𝑆) = 0.7141 + 0.593 ∗ 𝐷𝑆 − 0.001184 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 − 13.81 ∗ 𝐷𝑆 ∗ 𝐷𝑆 
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Figure 8-33: Fitted line plot for Digestate VS% model 

The model generated indicated no influence of PS% on the VS% of the digestate. From Figure 8-34 it 

is possible to see that the change in response is mainly governed by a change in DS%, with increasing 

DS% leading to lower VS% in the digestate. An increase in temperature led to a further decrease in 

VS% in the digested sludge. 

 

Figure 8-34: Contour plot for Digestate VS% model 
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8.2.7 Specific biogas production 

Regression including all terms 

 When all the terms were included in the regression model for SBP, none appeared to be significant 

(Table 8-11). The R2-pred was also extremely low, indicating a poor fit for the dataset under 

consideration. 

 

Figure 8-35: Residual plots for SBP 

Table 8-11: Unconstrained regression analysis on SBP 

Term Contribution p-value Adjusted R2 

PS% 26.2% 0.98 

8.5% 

DS% 15.3% 0.27 

Temp 3.7% 0.88 

PS%*PS% 1.1% 0.45 

DS%*DS% 0.5% 0.66 

Temp*Temp 0.1% 0.82 

PS%*DS% 3.2% 0.16 

PS%*temp 0.2% 0.75 

DS%*Temp 0.6% 0.55 

 

Regression using backward elimination method 

During the process of backward elimination, two terms were deemed significant and were kept in the 

model, which resulted having an R2 pred of 30.2% (Table 8-12), low compared to other models 

discussed so far. The residuals in Figure 8-36 appeared clustered, but did not show any other particular 

pattern. The precision of the model was found to be approximately ± 192 m3/tVSdes (Figure 8-37). 

The increase in SBP was found to increase linearly with PS% and DS%, with PS% having a marginally 

larger effect on the change in response (Figure 8-38).  
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Figure 8-36: Residual plots for SBP using backward elimination 

Table 8-12: Backward elimination regression analysis on SBP 

Term Contribution p-value Adjusted R2 

PS% 26.2% <0.05 30.2% 
DS% 15.3% <0.05 

 

Equation 30: Specific biogas production empirical model 

𝑆𝐵𝑃 (
𝑚3

𝑡𝑉𝑆𝑑𝑒𝑠
) = 898.8 + 279.1 ∗ 𝑃𝑆% + 2695 ∗ 𝐷𝑆 

 

 

Figure 8-37: Fitted line plot for SBP model 
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Figure 8-38: Contour plot for SBP model 

8.2.8 Escherichia coli removal 

Regression including all terms 

The unconstrained regression analysis on E. coli removal included a large number of non-significant 

terms (Table 8-13), but the variance from the residual plot appeared well distributed (Figure 8-39). 

 

Figure 8-39: Residual plot for E.coli removal 
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Table 8-13: Unconstrained regression analysis on E. coli removal 

Term Contribution p-value Adjusted R2 

PS% 0.4% 0.85 

69.1% 

DS% 15.1% <0.05 

Temp 59.3% 0.15 

PS%*PS% 0.4% 0.18 

DS%*DS% 4.5% <0.05 

Temp*Temp 1.5% 0.10 

PS%*DS% 0.1% 0.69 

PS%*temp 0.1% 0.72 

DS%*Temp 1.0% 0.21 

 

Regression using backward elimination method 

The elimination method allowed to retain only highly significant terms in the model (Table 8-14). The 

residual plot (Figure 8-40) would suggest a potential problem with the assumption of equal variance, 

as the residuals appear to increase with fitted value, except at the extreme where only three data 

points are available. The model generated was relatively precise with a R2 pred of 74.0% and an 

estimated prediction precision of ± 0.8 log removal (Figure 8-41). 

 

Figure 8-40: Residual plots for E.coli removal using backward elimination method 

Table 8-14: Backward elimination regression analysis on E.coli removal 

Term Contribution p-value Adjusted R2 

DS% 15.1% 0.09 
74.0% Temp 59.3% <0.05 

DS%*DS% 4.1% <0.05 

 

Equation 31: Escherichia coli removal empirical equation 

𝐸. 𝑐𝑜𝑙𝑖 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (𝑙𝑜𝑔) = −6.69 − 47.8 ∗ DS% + 0.2303 ∗ Temperature + 650 ∗ DS% ∗ DS% 
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Figure 8-41: Fitted line plot for E.coli removal model 

The generated plot (Figure 8-42) indicated a strong effect of temperature on the response change as 

well as a quadratic effect of the DS%. Values above 2 log removal were attained with both increase in 

temperature and DS%. 

 

Figure 8-42: Contour plot for E.coli removal model 
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8.2.9 Discussion on process performance results 

Biogas 

The results on AD performance highlighted a discrepancy between the volume of gas measured and 

the amount of solids destroyed. In section 3.4.4 it was discussed that from a PS sample between 480 

and 570 Nm3/tVSfed should be expected, while for SAS the SBY value can vary greatly depending on 

upstream process conditions and should be expected in the range 140 to 370 Nm3/tVSfed . The range 

of SBY, normalised to STP, found for the experiments carried out with sample between 20% and 80% 

PS%, was approximately between 320 and 503 Nm3/tVSfed (Figure 8-18). Therefore the values were in 

accordance with literature (Barber, 2005; Bolzonella et al., 2005; Winter & Pearce; 2010; Batstone & 

Jensen, 2011). As an additional quality insurance on the gas measurement, data from continuous and 

batch tests were compared (Figure 8-43) and were generally found in agreement. 

 

Figure 8-43: Comparison of average SBY for continuous test on mixed sludge and BMP from batch tests of raw samples 

The results highlighted that DS% of feed sludge had an impact on performance and that optimal region 

for maximum SBY was between 5-6% DS. These findings were in accordance with that stipulated by 

Barber (2005) who indicated 6% DS as the limit where the increase in solids benefits to the process. 

The mechanisms driving inefficiency at high DS% could be different for different types of sludge. At 

high PS% and DS%, a large fraction of undigested VFA (approximately 2500 mg-Acetic/l) was found in 

the outlet, suggesting that retention time was not sufficient to allow consumption of all intermediary 

products. However, for high SAS and high DS% treatments, the concentration of VFA was comparable 

to more efficient treatments, suggesting that the increased viscosity could be limiting mixing and 

accessibility of degradable material. The significant interactive effect (Figure 8-44) found between 

temperature and DS% could have important implications from an operational standpoint. 



 

136 
 

 

Figure 8-44: Interaction plot between temperature and DS% on SBY 

Increasing DS% reduces the volume of sludge to be fed to the reactor and therefore reduces the 

amount of energy needed to maintain an equivalent temperature in the reactor. The implications on 

thermal management will be further discussed in section 10.4. A possible explanation for the 

interaction between the tested operational parameters could be the change in alkalinity and reaction 

rates brought by the change in conditions. Increase in temperature produces an increase in hydrolysis 

rate (Ge et al., 2011), and this was confirmed by the positive main effect of temperature on SBY. The 

increase in hydrolysis rate brings a faster production and accumulation of acids, because the metabolic 

rate of acidogens is greater than that of methanogens. The DS% determines the level of alkalinity 

(section 8.3.1) and thus the ability of the reactor to temporarily buffer the acids in solution (Parkin 

and Owen, 1987). Therefore at low DS% an increase in temperature could lead to an accumulation of 

acids which cannot be stored due to low alkalinity, while at high DS%, the alkalinity is available and 

can therefore be used to buffer the higher amount of acids produced by the higher temperature, 

maintaining more constant environmental conditions for the methanogens. This explanation is in 

accordance to what indicated in section 8.1.3, where a case of low DS% and high temperature led 

acidification of the reactor. 

Solids destruction 

The regression analysis carried out on solid reduction data proved less reliable than that on gas yield 

data, on the basis of the lower R2-pred and relatively higher S. The VSD found was in the range 

discussed in section 3.4.4, but the change in VS% of the feed sludge (Figure 4-4) and the change in VSD 

highlighted by the control experiment (section 7.2) could have impacted the comparability of the 

different treatments, which have been carried out at different points in time. The suspicion that VSD 

data were not particularly reliable was further exacerbated by the discrepancy between values 

recorded for SBP and values presented in literature (Parkin and Owen, 1987; Barber, 2014). As 
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discussed in section 3.4.4 the SBP highly depends on the organic fraction present in the sludge. Using 

the data available from the macromolecular characterisation of sludge (Figure 6-13 and 6-15) it was 

possible to calculate the range of SBP to be expected. Figure 8-45 and 8-46 indicate the maximum SBP 

that can be obtained for PS and SAS, respectively. This was calculated by assuming 100% degradation 

of the lipid fraction, the molecular group with highest energy density, and varying the degradation 

fraction of the other components. The lines presented likely overestimate the SBP value, especially 

for SAS where the oil is generally part of the cell walls and difficult to digest in conventional AD, but 

they provide the theoretical maximum that can be obtained. 

 

Figure 8-45: Maximum theoretical SBP obtainable from Reading PS sample 

 

Figure 8-46: Maximum theoretical SBP obtainable from Reading SAS sample 
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As discussed in section 8.2.3 and 8.2.7, the high DS% appeared to decrease the VSD and increase the 

SBP. This could suggest a systematic error in the measurement of DS%-VS% at high DS%. Because the 

effect of VS% was significant for both VSDMB and VSDVK calculations and because the latter does not 

include a DS% term in its equation, it is plausible that the source of error could be the VS% 

measurement. From Figure 8-34, the VS% of the digestate decreased with increased DS%, which 

should have brought an overall increase in VSD, rather than a reduction. For this reason an analysis 

was conducted on the influence of PS% and DS% on VS% of feed sludge and full regression data can 

be found in Appendix 1.2. The results (Figure 8-47) indicated that feed VS% was highly impacted by 

DS% and not only PS%, as it was reasonable to expect, given that the PS% controls the relative 

abundance of the two different types of sludge. 

 

Figure 8-47: Model for feed VS% concentration as function of PS% and DS% 

 In Figure 4-4 it was shown that the VS% of raw sludge decreased during the course of the experiment 

and because high DS% treatments were the last to be performed, it is reasonable to assume that the 

change in raw sludge conditions affected the measured VSD. Similar problems with VS calculation at 

high DS% were reported in digestion of thermally hydrolysed sludge (Panter, 2011). The paper 

suggested using COD removal to avoid the problem of VS% measurement at high DS% given by high 

concentration of volatile matter, which can interfere with the DS%-VS% analysis.  

Chemical oxygen demand data were not collected for the entirety of the project, but data were 

available for high DS% experiments. The COD removal data for the various experiments was used to 

re-calculate the SBP. As suggested by Panter (2011) 2% was added to calculate equivalent VSD removal 

from COD removal data, on account of nitrogen conversion which counts in the VSD calculation but 

not in the COD energy. Data in Figure 8-48 are presented by treatment (Table 4-1) with indication of 

PS% and DS%. Temperature conditions are not indicated in Figure 8-48, as the regression analysis did 

not show any significant impact on SBP (section 8.2.7). It is possible to observe that using COD derived 
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data the SBY was reduced to a level within the theoretical limits indicated in Figure 8-45 and 8-46. 

However, it is relevant to note that COD data was not useful in the calculation of absolute values, only 

relative degradation matched gas data. The discrepancy in results indicate that VS% data cannot 

always provide valuable indication of the performance of digestion, especially when treating sludge 

at high DS% and that further research is needed to identify the specific issues associated with VS% 

measurements. 

 

Figure 8-48: Use of COD derived data for the calculation of SBP 

Pathogen removal 

The data on pathogen reduction was discussed in terms of logarithmic removal. Literature (Mininni, 

2004) indicated that PS should be expected to contain a larger concentration of E. coli compared to 

SAS. However, in this research E. coli concentration in the feed sludge was found comparable across 

the different mixtures of sludge tested. Across all treatments the concentration of E.coli in the feed 

was 6.5±0.2 log10/gDS and this average value was used to calculate E. coli concentration in the 

digestate from Equation 31. The removal between 37 and 41oC was found to be in agreement with 

literature concerning mesophilic AD (Smith et al., 2005). Increase in temperature to 45oC led to a 

significant increase in E .coli removal with heat induced stress potentially being responsible for the 

increased removal rate. More surprising was the significant increase in pathogen inactivation that 

resulted from the increase in DS%, which could be a consequence of increased biomass concentration 

within the reactor and thus increased microbial competition and substrate limitation. Another 

interesting aspect of pathogen removal could be observed from the time series for treatments at the 

extremes of PS% and temperature. From Figure 8-49 it is possible to observe that for both types of 

sludge, temperature brought a significant change in E. coli concentration, but for the high PS% the 
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level of E.coli fell rapidly below LOD. For the high SAS fraction experiment however, a relatively larger 

number of pathogens survived. The difference observed could be due to presence of flocs and EPS in 

SAS, which generates a protective environment where pathogens are more sheltered compared to 

treatments where PS is more abundant and the loosely bound solids are destroyed and hydrolysed 

more quickly. 

 

Figure 8-49: Time series for E.coli concentration in the digestate for equivalent treatment at high PS and SAS fraction 

 

8.3 Analysis of digester Stability 

8.3.1 Alkalinity 

Regression including all terms 

The unconstrained regression produced a model with a large number of insignificant terms and very 

good fit (Table 8-15). The residual plots (Figure 8-50) indicated a potential problem with the 

homogeneity of variance, as the residuals were larger for higher values. 

 

Figure 8-50: Residuals for alkalinity 
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Table 8-15: Unconstrained regression analysis on Alkalinity 

Term Contribution p-value Adjusted R2 

PS% 6.7% 0.14 

96.8% 

DS% 88.2% 0.75 

Temp 1.9% 0.19 

PS%*PS% 0.1% 0.22 

DS%*DS% 0.1% 0.23 

Temp*Temp 0.1% 0.17 

PS%*DS% 0.3% <0.05 

PS%*temp 0.1% 0.17 

DS%*Temp 1.9% <0.05 

 

Regression using backward elimination of terms 

Using a backward elimination technique, only significant terms are included in the equation (Table 8-

16). However the residual plot (Figure 8-51) still shows a problem with inhomogeneous variance, as 

the values tend to increase for higher fits. Therefore a transformation is applied to the dataset in order 

to reduce this problem and comply with the assumption of homogeneity of variance. 

 

Figure 8-51: Residuals for alkalinity using backward elimination method 

Table 8-16: Backward elimination regression analysis on Alkalinity 

Term Contribution p-value Adjusted R2 

PS% 6.7% 0.44 

97.0% 
DS% 88.2% 0.76 

Temp 1.9% 0.13 

PS%*DS% 0.3% <0.05 

DS%*Temp 0.7% <0.05 
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Logarithmic transformation and regression using backward elimination of terms 

After applying a logarithmic transformation (log10) of data the residuals appeared compliant with the 

assumptions (Figure 8-52) and the model could therefore be confidently used for interpretation. All 

the higher terms in the regression were highly significant and the coefficient of goodness indicated 

extremely high precision in the data fit (R2-adj=97.8%) (Table 8-17). The model provided answers with 

a 95% confidence limit of approximately ± 900 mg-CaCO3/l (Figure 8-53). 

 

Figure 8-52: Residuals for alkalinity using backward elimination method after logarithmic transformation of data 

 

 

Table 8-17: Backward elimination regression analysis on log Alkalinity 

Term Contribution p-value Adjusted R2 

PS% 6.2% 0.19 

97.8% 

DS% 87.7% <0.05 

Temp 1.3% <0.05 

PS%*PS% 0.1% <0.05 

DS%*DS% 3.0% <0.05 

PS%*DS% 0.3% <0.05 

PS%*DS% 1.5% <0.05 

 

 

Equation 32: Logarithmic alkalinity empirical model 

log10 𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦 = 2.7309 − 0.152 ∗ 𝑃𝑆% + 22.90 ∗ 𝐷𝑆 + 0.00714 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

− 0.2165 ∗ 𝑃𝑆% ∗ 𝑃𝑆% − 127.6 ∗ 𝐷𝑆 ∗ 𝐷𝑆 + 2.89 ∗ 𝑃𝑆% ∗ 𝐷𝑆 
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Figure 8-53: Alkalinity model forecast precision 

From Figure 8-54 it is clear that DS% controls the majority of the response in alkalinity, with higher 

DS% leading to higher alkalinity values. The PS% also impacts alkalinity concentration, with higher SAS 

fractions generating more alkalinity compared to an equivalent PS fraction. Temperature appears to 

generate a small increase in alkalinity, but the effect is relatively low compared to the other two 

parameters. 

 

Figure 8-54: Alkalinity as function of PS%, DS% and temperature 
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8.3.2 pH 

Regression using all terms 

A large number of data points were missing for pH, as the instrumentation in one of the digester 

proved faulty. Therefore caution should be used when drawing conclusions and using the results, 

because they are not representative of the full range of treatments tested. 

The residuals (Figure 8-55) appear to maintain a good degree of randomness, although at the extremes 

the values were higher than for the rest of the fitted data. A large number of non-significant term 

were included in the model (Table 8-18), thus a backward elimination technique is used to screen out 

terms. 

 

 

Figure 8-55: Residuals for pH 

 

Table 8-18: Unconstrained regression analysis on pH 

Term Contribution p-value Adjusted R2 

PS% 18.6% 0.94 

R2=77.1% 
(Adjusted value n/a) 

DS% 5.0% <0.05 

Temp 31.7% <0.05 

PS%*PS% 5.8% 0.05 

DS%*DS% 0.9% 0.21 

Temp*Temp 7.0% <0.05 

PS%*DS% 2.2% 0.15 

PS%*temp 0.1% 0.66 

DS%*Temp 5.9% <0.05 
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Regression using backward elimination technique 

The residuals after backward terms screening appeared to present problem with inhomogeneous 

variance (Figure 8-56), but in this case a logarithmic transformation cannot be applied, as the pH term 

is already in logarithmic form. The model showed a relatively low R2-adj compared to other models 

generated in this research (Table 8-19). 

 

Figure 8-56: Residuals for pH using backward elimination technique 

Table 8-19: Backward elimination regression analysis on pH 

Term Contribution p-value Adjusted R2 

PS% 18.6% <0.05 

50.7% 
DS% 5.0% <0.05 

Temp 31.7% <0.05 

Temp*Temp 9.6% <0.05 

DS%*Temp 5.5% <0.05 

 

Equation 33: Empirical equation for pH 

𝑝𝐻 = 17.73 − 0.587 ∗ 𝑃𝑆% + 37.6 ∗ 𝐷𝑆 − 0.59 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒                                                 

+ 0.00825 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 − 0.856 ∗ 𝐷𝑆 ∗ 𝑇𝑒𝑚𝑝 

 

From the standard error shown in figure 8-57, the model provides 95% confident answers within ± 

0.24 pH points. For pH, PS% and temperature appear to explain the majority of the response. Figure 

8-58 indicates an increase in pH for higher temperature and an increase in pH for higher SAS fractions 

fed to the reactor. 
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Figure 8-57: pH model forecast precision 

 

 

Figure 8-58: pH model as function of PS%, DS% and temperature 
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8.3.3 Volatile fatty acids 

Regression using all terms 

The residual plot (Figure 8-59) indicates that modeling of VFA was particularly challenging, as the 

majority of the data were clustered within a relatively narrow range and only a few data points 

assumed high values. The regression appeared to model random errors and thus a pattern arises in 

the residuals plot. A number of non-significant terms were also included in the model (Table 8-20). 

 

Figure 8-59: Residuals for VFA 

 

Table 8-20: Unconstrained regression analysis on VFA 

Term Contribution p-value Adjusted R2 

PS% 16.7% 0.19 

56.6% 

DS% 19.9% <0.05 

Temp 1.0% 0.06 

PS%*PS% 4.0% <0.05 

DS%*DS% 11.2% <0.05 

Temp*Temp 3.4% 0.05 

PS%*DS% 18.9% <0.05 

PS%*temp 0.0% 0.84 

DS%*Temp 0.5% 0.44 

 

Regression using backward elimination method 

The use of backward elimination allowed to eliminate non-significant terms from the equation and 

improved the precision of the model by increasing the R2-pred (Table 8-21), but it did not solve the 

tendency of the model to fit random error (Figure 8-60). 
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Figure 8-60: Residuals for VFA using backward elimination method 

 

Table 8-21: Backward elimination regression analysis on VFA 

Term Contribution p-value Adjusted R2 

PS% 16.7% <0.05 

60.2% 

DS% 19.9% <0.05 

Temp 1.0% <0.05 

PS%*PS% 4.0% <0.05 

DS%*DS% 11.2% <0.05 

Temp*Temp 3.4% <0.05 

PS%*DS% 18.9% <0.05 

 

Regression using backward elimination method and logarithmic transformation 

Logarithmic transformation of the data appeared to have little effect in solving the problem, as the 

residuals still maintained a pattern and were not homogeneously distributed around the 0 value 

(Figure 8-61). The model therefore did not comply with the assumptions and its use is not advised.  

 

Figure 8-61: Residuals for VFA using backward elimination method after logarithmic transformation 
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Table 8-22: Backward elimination regression analysis on log VFA 

Term Contribution p-value Adjusted R2 

PS% 19.2% 0.21 

49.8% DS% 30.3% 0.76 

Temp 5.8% <0.05 

PS%*DS% 7.2% <0.05 

 

 

Equation 34: Empirical equation for logarithmic VFA concentration 

log10 𝑉𝐹𝐴 = 0.914 − 0.733 ∗ 𝑃𝑆% − 1.66 ∗ 𝐷𝑆 + 0.0294 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 25.83 ∗ 𝑃𝑆% ∗ 𝐷𝑆 

 

From the residual plot (Figure 8-62) it is also possible to observe that the model presents systematic 

error and that the accuracy of the model is approximately ± 540 mg/l. 

 

Figure 8-62: Volatile fatty acids model forecast precision 

The contour plot (Figure 8-63) indicates that high VFA should be expected for a combination of high 

PS% and high DS%. This was indeed the case, however it should be noted that a combination of high 

PS%, low DS% and high temperature also generated a high VFA in the effluent. The difference was that 

for high DS% the process could be sustained even with high VFA concentration, while at low DS% the 

process failed, therefore the model did not pick up the high VFA values. 

The trends observed in the residual plot (Figure 8-61) and the fitted line plot (Figure 8-62) indicate 

that a linear model does not generate satisfactory prediction of the VFA level to be expected in AD. 

Non-linear modelling in this case could help providing a model with a better fit, but this will not be 

analysed in this research. 
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Figure 8-63: Concentration of VFA as function of PS%, DS% and temperature 

 

8.3.4 Ammoniacal nitrogen 

Regression using all terms 

The regression analysis for Amm-N generated a model with high goodness of fit and overall a 

satisfactory distribution of residuals (Figure 8-64). The model still required optimisation, due to the 

large number of non-significant terms included (Table 8-23). 

 

Figure 8-64: Residuals for Amm-N 
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Table 8-23: Unconstrained regression analysis on Amm-N 

Term Contribution p-value Adjusted R2 

PS% 26.2% 0.77 

95.7% 

DS% 68.2% 0.65 

Temp 1.5% 0.54 

PS%*PS% 0.2% <0.05 

DS%*DS% 0.3% 0.07 

Temp*Temp 0.1% 0.42 

PS%*DS% 0.5% <0.05 

PS%*temp 0.0% 0.66 

DS%*Temp 0.6% <0.05 

 

Regression using backward elimination method 

Applying a backward elimination technique allowed to reduce the number of terms and maintain only 

highly significant terms, while increasing the R2-adj to 96.1% (Table 8-24). The residual plot (Figure 8-

65) indicates a small residual for lower fits, but overall the plots shows a relatively homogeneous 

distribution. A logarithmic transformation was applied, but the improvement in terms of residuals 

distribution was only marginal, and the results are not presented. 

 

Figure 8-65: Residuals for Amm-N using backward elimination method 

Table 8-24: Backward elimination regression analysis on Amm-N 

Term Contribution p-value Adjusted R2 

PS% 26.2% <0.05 

96.1% 
DS% 68.2% 0.76 

Temp 1.5% 0.19 

PS%*DS% 0.6% <0.05 

DS%*Temp 0.6% <0.05 
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Equation 35: Empirical equation for Amm-N concentration 

𝐴𝑚𝑚 − 𝑁 = 1225 − 630 ∗ 𝑃𝑆% − 4190 ∗ 𝐷𝑆 − 25.5 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 − 10874 ∗ 𝑃𝑆% ∗ 𝐷𝑆 + 885 ∗ 𝐷𝑆

∗ 𝑇𝑒𝑚𝑝 

Overall the model appeared to produce very precise prediction, with a 95% confidence limit of 

approximately ± 200 mg-N/l (Figure 8-66). 

 

Figure 8-66: Ammoniacal N model forecast precision 

From Figure 8-67 it is evident that DS% and PS% are the two predictors that explain the majority of 

the change in Amm-N. The increase in Amm-N was primarily dictated by an increase in DS%, with 

larger proportions of SAS generating higher levels of Amm-N. Temperature appeared to generate a 

small increase in Amm-N, especially for higher DS%. 
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Figure 8-67: Ammoniacal N as function of PS%, DS% and Temperature 

8.3.5 Discussion on process stability 

Process stability in AD can be compromised in a number of ways, either by imbalance in 

production/consumption of intermediate products or by inhibition caused by toxic elements (Parkin 

and Owen, 1987). Generally speaking, steady-state and linear models are not fit to describe and 

predict unbalanced and inhibited process, as in these types of reaction the response could be linear 

up to a certain threshold, where a sudden change in conditions is observed.  The discussion on stability 

is then limited to the use of the produced equations and to highlighting the combination of operational 

parameters that have been observed to alter the expected AD performance. 

The levels of alkalinity and Amm-N measured during the experiments were in line with previously 

published data (Parkin and Owen, 1987; Gerardi, 2003; Sotemann, 2005). The research also confirmed 

that the two main variables to be considered for alkalinity and Amm-N are feed DS% and influent N 

concentration (here dictated by PS%) (Sotemann, 2005). However, an equation linking directly feed 

DS% and PS% to alkalinity and Amm-N was not previously published. The relatively high confidence 

(R2-adj > 95%) of the produced equation also allows for a pragmatic use of it, which is discussed here. 

Starting from measurement of alkalinity and Amm-N of digested sludge, it is possible to back-calculate 

feed DS% and PS%, by solving equation 33 and 36 simultaneously. This could provide a reference for 
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comparison of readings from online flow and DS% meters. The value of this will become apparent in 

section 9.4, where mass balances carried out on historic recorded data for individual and totalized 

sludge streams highlighted poor agreement, reducing their viability for monitoring and performance 

assessment purposes. 

Problems with unstable reactions were limited to high PS treatments (PS%=80%) at the extreme of 

the DS% range. The instability encountered in the high PS, low DS% and high temperature treatments 

have already been discussed in section 8.1.3. When DS% of the feed was raised to 8%, the process was 

found to be stable but underperforming. The level of VFA in the effluent approached 2500 mg-Acetic/l, 

with pH stable at approximately 7.2, after an initial adjustment (Figure 8-68, Left). In contrast with the 

low DS%, the alkalinity for this treatment was sufficient to buffer the high VFA concentration and 

allowed the system to remain stable avoiding acidification and loss of biogas production. Another 

interesting aspect of the high DS% treatment was to observe that the majority of the VFA found in the 

effluent were propionic acid, while the level of acetic acids remain virtually unchanged (Figure 8-68, 

Right), indicating that the aceticlastic methane production pathway was unaffected and was 

preferential in the high loading conditions. 

 

Figure 8-68: High PS% and high DS% treatment. Change in pH, total and major individual VFA. 
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9 MODELLING 

9.1 Batch kinetics 

9.1.1 Choice of kinetic equation 

For this research the most relevant term was the ultimate degradability of a sample (Bo). The reason 

was that batch rate coefficients were potentially not applicable to continuous systems. The Bo value 

on the other hand could provide relevant information on the maximum yield obtainable from a given 

type of sludge. Because of the limited time and resources available all the BMP tests were shorter 

than 20 days, while the correct procedure requires a minimum of 40 days. Estimating the Bo 

coefficient using non-linear regression techniques, as discussed in this section, could help overcoming 

this problem. 

Two equations were considered to model the kinetics as of batch digestion as indicated in section 4.7. 

Here, one of the BMP experiments is analyzed to compare the two models and their ability to mimic 

cumulative biogas production. 

Figure 9-1 shows the curves for PS. The Vavilin equation appeared to initially over-estimate and then 

under-estimate the cumulative specific CH4 production up to approximately the 8th day. The Gompertz 

equation provided a better fit for the first part of the test, approximately up to the 5th day, after which 

it consistently over or under-estimated the values. 

 

Figure 9-1: Comparison between Vavilin and Gompertz equation for batch digestion of PS 

Applying weights to the regression it was also possible to increase the relevance of the data points 

after the 10th day. Figure 9-2 shows the results of applying weights to the different equation. The 

specific weights applied are indicated in Annex 1.3.  
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Figure 9-2: Comparison between Vavilin and Gompertz equation for batch digestion of PS with weights on regression 

Applying weights to the equations, the Bo value was increased and the estimation was more accurate 

to mimic the biogas production in the later stage of the experiment. The change in rate constant 

appeared more evident for the Gompertz equation compared to the change in rate constant observed 

in the Vavilin equation. 

Figure 9-3 shows the results for SAS. The Vavilin equation appeared superior in describing the trend 

compared to the Gompertz equation, but both presented consistent over and under-shooting. In both 

cases the Bo value was lower than the last measurement, indicating poor predicting ability. 

 

Figure 9-3: Comparison between Vavilin and Gompertz equation for batch digestion of SAS 

The same weights applied to the PS tests were applied for SAS, the results are summarized in Figure 

9-4. The fit between the modeled and measured data for the second part of the experiment was 

greatly improved, at the expenses of the accuracy of the model during the first 10 days. 



 

157 
 

 

Figure 9-4: Comparison between Vavilin and Gompertz equation for batch digestion of SAS with weights on regression 

The results of the analysis are summarized in Table 9-1, from which it is possible to observe that with 

the Vavilin equation the rate coefficient (K) value for SAS was similar or higher than for PS. In the 

Gompertz equation the rate coefficient (r) was always higher for PS. The reason for this is that the rate 

coefficient for the Gompertz equation refers to the maximum production rate, while the rate 

coefficient in the Vavilin equation is a relative term and does not indicate the absolute value of 

production rate, which is dependent on Bo. 

Table 9-1: Summary of regression analysis on batch digestion 

No weights on regression 

Equation Vavilin Gompertz 

Coefficient Bo K n/a Bo r l 

PS 334.6 0.225  315.1 59.36 0.477 

SAS 193.2 0.266  186.2 32.73 0.178 

Weighted regression 

Equation Vavilin Gompertz 

Coefficient Bo K n/a Bo r l 

PS 335.7 0.211  329.6 36.11 0.856 

SAS 202.6 0.191  199 18.07 -2.099 

 

It was shown that the Gompertz equation provided overall a better fit for PS batch digestion, but the 

Bo was consistently underestimated. For SAS the Vavilin equation appeared to provide a better fit for 

the cumulative specific CH4 production. The selection of the equation was therefore a compromise, 

and the reasons why the Vavilin equation was selected were: 

- Bo value greater than last data point, thus more representative 

- Applying weights to data points after the 10th day: 

A) The shape of the overall curve remain more representative than what observed with the 

Gompertz equation 
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B) The biogas production after the exponential phase is mimicked well, which is crucial for a 

steady state-model that is not designed to evaluate performance at low HRT. 

- Vavilin et al. (1996) also presented a derivation of the equation for continuous operation, as 

discussed in the next sections. 

9.1.2 Evaluation of Reading sludge ultimate degradability 

Using the Vavilin equation as discussed in section 9.1.1., the range of ultimate degradability for 

Reading WWTP PS was evaluated and is summarized in Table 9-2. The relevant statistics were 

evaluated using the average value of each triplicate test. 

Table 9-2: Reading PS degradability values (n=7) 

Coefficient Unit Average 
Standard 
deviation 

Margin of 
error (95%) 

Upper 
bound 

Lower 
bound 

K d-1 0.158 0.037 0.027 0.185 0.131 

Bo NmlCH4/gVSfed 387.4 55.5 40.9 428.4 346.5 

 

Similarly the coefficients were estimated for SAS and are summarized in Table 9-3. In this case weights 

were applied to most of the regression analysis (Annex 1.4). 

Table 9-3: Reading SAS degradability values (n=7) 

Coefficient Unit Average 
Standard 
deviation 

Margin of 
error (95%) 

Upper 
bound 

Lower 
bound 

K d-1 0.212 0.049 0.036 0.248 0.176 

Bo NmlCH4/gVSfed 179.4 33.6 24.7 204.2 154.7 

 

The Bo value will constitute the basis of the steady-state model, over which the kinetics derived on 

the basis of the operational conditions will be applied. For this reason it was found more appropriate 

to use the upper bound value evaluated from different tests. The reason for this is that the BMP test 

is carried out at standard conditions, thus the beneficial effects of optimal operational parameters 

(section 8.2.9) are not taken into account. The integrated model discussed in section 9.2 makes use of 

an asymptotic function to predict biogas production as function of HRT. Therefore the asymptote (Bo) 

has to be set to a value higher than that measured at standard conditions, but still representative of 

the sludge properties, for this reason the upper 95th percentile of Bo should be used as default value. 
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9.2 Data integration and steady state model 

9.2.1 Aim 

The aim of the model is to combine sludge properties and effect of operational conditions in a steady-

state model. The model is a combination of empirical and mechanistic equation and aims at 

generalizing the findings from the characterization of sludge and the experiment on operational 

conditions. Compared to the purely empirical equations discussed in chapter 8.2 and 8.3, with this 

model it should be possible to: 

- Calibrate data to specific WWTP conditions 

- Calibrate data to specific sludge properties 

- Include effect of HRT 

The model will be available in different versions, to fulfil the purposes of: 

- Designing new AD plants 

- Monitoring existing AD plants performance 

- Benchmarking performance of different AD plants 

- Optimizing operational conditions of existing AD plants 

9.2.2 Biogas calculation 

The first order kinetic Equation (20) was used to predict biogas production. These are the terms 

necessary to calculate the equation: 

- Degradable solids throughput (Xs). 

- Hydraulic retention time (HRT): Calculated from input. 

- Biogas rate coefficient (Ko): Calculated from input (Equation 36) 

Equation 36: Regression equation for biogas rate coefficient 

𝐾𝑜 = 1.74 + 1.885 ∗ 𝑃𝑆% − 0.066 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 − 14.9 ∗ 𝐷𝑆% − 2.505 ∗ 𝑃𝑆%

∗ 𝑃𝑆% − 423 ∗ 𝐷𝑆% ∗ 𝐷𝑆% + 1.596 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ∗ 𝐷𝑆% 

𝑈𝑛𝑖𝑡𝑠: 𝐾𝑜 (𝑑−1), 𝑃𝑆% (%𝐷𝑆), 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ( 𝐶𝑜 ) 𝑎𝑛𝑑 𝐷𝑆% (
𝑤

𝑤
) 

The regression equation for Ko was obtained from the results on operational parameters. The 

procedure to obtain the regression equation x was the following: 

- For each of the 13 experiments (Figure 4-1): 

1) Input sludge characteristics and impose operational conditions. 

2)   Calculate Ko using Solver function in Microsoft Excel® by setting SBY as objective. 
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3)   Store Ko value with associated conditions tested 

- Compute a linear regression analysis on calculated Ko values as function of the imposed 

operational parameters (PS%, DS% and temperature). 

The results for the regression are presented here. Table 9-4 summarizes the relevant statistics, which 

was obtained with a backward elimination method. 

Table 9-4: Summary of regression analysis on Ko 

Coefficient Contribution p-value 

Overall regression 92.9% <0.05 

PS% 33.7% <0.05 

Temperature 8.9% 0.07 

DS% 10.3% 0.56 

PS%*PS% 8.8% <0.05 

DS%*DS% 19.7% <0.05 

Temperature*DS% 11.5% <0.05 

R2-pred = 58.8% 

 

Figure 9-5 shows the fitted line plot of the model Ko against the measured Ko and it can be observed 

that the model can predict the change in response with an accuracy of approximately ± 0.146 (d-1). 

 

Figure 9-5: Fitted line plot for biogas rate coefficient model 

Figure 9-6 shows the contour plot obtained for the Ko coefficient as function of PS%, DS% and 

temperature. The results are presented highlighting the interactive effect of DS% and temperature, 

which are consistent with the results presented in section 8.2.9. As Figure 9-6 shows, the interaction 

between DS% and temperature, which caused an increased in degradation rate following an increase 

of both DS% and temperature, was more pronounced for high SAS treatments. 
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Figure 9-6: Contour plot for biogas rate coefficient as function of DS% and temperature at different PS% regimes. 

Figure 9-7 shows the contour plot for Ko as function of PS% and DS% at different temperature regimes. 

The results obtained from the regression on SBY (Figure 8-18) suggested an increase in gas yield for 

the DS% range 5-6%, across the entire range of PS%. Here it would appear that the change in DS% had 

a more pronounced effect for high SAS regimes. Again Figure 9-7 suggests a positive interaction 

between high temperature and high DS%, particularly for high SAS treatments. 

 

Figure 9-7: Contour plot for biogas rate coefficient as function of PS% and DS% at different temperature regimes. 

The Ko regression equation (Equation 36) was then tested against the experiment results to determine 

its validity. Figure 9-8 shows the results for biogas yield and production. Specific biogas yield was used 

to fit the Ko value and the model appeared capable to mimic the trend observed in the experiments. 

One point in the SBY graph (415,513) presented a particularly high residual. This point was experiment 

10, which as discussed in section 8.1.3 presented instabilities and was thus not deemed particularly 

representative. The worst fit was obtained for SBP, which was to be expected as already discussed in 

section 8.2.9, because the results obtained during the experiment did not agree with literature and 

with what had been calculated theoretically. 
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Figure 9-8: Validation of Ko regression equation against experimental biogas results 

Figure 9-9 shows the results for the solids, comparing the calculated values with the measured values. 

It appears that the model can accurately predict the DS% of the digestate, but tend to overestimate 

the VS%. As a results the VS destruction calculation also shows poor agreement. It should be noted 

that not always the input VS% matched the measured input VS%, this could have contributed to the 

poor model accuracy. The low measured VS% contributed in turn to the high SBP, this reinforced the 

idea discussed in section 8.2.9, that there was a problem in the VS% measurement. 

 

Figure 9-9: Validation of Ko regression equation against experimental solids results 

 

9.2.3 Ammonia and alkalinity 

Ammonia 

The production of ammonia within the reactor was linked to the fraction of protein in the feed sludge. 

In this way it is thought that the equation can be generalised and adopted in AD plants receiving 

different N loads. The same general first order equation (Equation 20) used for the biogas calculation 

was adopted to determine the production of Amm-N. These are the terms necessary to solve the 

equation: 

- Nitrogen load (XN) as calculated from the input. 

- Hydraulic retention time. Calculated from input. 

- Ammonia rate constant (Kamm). Calculated from input (Equation 37) 
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Equation 37: Ammoniacal N rate constant regression equation 

𝐾𝑎𝑚𝑚 = −0.1308 − 0.084 ∗ 𝑃𝑆% + 0.0059 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 0.807 ∗ 𝐷𝑆% 

𝑊ℎ𝑒𝑟𝑒: 𝐾𝑎𝑚𝑚 (𝑑−1), 𝑃𝑆% (%𝐷𝑆), 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ( 𝐶𝑜 ) 𝑎𝑛𝑑 𝐷𝑆% (
𝑤

𝑤
) 

The procedure to obtain the regression equation on Kamm was the same as followed for Ko (section 

4.5), by setting the Amm-N concentration as objective in Solver®. The results of the regression 

equations are summarized in Table 9-5. Compared to the regression analysis previously carried out on 

Amm-N (section 8.3.4), it can be observed that DS% is no longer the dominant parameter, and in fact 

it could be dropped out of the equation. The choice to keep the DS% term was determined by the fact 

that the p-value is very close to 0.05 and the R2-pred would decrease without it. The reason the 

significance of this parameter dropped compared to the previous regression on Amm-N was that the 

impact of the DS% is already taken into account from the nitrogen load (XN) term. 

Table 9-5: Summary of regression analysis on Kamm 

Coefficient Contribution p-value 

Overall regression 68.4% <0.05 

PS% 28.5% <0.05 

Temperature 23.9% <0.05 

DS% 16.0% 0.06 

R2-pred = 35.1% 

 

The model generated could not fully predict the variability in response as can be observed from the 

relatively low R2-pred (Table 9-5) and fitted line plot (Figure 9-10). The model could predict Kamm with 

approximately ± 0.05 (d-1). The contour plot (Figure 9-11) indicates that faster production of Amm-N 

should be expected for higher temperature, higher DS% and higher SAS fraction, even if the higher N 

load is already taken into account from the XN term. 

 

Figure 9-10: Fitted line plot for Amm-N rate coefficient model 
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Figure 9-11: Contour plot for Amm-N rate coefficient Kamm as function of PS%, DS% and temperature 

Alkalinity 

The production of alkalinity was linked to the CH4 production and to the presence of Amm-N.  

- Alkalinity linked to Amm-N 

Sotemann et al. (2005) suggested that Amm-N would contribute to the production of 

alkalinity. The ratio of alkalinity to ammonia would be 7.14 gCaCO3/gN. The fraction of Amm-

N contributing towards alkalinity was then estimated using Solver®. The product of the 

stoichiometric ratio and the fraction of ammonia to alkalinity obtained was Ralk/N = 4.377 

gCaCO3/gN. 

- Alkalinity linked to CH4 production 

The stoichiometric balance suggested by Parkin and Owen (1987) indicated that for every 

7.175 mole of CH4 produced, 1 mole of bicarbonate alkalinity would be produced. 

It can be deduced that for each L of CH4 produced, 0.57 g of alkalinity as CaCO3 would be 

produced. The actual value was then calculated using Solver® by fitting the experimental data 

with the modelled data. The value obtained was Ralk/CH4 = 0.1 gCaCO3/lCH4.  

- Total alkalinity 

The total alkalinity was calculated as the sum of alkalinity from the Amm-N and from the 

destruction of solids (linked to the CH4 production).  
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Validation of ammonia and alkalinity models 

The produced regression models were then tested against the available experimental data to 

determine their ability to predict compounds concentration within the reactor. Figure 9-12 indicates 

that for the experimental data the two proposed models can accurately predict the concentration of 

Amm-N and total alkalinity. However, the models will still require validation to determine if they can 

predict Amm-N and alkalinity at different loads and different HRT. 

 

Figure 9-12: Ammoniacal N and total alkalinity models validation against experimental data 

9.3 Model constraints 

Because of the semi-empirical nature of the model, this is subject to a number of constraints. The use 

of the model outside these boundaries is not advisable, because it is likely to generate erroneous 

outputs. The constraints are summarized in Table 9-6. 

Table 9-6: Integrated AD model constraints 

Parameter Min. value Max. value Unit 

Feed DS% 2.5% 8% (w/w) 

PS% 20% 80% (%DS) 

SAS Age 9 30 Days 

Temperature 37 45 oC 

 

Other limitations include: 

- The E.coli removal is only valid for HRT>16 days. 

This is because the purely empirical formula (Equation 31) is applied. Therefore for HRT<16 

days it could provide an overestimation of the pathogen removal efficiency. For HRT>16 the 

estimation will be conservative, thus safe to use. 
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- The model does not predict process failure. 

The steady-state nature of the model does not allow to include process failure. Warning 

messages will be issued when process conditions are deemed unsafe. 

 

9.4 Model validation 

The ability of the model to predict performance of full scale AD was assessed utilising available historic 

performance data from a number of Thames Water assets. The SBY and the electricity production 

were utilized for the comparison, because of the higher density of data compared to other parameters 

such as VS destruction, E. coli reduction, Amm-N or alkalinity. To sense-check the available historic 

data, a screening was applied to the input data related to feed solids. The screening involved carrying 

out a mass balance, utilizing measurement on the individual sludge streams (PS, SAS and imports) and 

comparing their sum (Calculated TOT) to the reading of the instruments on the combined feed 

(Combined TOT). The total PS stream, comprising indigenous PS and imports was also utilized to assess 

the quality of the data. 

9.4.1 Maple Lodge WWTP 

The relevant results of the mass balance are presented in Figure 9-13. The left graph of Figure 9-13 

indicates poor agreement between the individual and combined throughput information. The graph 

on the right of Figure 9-13 can be used to apply a screening to PS data, by screening out data points 

with high residuals, as indicated below. The poor agreement between the data suggested that caution 

should be taken when evaluating the model performance, as a large error could arise from the input 

data. The data used for Maple Lodge were: 

PS (tDS/d) = Combined TOT feed (tDS/d) – SAS (tDS/d) – Imports (tDS/d) 

Screening: Residual on PS < 10. Where the residual is the difference between the data shown on the 

Right graph of Figure 9-13. 

The data input covered a time-frame of approximately 6 years and monthly average of the available 

data were utilized.  
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Figure 9-13: Comparison of data on sludge streams throughput in Maple Lodge WWTP 

The input data for the sludge characteristics were obtained from the available results and are 

summarised in Table 9-7. 

Table 9-7: Integrated model input for Maple Lodge WWTP 

Parameter Value Unit Parameter Value Unit 

Xpr-ps 31% %DS B0-ps 432 NmlCH4/gVSfed 

Xpr-sas 44% %DS B0-sas f(Age) NmlCH4/gVSfed 

Xpr-imp 30% %DS B0-imp 250 NmlCH4/gVSfed 

Csas 49% %DS SMPps 660 NmlCH4/gVSdes 

Hsas 10% %DS SMPsas 570 NmlCH4/gVSdes 

Osas 21% %DS SMPimp 600 NmlCH4/gVSdes 

Nsas 9% %DS Vdig 28050 m3 

 

The results for biogas production and electricity production are summarised in Figure 9-14. The biogas 

production graph (Figure 9-14, Left) indicates that the model tends to overestimate the amount of 

biogas produced. This could be expected as the model is calibrated against laboratory and pilot scale 

results where conditions, such as mixing, are optimal. The estimate appears better for the electricity 

production, which is directly proportional to the biogas produced, but potentially less susceptible to 

measurement errors. For both measurements a good proportion of the variability in the data was 

explained. The fraction of variability that was not explained could be attributed to inaccuracy of the 

model, as well as errors in the measured data and variable sludge properties. 
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Figure 9-14: Validation results for Maple Lodge WWTP 

9.4.2 Reading WWTP 

The results of the mass balance for Reading WWTP are summarised in Figure 9-15. The data show very 

little agreement between the different readings. The large scatter of data do not allow for any 

screening to be applied, as the analysis would incur in the risk of having a small pool of data available. 

The data used for Reading WWTP were: 

PS (tDS/d) = Combined TOT feed (tDS/d) – SAS (tDS/d) – Imports (tDS/d) 

The input utilised for the analysis are summarized in Table 9-8. 

 

Figure 9-15: Comparison of data on sludge streams throughput in Reading WWTP 
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Table 9-8: Integrated model input for Reading WWTP 

Parameter Value Unit Parameter Value Unit 

Xpr-ps 19% %DS B0-ps 410 NmlCH4/gVSfed 

Xpr-sas 41% %DS B0-sas f(Age) NmlCH4/gVSfed 

Xpr-imp 30% %DS B0-imp 275 NmlCH4/gVSfed 

Csas 50% %DS SMPps 650 NmlCH4/gVSdes 

Hsas 10% %DS SMPsas 550 NmlCH4/gVSdes 

Osas 21% %DS SMPimp 600 NmlCH4/gVSdes 

Nsas 9% %DS Vdig 6035 m3 

 

The results of the validation for Reading WWTP are summarised in Figure 9-16.  From Figure 9-16 (Left) 

it is possible to observe that the biogas production data generally show poor agreement, while the 

electricity generation (Figure 9-16, Right) data produce a relatively good fit. The biogas measurement 

in Reading WWTP was known to be problematic and only recently the instrumentation has been 

refurbished. However, the electricity generation should be less prone to measurement errors. 

 

Figure 9-16: Validation results for Reading WWTP 

 

9.4.3 Slough WWTP 

The mass balance for Slough also indicated poor agreement between the individually measured 

throughput and the combined feed (Figure 9-17). The input data for the analysis were: 

PS (tDS/d) = Combined TOT feed (tDS/d) – SAS (tDS/d) – Imports (tDS/d) 

Screening: Residual on PS < 4. Where the residual is the difference between the data shown on the 

right graph of Figure 9-17. 
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Figure 9-17: Comparison of data on sludge streams throughput in Slough WWTP 

Input data for the model for Slough WWTP are summarised in Table 9-9. It should be noted that in this 

case some of the data from the characterisation of sludge were adjusted to improve the model fit. 

The most relevant changes were related to Agesas and Pmax-ps. 

Table 9-9: Integrated model input for Slough WWTP 

Parameter Value Unit Parameter Value Unit 

Xpr-ps 21% %DS Pmax-ps 370 NmlCH4/gVSfed 

Xpr-sas 48% %DS Pmax-sas 226 NmlCH4/gVSfed 

Xpr-imp 30% %DS Pmax-imp 230 NmlCH4/gVSfed 

Csas 55% %DS SMPps 640 NmlCH4/gVSdes 

Hsas 13% %DS SMPsas 600 NmlCH4/gVSdes 

Osas 21% %DS SMPimp 600 NmlCH4/gVSdes 

Nsas 10% %DS Vdig 11358 m3 

 

The results for validation of the model against Slough WWTP performance data are summarised in 

Figure 9-18. The model appeared to produce the worst fit between the three sites tested. This is in 

spite of the adjustment carried out on the sludge characteristics, compared to the characteristics “as 

measured”. On the other hand also the screening mass balance produced the worst results (Figure 9-

17) and the unexplained variance could be attributable to poor field measurements. 



 

171 
 

 

Figure 9-18: Validation results for Slough WWTP 

9.4.4 Discussion on validation 

The first attempt to validate the model with full scale data showed that the model matched the overall 

trend in biogas and electricity production. However, the quality of the input data was questionable, 

because none of the mass balances carried out on the feed solids added up, indicating that there is 

potentially a large error in the measurement of sludge volume and DS%. Therefore further work is 

needed to validate the capability of the integrated AD model to predict performance of full scale 

digesters, including: 

- Instrument a full scale digester with dedicated flow meter, DS% meter, gas flow meter and 

data are checked (see section 11.2). 

- Obtain VS% data on input and output to validate solids destruction equation. 

- Obtain Amm-N and alkalinity data to validate equations on digestate chemistry. 

- Obtain E. coli data to validate pathogen removal equation. 

- Vary operational conditions within instrumented digester to validate predicting ability of the 

model. 
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9.5 Integrated model summary 

The integrated AD model is summarized in the various tables in this section. 

Table 9-10: Model constants 

Category Description Abbreviation Unit Value 

Sludge Density ρs t/m3 1.0 

Sludge Nitrogen content in 
proteins 

RN/pr %DS 12.3% 

Sludge Alkalinity to methane 
ratio 

Ralk/CH4 gCaCO3/lCH4 0.1 

Sludge Alkalinity to Amm-N  Ralk/N gCaCO3/gN 4.377 

Sludge Heat capacity Cs kWh/m3/oC 1.17 

Biogas Methane content CH% %vol 62% 

Biogas Methane density ρCH4 Kg/m3 0.656 

Biogas Calorific value CVb kWh/m3 6.4 

Biogas Standard error on 
SAS Bo regression 

SBo-SAS Nm3CH4/tVSfed 12.3 

Thickening PS poly demand TPPS Kgactive/tDS 1.5 

Thickening SAS poly demand TPSAS Kgactive/tDS 2.5 

CHP Electrical efficiency ηe % input 38% 

CHP Combined thermal 
efficiency 

ηt-CHP % input 34% 

CHP Parasitic load LCHP % output 10% 

Fuel Diesel calorific value CVd kWh/l 10.1 

Boiler Thermal efficiency ηt-boil % input 75% 

Economics Poly cost TPc £/kgactive 2 

Economics Diesel cost Dc £/l 0.6 

Economics Electricity value Elv £/MWhe 95 

Economics ROC incentive ROCi ROC/MWhe 0.5 

Economics ROC incentive ROCv £/ROC 45 

 

Table 9-11: Model input 

Category Description Abbreviation Unit 

PS Flow VPS m3/d 

PS Dry solids concentration DS%PS w/w 

PS Volatile solids concentration VS%PS %DS 

PS Proteins concentration Pr%-PS %DS 

PS Ultimate yield Bo-PS NmlCH4/gVSfed 

PS Sludge methane potential SMPPS NmlCH4/gVSdes 

SAS Flow VSAS m3/d 

SAS Dry solids concentration DS%SAS w/w 

SAS Volatile solids concentration VS%SAS %DS 

SAS Proteins concentration Pr%-SAS %DS 

SAS Carbon fraction CSAS %DS 

SAS Hydrogen fraction HSAS %DS 

SAS Oxygen fraction OSAS %DS 
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SAS Nitrogen fraction NSAS %DS 

SAS Age  AgeSAS days 

SAS Sludge methane potential SMPSAS NmlCH4/gVSdes 

Imports Flow VImp m3/d 

Imports Dry solids concentration DS%Imp w/w 

Imports Volatile solids concentration VS%Imp %DS 

Imports Proteins concentration Pr%-Imp %DS 

Imports Ultimate yield Bo-Imp NmlCH4/gVSfed 

Imports Sludge methane potential SMPImp NmlCH4/gVSdes 

Reactor Volume Vdig m3 

Reactor Temperature Tdig oC 

 

Table 9-12: Individual sludge stream calculations 

Category Description Abbreviation Unit Formula 

PS Solids throughput XPS tDS/d VPS * ρs * DS%PS 

PS Protein throughput Xpr-PS tDS/d XPS * Pr%-PS 

PS Degradable fraction Fd-PS %VS Bo-PS / SMPPS 

SAS Solids throughput XSAS tDS/d VSAS * ρs * DS%SAS 

SAS Protein throughput Xpr-SAS tDS/d XSAS * Pr%-SAS 

SAS Chemical oxygen 
demand 

CODCHON-SAS gCOD/mol 8*(HSAS+2*(2*(CSAS/12)-
(OSAS/16)-3*(NSAS/14))) 

SAS Molar mass MMCHON-SAS gVS/mol CSAS + HSAS + OSAS + NSAS 

SAS Ultimate yield Bo-SAS NmlCH4/gVSfed (-401.24 + 706.7 * VS%SAS  + 
45.8 * COD/VSCHON-SAS -2.55 * 
AgeSAS + 225664*e^(AgeSAS 
))+SBo-SAS 

SAS Degradable fraction Fd-PS %VS Bo-SAS / SMPSAS 

Imports Solids throughput Ximp tDS/d Vimp * ρs * DSimp 

Imports Protein throughput Xpr-imp tDS/d Ximp * Pr%-imp 

Imports Degradable fraction Fd-imp %VS Bo-imp / SMPimp 

 

Table 9-13: Blended sludge stream calculation 

Category Description Abbreviation Unit Formula 

Blended 
feed 

Flow Vfeed m3/d VPS + VSAS + VImp 

Blended 
feed 

Throughput Xfeed tDS/d XPS + XSAS + Ximp 

Blended 
feed 

Dry solids 
concentration 

DS%feed w/w Xfeed / Vfeed / ρs 

Blended 
feed 

Degradable PS 
throughput 

Xs-PS t/d XPS * VS%PS * Fd-PS 

Blended 
feed 

Degradable SAS 
throughput 

Xs-SAS t/d XSAS * VS%SAS * Fd-SAS 

Blended 
feed 

Degradable 
Imports  
throughput 

Xs-imp t/d Ximp * VS%imp * Fd-imp 
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Blended 
feed 

Total 
degradable 
throughput 

Xs t/d Xs-PS + Xs-SAS + Xs-imp 

Blended 
feed 

Inerts 
throughput 

Xiner t/d XPS * VS%PS * (1-Fd-PS ) + 
XSAS * VS%SAS * (1- Fd-SAS ) + 
Ximp * VS%imp * (1- Fd-imp ) 

Blended 
feed 

Ash throughput Xash t/d XPS * (1- VS%PS ) + XSAS * (1- VS%SAS ) 
+ Ximp * (1- VS%imp ) 

Blended 
feed 

Nitrogen 
throughput 

XN t/d ( Xpr-PS + Xpr-SAS + Xpr-imp ) * 
RN/pr 

Blended 
feed 

Volatile solids 
concentration 

VS%feed %DS (Xs + Xiner ) / Xfeed 

Blended 
feed 

Primary 
fraction 

PS% %DS XPS / Xfeed 

Blended 
feed 

Primary 
fraction 

PS%VS %VS (XPS *VSPS ) / (Xfeed * VSfeed) 

Blended 
feed 

Secondary 
fraction 

SAS%VS %VS (XSAS *VSSAS ) / (Xfeed * VSfeed) 

Blended 
feed 

Imports 
fraction 

Imp%VS %VS (XImp *VSImp ) / (Xfeed * VSfeed) 

Blended 
feed 

Ultimate yield Bo-feed 
 

NmlCH4/gVSfed Bo-PS * PS%VS + Bo-SAS * SAS%VS +      
Bo-Imp * Imp%VS 

Blended 
feed 

Degradable 
fraction 

SMPfeed 
 

NmlCH4/gVSdes SMPPS * PS%VS + SMPSAS * SAS%VS +      
SMPImp * Imp%VS 

 

Table 9-14: Reactions calculations 

Category Description Abbreviation Unit Formula 

Reactor Hydraulic 
retention time 

HRT Days Vdig  / Vfeed   

Reactor Organic loading 
rate 

OLR kgVS/m
3/d 

Xfeed * VS%feed *1000 / Vdig 

Reactor Biogas 
production rate 

Ko d-1 1.74 + 1.885*PS% - 0.066 * Tdig -
14.9*DSfeed - 2.505 * PS%*PS% -
423*DS%feed*DS%feed+1.596*Tdig*DS%feed 

Reactor Ammonia 
production rate 

Kamm d-1 - 0.1308 - 0.084*PS% + 0.006*Tdig + 
0.807*DS% 

Reactor Solids 
destroyed 

Xs-des t/d Xs – Xs / (1 + Ko * HRT) 

Reactor Nitrogen 
released 

XN-des t/d XN – XN / (1 + Kamm * HRT) 

Reactor Volatile solids 
destroyed 
(Mass balance) 

VSDMB %VS Xs-des / (Xs + Xiner ) 

Reactor Escherichia coli 
removal 

ECrem Log10 - 6.69 - 47.8*DS% + 0.2303*Tdig + 
650*DS%*DS% 
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Table 9-15: Biogas calculations 

Category Description Abbreviation Unit Formula 

Biogas Methane production CH4 Nm3CH4/d Xs-des * SMPfeed 

Biogas Specific methane yield SMY Nm3CH4/tVSfed CH4 / (Xs * VS%feed) 

Biogas Process efficiency AD η % SMY / Bo-feed 

Biogas Biogas production BP Nm3/d CH4 / CH4% 

Biogas Biogas yield BY Nm3/tDSfed BP / Xs 

Biogas Specific biogas yield SBY Nm3/tVSfed BY / VS%feed 

Biogas Specific biogas 
production 

SBP Nm3/tVSdes SBY / VSDMB 

 

Table 9-16: Digestate conditions calculations 

Category Description Abbreviation Unit Formula 

Digestate Flow Vdgt m3/d Vfeed 

Digestate Dry solids 
throughput 

Xdgt tDS/d Xfeed – Xs-des 

Digestate Dry solids 
concentration 

DS%dgt w/w Xdgt / Vdgt / ρ 

Digestate Degradable solids 
throguhput 

Xs-dgt t/d Xs - Xs-des 

Digestate Inerts solids 
throguhput 

Xiner-dgt t/d Xiner 

Digestate Ash throguhput Xash-dgt t/d Xash 

Digestate Volatile solids 
concentration 

VS%dgt t/d (Xs-dgt + Xiner-dgt ) / Xdgt 

Digestate Ammonia 
concentration 

AmmN mg-N/l XN-des / Vfeed *1E06 
[Compare to Equation 35] 

Digestate Alkalinity Alk Mg-CaCO3/l CH4 * Ralk-N *1E03/Vfeed + 
AmmN * Ralk-N 
[Compare to Equation 32] 

Digestate Volatile solids 
destroyed (Van 
Kleeck)  

VSDVK %VS (VS%feed – VS%dgt) /  
(VS%feed – VS%feed*VS%dgt) 

 

9.6 Thermal energy model 

Combined heat and power engines are specially designed to recover the fraction of thermal energy 

which would otherwise be lost to atmosphere during combustion. However, there are several critical 

factors to be considered to determine if the waste heat available is sufficient to meet the energy 

demand of the AD process. For this purpose a model was developed to predict how changes in 

operational conditions affect overall thermal energy balance of the process. The main source of 

literature was CIWEM (1996). The coefficients indicated in Table 9-17 were used as guidelines to 

determine digester heat losses. 
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Table 9-17: Heat loss coefficients for thermal energy model (EPA, 1979) 

Material and exposure 
Min. U 

(W/m2/K) 
Max. U 

(W/m2/K) 

Fixed steel cover (6mm) 3.9 5.2 

Fixed concrete cover (280mm) 2 3.3 

Concrete wall (370mm) exposed to air 2.6 4.9 

Concrete wall (370mm) + 25mm air space and 100mm brick facing 0.7 1.5 

Concrete wall floor (370mm) exposed to wet earth n/a 0.62 

Concrete wall floor (370mm) exposed to dry earth 0.34 0.36 

 

The model is summarized in Table 9-18 and 9-19. It should be noted that: 

- The constants are available from Table 9-10. 

- The BP input is obtainable from the solution of the AD integrated model (Table 9-15). 

- The time step utilized is one day, but monthly average ambient and feed sludge temperature 

should be sufficiently representative when modelling plant performance over the year. 

Table 9-18: Input for thermal energy model 

Category Description Abbreviation Unit 

Blended sludge Feed volume Vfeed m3/d 

Biogas Biogas production BP m3/d 

Reactor Temperature Tdig oC 

Reactor Heat loss HLdig kWh/oC/d 

Environmental Ambient temperature Tamb oC 

Environmental Sludge temperature Tsludge oC 

 

Table 9-19: Heat demand and availability calculations 

Category Description Abbreviation Unit Formula 

Heat Demand to raise sludge 
temperature 

Hfeed kWh/d (Tdig - Tsludge ) * Vfeed * Cs 

Heat Demand to 
compensate loss 

Hloss kWh/d (Tdig – Tamb ) * HLdig 

Heat Available from CHP HCHP kWh/d BP * CVb * ηt-CHP  
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10 BUSINESS OUTPUT 

10.1 Regulatory framework 

The case for optimising sludge management strategies has mainly two drivers: 

- To comply with the statutory requirements for the treatment and safe disposal of sewage 

sludge. 

- To decrease treatment costs by maximising recovery of the available resources. 

The relevant legislation and codes of practice and standards affecting sewage sludge management in 

the UK are listed in Table 10-1. 

Table 10-1: Directives and codes of practice impacting sewage sludge production and management in the UK 

Directive / Code Impact on sludge production and processing requirements 

The Urban Wastewater 

Directive 91/271/EEC 

(European Community, 1991) 

Banned sea dispersal of sewage sludge from 1998, pushing water 

companies to find alternative disposal routes for sewage sludge. 

This directive also increased the quality requirements for effluent 

discharged from large WWTPs, significantly impacting the amount 

of sludge produced during wastewater treatment. 

The Sewage Sludge (Use in 

Agriculture) Directive 

86/278/EEC  

(European Community, 1986) 

Encouraged the use of sewage sludge in agriculture and regulated 

its application to prevent harmful side effects on soil, vegetation, 

animals and human beings. 

The Sludge (Use in 

Agriculture) Regulations 1989 

(UK Government, 1989) 

Transposed the requirements of 86/278/EEC to the UK. 

 

The Code of Practice for 

Agricultural Use of Sewage 

Sludge (DEFRA, 2006) 

Supports and complements the application of the Sludge 

Regulations 1989, providing guidance on how to determine the 

presence of potentially toxic elements. 

The Safe Sludge Matrix 

(Water UK, 2006) 

Was voluntarily agreed by the water industry and the British Retail 

Consortium and provides additional microbiological controls on 

sewage sludge applied to agriculture.  

- Conventionally treated sludge: when at least 99% (2 log) of 

pathogens have been destroyed. 

- Enhanced treated sludge: when at least 99.9999% (6 log) 

of pathogens have been destroyed and free of Salmonella. 

The Landfill of Waste 

Directive 99/31/EC 

(European Community, 1999) 

Did not apply directly to sewage sludge, but encouraged the 

diversion of biodegradable waste from landfill. 

 

Water companies utilise around 1% of the total UK electricity usage, with electricity usage increasing 

by 60% since privatisation in 1989 (Caffoor, 2008) due to the effects of more stringent directives and 
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increased treatment requirements. In 2006 around 14% of the total energy consumed by water 

companies was produced through renewable energy, with estimated GHG emissions to treat 1 ML of 

wastewater reduced to 0.406 tCO2 from the 0.641 tCO2 required the previous year (Caffoor, 2008). 

The production of renewable energy and the reduction of GHG emissions is in accordance with the UK 

plan to tackle climate change. Among other objectives the UK intends to cut by 80% the GHG emissions 

from the 1990 levels, by 2050 (UK Government, 2008). 

Sludge management can account for about 50% of the overall cost for running a WWTP (Kroiss, 2004) 

and the production of bio-methane though conventional mesophilic AD can improve the energy 

balance by up to 30% (Shi, 2011), which, if combined with improved aeration efficiency in the 

secondary treatment, can potentially lead to an energy self-sufficient WWTP (WERF, 2010). The 

production of renewable energy to help the UK meeting the objectives set in the Climate Change Act 

is incentivised by a number of financial schemes. Those available for CHP units using biogas from AD 

are summarised in Table 10-2. 

Table 10-2: Financial scheme supporting renewable energy generation with CHP units (UK Government, 2015) 

Financial scheme Purpose  

Climate Change Levy Exemption Designed to promote energy efficiency and investments in to 
energy efficient equipment. Exemption from the climate 
change levy is available for CHP units, which meet a minimum 
efficiency of 20%. 

Enhanced Capital Allowances Allows businesses to write-off 100% of their investment against 
the taxable profits of the period during which they make the 
investment, provided the CHP unit receives a Certificate of 
Energy Efficiency. 

Business Rating Exemption Granted to CHP equipment, that meets the requirement for the 
Good Quality CHP certification. 

The Renewable Obligations 
Certificates (ROCs) 

Supports the generation of renewable electricity, by placing a 
mandatory requirement for UK electricity suppliers to source a 
growing percentage of electricity from eligible renewable 
generation capacity. Electrical energy produced by biogas 
originating from sewage sludge AD currently receives 0.5 
ROC/MWh. ROCs are tradable and the current price is 
approximately 45 £/ROC. 

Renewable Heat Incentive Designed to provide support to renewable heat technologies to 
increase the deployment and aid the market development. The 
current applicable tariff for biogas systems below the 200 kWth 
threshold is 7.5 p/kWh 

Contract for Difference (CfD) The ROCs are currently being replaced by a new financial 
mechanism, which aims at enabling investments in low carbon 
electricity generation. The CfD assigns different administrative 
strike prices to different technologies, with different levels of 
development, to promote their deployment. The value of the 
incentives is not fixed and is assigned on project-specific basis.  



 

179 
 

10.2 Thames Water digestion assets 

Thames Water is the UK’s largest water and wastewater company by number of customers, treating 

the wastewaters of approximately 15 million people in the London and the Thames valley area. The 

number of total WWTPs operated by Thames Water is approximately 350, ranging from small 

treatment works with only a dozen households connected to the largest treatment works which 

service a population equivalent greater than 1 million. The sludge generated by the wastewater 

treatment is managed in 25 sludge centers, which operate as logistic hubs and are equipped with CHP 

units for the production of renewable electricity. The assets for sludge treatment are somewhat 

diversified (Figure 10-1), with advanced digestion being applied to an increasingly larger percentage 

of the sludge throughput. Thames Water also plans to completely phase out sludge liming, due to 

unfavorable economics associated with this type of strategy, as well as replacing the incineration 

plants with the more energy efficient advanced thermal processing, which uses low temperature 

drying and pyrolysis. 

 

Figure 10-1: Sludge routes in Thames Water (2016) 

The total amount of sludge treated by Thames Water is approximately 400,000 tDS/year. Assuming 

an average PS% of 50% and using the values listed in section 8.2.1 and 9.3 it is possible to estimate 

the total calorific potential of the sludge as 1,198 GWh/year. This value approximately equates to the 

total yearly energy requirement of Thames Water, including both the water and the wastewater 

services. Due to the technological and physical limitations of the conversion processes, the amount of 

energy currently extracted from sludge is approximately 267 GWhe/year. There is therefore a large 

scope for optimising the recovery of energy and increasing both the economics and the sustainability 

of sludge treatment proesses. 

Irrespective of the types of pre and post treatment, AD remains the central process for the majority 

of the sludge treated by Thames Water. Therefore understanding the effects of operational 

parameters on AD performance can help the business to improve the current levels of efficiency and 

increase the revenue generated from sludge treatment.  
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10.3 Asset standard 

10.3.1 Current asset standard 

Thames Water has a set of asset standards defined for AD, with recommendations on optimal and 

safe boundaries of operation. This research aims at challenging, corroborating, validating and 

improving the current standards with evidence-based data. This would allow Thames Water to design 

better assets for the future, while improving management, and ultimately providing guidance on key 

investment for their existing assets. 

Relevant information from the current AD asset standards (WWP 8.1) are listed below: 

- HRT: Minimum 12 days, with redundancy based on number of digesters, to accommodate 

down time. 

- Temperature: 38oC for conventional AD and 40oC for AD with pre-pasteurization. 

- OLR and secondary digestion requirements: Range defined in Table 10-3. 

- Pumping: Maximum allowable DS%=8% for un-treated raw sludge. 

- VS destruction design values (%VS): PS=60% and SAS=20%. 

 

Table 10-3: Thames Water current asset standard (WWP 8.1) for OLR in AD 

 Maximum OLR (kgVS/m3/d)   

Type of AD 
0-35% 

SAS 
36-45% 

SAS 
46-50% 

SAS 
51-55% 

SAS 
>55 % 

SAS 
Max feed 

DS% 
Secondary 
digestion 

Conventional 3.0 2.5 2.0 1.75 n/a 6% Yes 

Pre-pasteurisation 4.5 4.0 3.5 3.0 n/a 7% No 

 

10.3.2 New proposed asset standard 

The outcome of the research confirmed the initial hypothesis that operational parameters should not 

be looked at in isolation and considerations on interactive effects should be taken into account when 

designing or operating AD plants. 

Feed dry solids and temperature 

It is therefore proposed that the current asset standards are revised, implementing modifications to 

the recommended optimal temperatures and DS%. Three scenarios are considered, depending on the 

different capacities of the heating system to achieve specified temperature. Tables 10-4, 10-5 and 10-

6 indicate the recommended temperatures depending on the DS% and PS%, and the suggested 

optimal DS% for different PS% (green cells). 
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The maximum allowable DS% is 8%, which is in line with the current asset standard guidelines. The 

following recommendations are based on an HRT of 16 days. Temperature set-point changes should 

not exceed 2oC/HRT. 

Table 10-4: Recommended AD temperature for heating systems that can deliver up to 37oC (Optimal range in green) 

Temperature (oC) DS% (w/w) 

PS% (%DS) 3% 4% 5% 6% 7% 8% 

<=30% 37 37 37 37 37 37 

30% 37 37 37 37 37 37 

40% 37 37 37 37 37 37 

50% 37 37 37 37 37 37 

60% 37 37 37 37 37 37 

70% 37 37 37 37 37 37 

>=70% 37 37 37 37 37 37 

 

Table 10-5: Recommended AD temperature for heating systems that can deliver up to 41oC (Optimal range in green) 

Temperature (oC) DS% (w/w) 

PS% (%DS) 3% 4% 5% 6% 7% 8% 

<=30% 37 41 41 41 41 41 

30% 37 41 41 41 41 41 

40% 37 41 41 41 41 41 

50% 37 41 41 41 41 41 

60% 37 41 41 41 41 41 

70% 37 41 41 41 41 41 

>=70% 37 37 41 41 41 41 

 

Table 10-6: Recommended AD temperature for heating systems that can deliver up to 45oC (Optimal range in green) 

Temperature (oC) DS% (w/w) 

PS% (%DS) 3% 4% 5% 6% 7% 8% 

<=30% 37 41 45 45 45 45 

30% 37 41 45 45 45 45 

40% 37 41 45 45 45 45 

50% 37 41 45 45 45 45 

60% 37 41 45 45 45 45 

70% 37 41 45 45 45 45 

>=70% 37 37 41 45 45 45 
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Secondary digestion 

The requirements for secondary digestion should be based on the combination of DS% and the 

temperature applied within the digester. Table 10-7 summarizes when secondary digestion should be 

applied or not, to achieve a conventionally treated sludge status (E. coli removal > 2 log with 95% 

confidence). 

Table 10-7: Secondary digestion requirement to achieve conventionally treated status (95% confidence) 

(Optimal range in green) 

Secondary digestion? DS% (w/w) 

Temperature (oC) 3% 4% 5% 6% 7% 8% 

37 Yes Yes Yes Yes Yes Yes 

39 Yes Yes Yes Yes Yes Yes 

41 Yes Yes Yes Yes Yes No 

43 Yes Yes Yes Yes No No 

45 Yes Yes  Yes No No No 

 

Volatile solids destruction 

Another recommended change is for the calculation of VS destruction, and consequently the SBY, to 

be expected from sludges with different characteristics. The current estimate for VS destruction of PS 

is 60% (%VS) and data has confirmed this figure to be appropriate. On the other hand the VS 

destruction for SAS was found to be highly dependent on physico-chemical properties (VS% and 

COD/VSCHON) and the solid retention time in the ASP (sludge age). Therefore, where sludge physico-

chemical data are available, Equation 24 should be used to calculate the SBY. Should data on the 

sludge chemical properties not be available, the following default value is suggested, as this represents 

the lower 90th percentile of the average COD/VSCHON measured across the SAS samples. It should 

therefore provide a conservative estimate of the gas yield to be expected. The VS destruction and SBY 

should be obtained from Table 10-8 and 10-9, respectively. 

Default SAS COD/VSCHON=1.95 (gCOD/gVS) 
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Table 10-8: Suggested VS destruction for SAS where physico-chemical data are not available (COD/VSCHON=1.95) 

VS destruction (%VS) VS% (%DS) 

Sludge age (days) 74% 76% 78% 80% 

10 33% 35% 37% 40% 

14 29% 32% 34% 36% 

18 28% 30% 32% 35% 

22 26% 28% 31% 33% 

26 24% 26% 29% 31% 

30 22% 25% 27% 30% 

 

Table 10-9: Suggested SBY for SAS where physico-chemical data are not available (COD/VSCHON=1.95) 

SBY (mlCH4/gVSfed) VS% (%DS) 

Sludge age (days) 74% 76% 78% 80% 

10 196 210 224 238 

14 176 190 204 218 

18 165 179 193 208 

22 155 169 183 197 

26 145 159 173 187 

30 135 149 163 177 

 

Imported sludge 

It is also suggested that a paragraph on imported sludge is included in the asset standard. This has not 

been the focus of this research, but during the commissioning phase of the experiment sufficient 

evidence was collected to suggest that imported sludge should be accounted for in the design and the 

management of the sludge centers. Often imported sludge is considered equivalent to PS and this may 

lead to the overestimation of the biogas yield that can be expected from any ton of VS. Because of the 

different nature and origin of the imported sludge, it is suggested that data is site-specific. The current 

best estimates for imported sludge properties are summarized in table 10-10. 

Table 10-10: Suggested estimate for imported sludge characteristics 

Parameter Value Unit 

Bo 275 NmlCH4/gVSfed 

SMP 600 NmlCH4/gVSdes 

Fd 46% %VS 

Xpr 30% %DS 
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10.4 Process optimisation 

Process optimisation involves varying one or more parameters to maximise, minimise or obtain a 

specific value in an objective function. This process can be carried out in Excel using the Solver® tool, 

as long as there are sufficient equations linking the variables to the objective functions. The equations 

developed as part of this research and embedded into the Integrated AD model will be used to carry 

out optimisation runs. For this purpose a case study will be carried out on Maple Lodge WWTP. This 

case study will look into: 

- Proposed optimal conditions 

- Performance improvement 

- Changes in key performance indicators associated with the alteration of operational 

conditions. 

 An economic assessment of the proposed changes in conditions will be carried out in the following 

section (10.5). The reasons to select the Maple Lodge WWTP as chosen case study are: 

- The site operates a conventional AD process 

- Historic data indicated that there was scope for optimisation 

- Favorable economy of scale for a relatively large site (510,000 p.e.) 

- Available data on sludge characteristics for model calibration 

- Model validation showed relatively good fit for this site’s data 

The input data for the sludge properties and digester volume are available in Table 9-7 and the 

assumptions utilized are presented in section 9.5. The input for sludge throughput are presented in 

Table 10-11. 

Table 10-11: Throughput assumptions used for optimisation of Maple Lodge WWTP 

Sludge stream Value Unit 

PS 34.0 tDS/d 

SAS 19.4 tDS/d 

Imports 3.3 tDS/d 

 

The optimisation run will take into account the model constraints (section 9.3) and the physical 

limitations of the process. The variables considered for the purposes of this optimisation are the same 

as the operational parameters tested during the experimental research. 
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- Primary to surplus activated sludge ratio. 

This parameter could potentially be varied by altering the conditions of the upstream 

processes; dosing metal salt to aid precipitation or altering sludge age in the ASP, are some 

examples that may be considered. Maple Lodge already adopts a pre-precipitation strategy, 

therefore this option was phased out. Altering the SAS age has implications in terms of the 

final effluent quality, SAS settleability and overall ASP energy demand; all of these require a 

dedicated model to be evaluated and are outside the scope of this research. It is for these 

reasons that the PS% was held constant at an average value, which was obtained from 

available historic data. 

 

- Dry solids concentration. 

The concentration of solids in the feed sludge can be altered by adopting different types of 

thickening units. Picket fence thickeners are generally an option for PS, and although the 

design value for thickened sludge is 4-7% (w/w) (TW asset standard WWP 7.5), operational 

data show that generally sludge is thickened to 3-4% (w/w). Gravity belt thickeners are 

suitable for any type of municipal sludge and typical DS% for thickened sludge is in the range 

of 5-10% and 4-7% for PS and SAS, respectively (TW asset standard WWP 7.6). 

 

- Temperature. 

This parameter can be altered by varying the amount of heat supplied to the hot-water loop 

of the heat exchanger. Typically hot water loops are designed to operate at 65-75oC and the 

minimum allowable water side temperature drop in the heat exchanger is 10oC (TW asset 

standard WWP 8.1). Therefore, the maximum allowable temperature exceeds the upper 

model constraint of 45oC (section 9.3). Consideration in terms of temperature should also 

account for: 

- The ability of the AD system to be thermally self-sufficient 

- The amount of biogas or diesel used in the boiler 

- The potential loss in electricity generation due to the use of biogas in the boiler. 
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A summary of physical and model constraints applied to the variables is given in Table 10-12. 

Table 10-12: Variables constraints applied to optimisation of Maple Lodge WWTP 

Parameter Min. Max. Unit 

PS% 60% 60% %DS 

DS%PS 2.5% 9.5% (w/w) 

DS%SAS 2.5% 6.5% (w/w) 

DS%Imports 2.5% 6.5% (w/w) 

DS%combined 2.5% 8.0% (w/w) 

Temperature 37 45 oC 

 

The parameter of the objective function that needed to be maximized was the biogas production 

(Nm3/d). The outputs of the optimisation run are summarized in Table 10-13: 

-  The “Baseline” column indicates the performance predicted by the model with the current 

conditions, on average, applied to the plant. 

- The “Optimized” column indicates the performance that is predicted for the suggested 

optimal conditions. 

Table 10-13: Summary of optimisation run for Maple Lodge WWTP 

Type Category Parameter Unit Baseline Optimised Change  

Calculated PS Flow m3/d 850 378 -56% 

Variable PS DS% w/w 4.0% 9.0% 125% 

Calculated SAS Flow m3/d 430 298 -31% 

Variable SAS DS% w/w 4.5% 6.5% 44% 

Calculated Imports Flow m3/d 150 51 -66% 

Variable Imports DS% w/w 2.2% 6.5% 195% 

Calculated TOT Feed Flow m3/d 1430 727 -49% 

Calculated TOT Feed DS% w/w 4.0% 7.8% 97% 

Calculated TOT Feed Throughput tDS/d 57 57 0% 

Variable TOT Feed PS% %DS 60% 60% 0% 

Variable Reactor Temperature oC 37 45 22% 

Calculated Reactor HRT d 16 32 97% 

Objective Performance Biogas Nm3/d 21907 23267 6% 

Calculated Performance BY Nm3/tDSfed 387 410 6% 

Calculated Performance SBY Nm3/tVSfed 497 528 6% 

Calculated Performance VSD - MB %VS 49.2% 52.2% 6% 

Calculated Performance Net electricity kWh/d 39799 42269 6% 

Calculated Digestate Ammonia mgN/l 905 2777 207% 

Calculated Digestate Alkalinity mgCaCO3/l 4912 14139 188% 

Calculated Digestate E.coli log10/gDS 5.1 2.1 -60% 

Calculated Digestate E.coli rem Log10 1.1 4.0 284% 
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There are several points worth highlighting in Table 10-13. 

- The suggested DS% is higher than the optimal range indicated in Table 10-6, where the optimal 

range was suggested for a plant running at full capacity for an HRT=16 day. Longer retention 

time could, as in this case, move the optimal feed DS% value. 

- The SBY is enhanced by 6%. Therefore, for an equivalent throughput, absolute biogas 

production and the associated electricity production should also be increased by 6%. 

- The volume of feed has decreased by 49%. This implies that for an equivalent throughput of 

solids, the retention time in the digester is approximately doubled. The available digestion 

volume could also be utilized to process a higher throughput, an option which could further 

increase the biogas production and power generation. 

- Total alkalinity is increased by 188%. The value predicted for the optimized conditions appears 

high, suggesting that the integrated model for digested properties needs further validation 

and may need to be revised. The purely empirical model (Equation 32) predicts an 

approximate alkalinity level of 10,500±900 mg-CaCO3/l, which is a relative increase of 118% 

from the baseline conditions. The increased alkalinity level could contribute to an increase in 

bio-chemical stability within the reactor which would improve the ability of the bacterial 

community to resist shock loads. 

- The concentration of Amm-N is increased by 207%. Similar to alkalinity, the integrated model 

could be overestimating the value, as the purely empirical model (Equation 35) indicates a 

concentration of approximately 2000±200 mg-N/l. If the result in Table 10-13 is correct, for a 

pH of 7.8, this would result in a concentration of free NH3 of 320 mg-N/l. Literature indicates 

an upper limit of 1,100 mg-N/l of NH3 before bacteria are inhibited (section 3.2.5), therefore 

the concentration found in the optimized conditions is still acceptable. 

- Escherichia coli removal is increased by 284%. The predicted removal of 4.0±0.8 log10  indicates 

that the requirement for conventionally treated sludge status is met with a high level of 

confidence. This implies that secondary digestion is no longer required and the secondary 

digestion volume would become available for different purposes. In Maple Lodge WWTP 

secondary digestion volume is equivalent to 73% of the primary digestion volume. 

Using the thermal model developed (section 9.6) it was also possible to determine the effect of the 

proposed optimisation on the requirements of the reactor to maintain the proposed temperature. 

The site-specific assumptions are indicated in Table 10-14.  
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Table 10-14: Site-specific assumptions for Maple Lodge WWTP thermal model 

Month Ambient temperature (oC) Sludge feed temperature (oC) 

January 4 9 

February 5 10 

March 7 12 

April 8 13 

May 11 16 

June 14 19 

July 16 21 

August 17 22 

September 14 19 

October 10 15 

November 7 12 

December 4 9 

Parameter Value Unit 

Digester heat loss 38 kWh/oC/d 

 

Figure 10-2 provides a summary of the thermal model output. The results suggest that for the current 

scenario, the CHP heat may not always be sufficient to meet the total demand to maintain the 37oC 

process temperature. The cumulative additional thermal energy requirement to meet the demand 

(the blue area in Figure 10-2) is 119.5 MWh/year, which without accounting for burners’ efficiency 

equates to 11,830 l/year of diesel or 18,670 m3/year of biogas. On the other hand, in the optimized 

scenario the heat from the CHP engine could meet the demand all year round, without the need to 

combust fossil fuel or divert parts of the biogas to the boilers. The main reasons for the improvement 

indicated in Figure 10-2 are the increased volume of biogas produced from optimized conditions and, 

more importantly, the decrease in feed volume associated with higher DS%.  

 

Figure 10-2: Modelled heat demand and availability in Maple Lodge WWTP 
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10.5 Research financial return 

10.5.1 Optimisation case study 

It is suggested that the proposed optimal conditions could be achieved by upgrading part of the 

WWTP. In this section a cost estimate is carried out for the proposed modifications, as well as the 

financial return that can be expected, calculated as the net present value (NPV). 

Capital expenditures 

The capital expenditures (CapEx) were assumed to be paid in full in year 1. These cover the cost for 

upgrading the thickening stage to a GBTs for PS and imports, by replacing the picket fence thickeners. 

A summary of the CapEx is given in Table 10-15. From the financial analysis, the total CapEx can be 

approximated to £k 394. 

Table 10-15: CapEx to upgrade Maple Lodge WWTP to optimal conditions 

Voice Cost (£) 

Asset price 50,633 

Commissioning cost 3,250 

Delivery cost 1,600 

Installation 3,500 

Number of units 4 

Total assets 235,932 

Connection to water,elec,poly 100,000 

TW overheads 15% 

Project management and risk 10% 

Total extra costs 57,803 

Total 393,735 

 

Operational expenditures 

The operational expenditures (OpEx) were calculated as net change in running costs. These are 

summarized in Table 10-16 and the total can be approximated to £ 57/year. The increase in Opex was 

dictated by the improvement maintenance of the heating system and the additional polymer required: 

- Increased maintenance of heat exchangers (Hx). This was included to ensure the increased scaling 

associated with the higher operational temperature could be periodically removed and the surface of 

the heat exchanger maintained clean, to maintain high performance. 

- Cost of polymer. Picket fence thickeners do not require polymer dosing, while GBTs do. Currently in 

Maple Lodge WWTP, the SAS is thickened with GBTs and PS and imports with picket fence thickeners. 

Therefore, the extra cost of polymer for PS and imports was factored in as an OpEx. 
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Table 10-16: OpEx change to upgrade Maple Lodge WWTP to optimal conditions 

Voice Cost (£) 

Chemical clean / Hx 600 

Manual clean Sludge side / Hx 300 

Extra costs 10% 

Total number of Hx 32 

Total increased maintenance of Hx / 2 years 31,680 

Total polymer cost / year (see Table 9-10) 40,843 

Grand total / year 56,683 

 

Rates 

The assumed inflation rate and the change in the price of electricity (UK government, 2016) are listed 

in Table 10-17. These values were used to calculate NPV of the investment. 

Table 10-17: Annual rates utilised for financial analysis 

Voice Rate per annum 

Inflation 1.7% 

Price of electricity 7.3% 

 

Benefits 

The main benefits come from the increased biogas production and from the savings on heating 

requirements for the proposed optimal conditions, as discussed in section 10.4. The benefits are 

calculated as net gain compared to the current scenario and summarized in table 10-18. The increase 

in electricity price indicated in table 10-17 is applied only to the “Electricity displaced” and not the 

“ROC incentives”. The savings on heating fuel were calculated assuming that diesel would be used in 

the boiler.  

Table 10-18: Economic benefits arising from upgrading Maple Lodge WWTP to optimal conditions 

Voice Value (£/year) 

Electricity displaced 85,631 

ROC incentives 20,281 

Fuel for heating 9,533 
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Investment appraisal 

The output of the financial analysis is summarized in Table 10-19. Overall the analysis indicated that 

the investment would become profitable after 6 years from the initial investment. The cumulative 

NPV is in excess of £ 3 million. 

Table 10-19: Investment appraisal for upgrade of Maple Lodge WWTP 

Key metrics Value 

Payback (years) 6 

Net Present Value at 25 year (£k) 3,638 

Internal Rate of Return (%) 20.9% 

 

The results suggest that more than one asset management plan (AMP) period would be required to 

pay back the investment for the plant upgrade. On the other hand, Maple Lodge WWTP has been in 

operation for 60 years and refurbishment of the assets is continuously needed. Therefore, it is 

believed that the solutions proposed within this research could still provide valuable guidance to asset 

managers. On top of the purely economical considerations outlined in this paragraph there are other 

positive effects that the upgrade would bring to the plant, which are more difficult to quantify and 

measure and will be discussed in a qualitative context: 

- Decreased GHG emissions associated with higher conversion of biomass to methane and 

lower consumption of fossil fuel for digester heating. 

- Increased production of renewable electricity contributing to the overall commitment of the 

business to self-generate energy. 

- Increased availability of digestion volume to meet future demand or accept biosolids from 

external sources. This is particularly relevant in sight of the potential de-regulation of the 

sludge market. As discussed in section 10.4 secondary digestion could become redundant by 

applying optimal treatment conditions. If we consider solely Maple Lodge, this would free 

19,800 m3 of digestion capacity, which could be utilized to treat a range of different type of 

solids. Should this redundant capacity be used to treat sludge at PS%=50%, the plant would 

produce an additional 68 MWhe/d with a market value close to £3M/year. It is suggested that 

this aspect is not overlooked by business strategists. 
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10.5.2 Overall research potential 

The fraction of sludge treated with conventional AD accounts for approximately 31% of the total 

throughput (Figure 10-1), which is equivalent to 124,000 tDS/d. The case study of Maple Lodge WWT, 

discussed in section 10.4, covers approximately 5% of the total solids throughput treated by Thames 

Water every year. However, it is understood that operational conditions found across different sites 

utilizing conventional AD, vary greatly. Therefore, the scope for optimisation cannot be assumed equal 

throughout the sites. Table 10-20 presents a list of sites which have potential for optimisation, based 

on the average feed DS% and temperature recorded in the Thames Water cockpit v.8. The green cells 

highlight the parameters that could be optimised based on: 

- PS% < 50% 

The design PS% for a conventional WWTP is between 50%-60%, therefore lower value 

indicates potential problems with either the PST or the ASP. This parameter is the most 

influential in terms of biogas yield and should therefore be maximized. 

- Temperature < 40oC 

Optimal temperature is dependent on PS% and DS% as discussed in section 10.3.2, but 

generally higher temperature has found to be beneficial to the process. 

- Feed DS% < 4.5% 

Higher DS% brings benefits by increasing the sludge HRT for an equivalent throughput and by 

increasing bio-chemical stability within the reactor. 

Table 10-20: Average process conditions found across Thames Water conventional sites 

Site PS% Temperature Feed DS% 

Aylesbury 75% 38 4.6% 

Banbury 69% 38 4.7% 

Beddington #N/A 38 5.1% 

Bishop #N/A 37 6.6% 

Bracknell #N/A 37 5.4% 

Camberley #N/A 39 4.9% 

Deephams 65% 37 4.4% 

Didcot 62% 38 4.5% 

East Hyde 21% 38 3.7% 

Hogsmill #N/A 38 4.6% 

Maple Lodge 57% 35 3.8% 

Mogden 53% 38 4.9% 

Reading 27% 41 5.8% 

Rye Meads 63% 39 4.1% 

Slough 37% 36 3.8% 

Swindon 60% 35 5.2% 

Wargrave 30% 39 4.5% 
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In summary a total of 7 WWTPs were found with the potential to be optimized, in terms of 

temperature and feed DS%. These, including Maple Lodge, treat a total of 64,167 tDS/year. 

Normalising the NPV calculated for Maple Lodge it is possible to estimate what the total potential of 

the research is, as indicated in Table 10-21. The values in Table 10-21 should only be utilized as 

guidelines and site-specific analysis should be carried out, as each site will have different NPV dictated 

by the different size and throughput of the solids processed. 

Table 10-21: Estimate for overall research potential 

Parameter Value 

Normalised NPV at 25 years for Maple Lodge (£/tDS/year) 212 

Throughput with potential for optimization (tDS/year) 64,167 

Overall potential NPV at 25 years (£) 13,603,404 
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11 CONCLUSIONS AND RECOMMENDATIONS 

11.1 Conclusions 

Observations on sludge physico-chemical properties 

- Nutrients content make digested sludge a valuable fertilizer, but previous research highlighted 

that the presence of metal could reduce their bio-availability. In this research P concentration 

was found to be directly proportional to the Fe concentration and N concentration was found 

to be directly linked to Al concentration in PS. By contrast, concentration of P and N in SAS 

was found to be higher than in PS and did not have a strong correlation with metal content. 

This suggests that bio-accumulation should be the preferred route to increase concentration 

and bio-availability of nutrient in sludge, if this is to be applied on land for agricultural use. 

- The concentration of VS in sludge solids determine the OLR and the fraction of available solids 

for digestion, thus it represents a fundamental parameter for AD. In SAS the VS concentration 

was found to be inversely proportional to Fe concentration for Bardenpho type ASPs. In the 

Sebokeng configuration ASP the VS% did not appear to be influenced by the Fe concentration. 

This suggests that the Sebokeng configuration might be a preferred option if SAS is to be 

anaerobically digested. 

Conclusions on sludge bio-degradability 

- Feed sludge bio-degradability is a key aspect to allow benchmarking of different AD plants and 

calibrating mathematical models to predict overall plant performance. Depending on the type 

of sludge, different parameters were found to be useful to predict sludge bio-degradability. 

- Measurement of degradation of individual organic macromolecules can be used to trace 

methane yield of PS. However, the kinetics obtained cannot be generalized to predict BMP of 

PS starting from organic content of raw sludge. This indicates that initial organic content of 

sludge should not be used to benchmark different AD plants. 

- In PS none of the observed physico-chemical parameters could explain the variability in BMP. 

However, the BMP of PS was not significantly different across the monitored plants and the 

degradable fraction of PS was consistently measured in the range 60%-65% of influent VS. 

- In SAS three parameters explained a significant amount of variability in BMP and included: 

feed VS%, COD/VS calculated from major elements (C,H,O,N) fraction and solids retention 

time (Sludge age) in the ASP. The methane yield of SAS increased with: higher VS%, higher 

COD/VS and lower sludge age. This suggests that SAS age should be routinely monitored and 

ASP plants operated at the minimum sludge age dictated by effluents consent requirements. 
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- Import of sludge should be encouraged if the AD plant has sufficient capacity to accommodate 

the extra load, as this improves the biogas production. However, imported sludge has a 

significantly lower SBY compared to PS and the throughput of imports should be monitored 

to allow prediction of AD plant performance. The actual SBY value will be site-dependent, the 

estimated average value for Reading WWTP was 445 Nml/gVSfed. 

Conclusions on impact of operational parameters on AD 

- Significant interaction effects were detected between the tested operational parameters, 

suggesting that these factors should not be looked in isolation when considering their effects 

on AD performance and digestate characteristics. 

- Specific biogas yield of sludge can be enhanced by a combination of high DS% and 

temperature. The synergistic effects may be related to enhanced bio-chemical stability due to 

higher alkalinity and faster degradation rate due to increased temperature. The optimal 

conditions range for a conventional AD plant operating between 50-60% PS was DS%=5-6% 

with a digester temperature of 45oC. This suggests that GBTs should be preferred to picket 

fence thickeners because of their superior thickening capability. The increase in heat demand 

associated with the increase in temperature from the current design value of 37-39oC, is 

compensated by the decrease in feed volume associated with the higher feed DS%. 

- Methane fraction of biogas was not found to vary significantly at different operational 

conditions. The average CH4 in biogas was 62% by volume. This suggested that, for stable 

conditions, the calorific value of biogas remains unchanged, irrespective of the type sf sludge 

fed to the digester. 

- The measurement of VS is generally the preferred option to monitor solid destructions in AD, 

because of its relatively simple methodology. However, at high DS% the measurement of VS% 

and the associated VSD and SBP calculations were found to be problematic. Relative removal 

of COD between inlet and outlet provided a useful comparison metric for solids destruction.  

Therefore including periodic COD measurements on feed and digested sludge for AD plants 

running at high DS% could help validating biogas and solids destruction measurements. 

- Alkalinity was found to increase with increasing feed DS%. To a minor extent compared to 

DS%, alkalinity is also increased by larger SAS content in the feed. This was attributed to the 

high concentration of Amm-N in digesters operating at higher SAS content. 

- Reactors operating with a combination of low alkalinity (Tot alkalinity <4000 mg-CaCO3/l) and 

fast hydrolysis rate (PS%>60% and temperature>39oC) may be at risk of acidification and 

corrective measures include increasing feed DS% and/or decreasing operating temperature. 
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- High concentrations of VFA in the digestate (Total VFA>1,500 mg-Acetic/l) indicated biological 

imbalance in the reactor when hydrolysis rate was non-limiting or/and when the digester was 

overloaded, leading to a production rate of acids greater than the maximum consumption rate 

that methanogens can sustain. For reactors operating at low alkalinity (Tot alkalinity < 4,000 

mg-CaCO3/l) this could lead to process acidification. For reactors operating at high alkalinity 

(Tot alkalinity > 4,000 mg-CaCO3/l) this should be regarded as a sign of sub-optimal operation. 

Corrective measures include measuring concentration of potentially toxic compounds, 

decreasing feed DS% and increasing system HRT. 

- Concentration of Amm-N in the reactor increased with increasing feed DS%. To a minor extent, 

compared to feed DS%, higher SAS content increased Amm-N, due to the presence of 

proteinaceous material in the feedstock. Level of Amm-N (Amm-N < 2500 mg-N/l) in 

conventional AD, at the tested conditions (20% < PS% < 80%, 3% < DS% < 8% and 37oC < 

temperature < 45oC), were not in the inhibitory range. 

- Pathogen removal increased with increasing temperature and DS%. The cause of higher 

removal was attributed to a combination of higher substrate competition and increased 

thermal stress. An operational temperature of 45oC associated with feed DS% ≥ 6% was found 

producing a reduction in E.coli ≥ 2 log (95% confidence) for a 16 days retention time. For this 

operational regime secondary digestion may be unnecessary to produce biosolids meeting 

conventional treatment status. 

Conclusions on implementation of optimal conditions (applicable to UK context): 

- Increase in feed DS% above 6.5% allows to increase process temperature to 45oC without the 

need to supply fossil fuel or divert part of the biogas to boiler. 

- Upgrading an AD plant with suboptimal operational conditions (Feed DS% < 4.5% and 

Temperature < 38oC) should be economically feasible and provide payback in a 6 years period. 
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11.2 Recommendations 

The integrated AD model generated as part of this research could find different applications, which 

are discussed here. 

- Design and monitoring of sludge AD processes. 

The model could be used to design new AD plants. However, the focus is on maximizing the 

use of current assets, because the majority of the sludge produced is already treated in 

existing plants. The model could then be used to monitor and benchmark different AD sludge 

centers. The outcomes could be used to set site-specific targets for biogas production and 

help operators troubleshooting when expected performance levels are not met. 

 

The integrated model includes: 

- Site specific calibration: relating to the conditions of upstream processes and to the physico-

chemical characteristics of the sludge to the maximum biodegradability of the feed sludge. 

- Overall impact of AD operational conditions: linking the operational conditions of the 

digester to the kinetic rates to be expected. 

 

Except for the calibration, which can either be a one off measurement or periodic, the other 

parameters utilized in the model are all generally routinely measured on AD sites and should 

not generate demand for extra man-hours. It is recommended to collect the following 

parameters for monitoring purposes. 

 

For each feed sludge stream (PS, SAS, Imports and Blended): 

- Daily: V and DS% 

- Twice per week: VS% and COD (weekly) 

- Every six to twelve months: Bo, SMP and Pr% (or surrogates proposed in this research) 

For reactor conditions: 

- Daily: Tdig 

- One-off: Vdig  

For the produced digestate: 

- Daily: DS%dgt and VS%dgt 

- Weekly: COD, Alk, Amm-N, VFA, pH and E.coli 

For the biogas stream: 

- Daily: BP and CH4% 
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The research highlighted poor agreement for the recorded feed sludge throughput data. The 

throughput and the PS% together explain the majority of the variability in the biogas 

production. Therefore it is critical to have cross-check and validation methods in place for the 

feed solids data. It is suggested to use the alkalinity and Amm-N to determine feed DS% and 

PS% with the equations proposed in this research and implement other automatic ways to 

flag up incongruences in feed throughput. This should allow the business to act in a proactive 

way and improve the quality of the data collected. 

 

- Optimisation of sludge AD processes 

The model also allows process modellers and asset managers to determine optimal AD 

conditions with the use of reduction gradient or similar algorithms. The new asset standard 

proposed in this research already indicates the optimal conditions that should be maintained 

in an AD plant, but these conditions refer to a plant running at full capacity with an HRT of 16 

day. Optimal conditions might vary according to PS% and solids throughput. The thermal 

energy and economic model proposed here, associated with the integrated AD model, allows 

for a complete assessment of the changes brought by varying key operational parameters. 

  

 

The following recommendations concern the further work that is needed to consolidate and expand 

the applicability of the model. 

- The measurement of VS% is simple to carry out, but appears to have limitations, especially at 

high DS%. These limitations should be better investigated and understood. Potential causes 

of the errors could be presence of volatile matter, such VFA, ammonia and minerals, which 

could interfere with the DS% measurement following drying at 105oC. 

- The elemental analysis proved really valuable for the measurement of the SMP of sludge and 

the estimation of BMP of SAS. However, the results obtained appear to over-estimate the 

SMP. Therefore assessment of the elemental fraction should be completed on wet sludge 

samples and on the ash fraction of the sample. Then calculating the elemental fraction of the 

VS% using a mass balance approach to provide a more representative SMP value. 

- The impact of SAS age on BMP is very significant and has a major impact on sludge 

management process. Further research should focus on the impact of sludge age on poly 

electrolyte demand and dewaterability. Research should also investigate alternative ways to 

decrease SAS age while meeting ammonia treatment and effluent consents. 
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- For lack of time and resources impact of AD operational conditions on digested sludge 

dewaterability could not be investigated. The impact of dewatering performance on the 

overall techno-economics of sludge management is significant and more information should 

be gathered to measure impact of AD operational conditions on these downstream processes. 

- During the experiment that was carried out for the longest period of time a change in 

performance was observed. A potential explanation could be found in the adaptation of 

biomass to the applied conditions. Recent advancements in genetic sequencing could help 

provide a new understanding on bacterial dynamics and how these can be exploited to 

improve AD performance. 

- Further work should also be carried out to validate the integrated AD model. Individual fully 

instrumented data should be monitored for a period of time and feed sludge characterized 

for model calibration. 

- Full scale validation should also involve applying operational conditions (feed DS% and 

temperature) in a fully instrumented digester to monitor the response in performance for 

biogas (absolute and specific values) and digestate quality (ammonia, alkalinity and E.coli). 
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ANNEX 

Annex 1.1 
Table A-1: ANOVA table for autodigesters baseline experiment 

 

Organic Loading Rate (kgVS/m3/d) 

 Mixed PS Indigenous PS 

 
Average 
± st.dev. 

P 1-2 
* P 1-3 P 2-3 

Average 
± st.dev. 

P 1-2 P 1-3 P 2-3 

Autodigester 1 
1.52 ± 
0.13 

0.59 0.92 - 
1.52 ± 
0.14 

0.32 0.49 - 

Autodigester 2 
1.51 ± 
0.17 

0.59 - 0.57 
1.56 ± 
0.16 

0.32 - 0.75 

Autodigester 3 
1.53 ± 
0.17 

- 0.92 0.57 
1.54 ± 
0.16 

- 0.49 0.75 

Specific Biogas Yield (m3/tDSfed) 

 Mixed PS Indigenous PS 

 
Average 
± st.dev. 

P 1-2 P 1-3 P 2-3 
Average 
± st.dev. 

P 1-2 P 1-3 P 2-3 

Autodigester 1 
338.8 ± 

41.9 
0.23 <0.001 - 

444.0 ± 
58.9 

<0.001 <0.001 - 

Autodigester 2 
350.2 ± 

47.3 
0.23 - <0.001 

381.8 ± 
34.7 * 

<0.001 - <0.001 

Autodigester 3 
404.7 ± 

53.8 
- <0.001 <0.001 

503.4 ± 
54.4 

- <0.001 <0.001 

Volatile Solids Destruction [Mass Balance] (%) 

 Mixed PS Indigenous PS 

 
Average 
± st.dev. 

P 1-2 P 1-3 P 2-3 
Average 
± st.dev. 

P 1-2 P 1-3 P 2-3 

Autodigester 1 
47.0 % ± 

8.2 % 
0.79 0.50 - 

48.4 % ± 
6.2 % 

0.08 0.42 - 

Autodigester 2 
48.1 % ± 

7.5 % 
0.79 - 0.56 

51.5 % ± 
6.6% 

0.08 - 0.37 

Autodigester 3 
49.0 ± 
6.3 % 

- 0.50 0.56 
51.5 % ± 
10.8 % 

- 0.42 0.37 

CH4 Gas concentration (%) 

 Mixed PS Indigenous PS 

 
Average 
± st.dev. 

P 1-2 P 1-3 P 2-3 
Average 
± st.dev. 

P 1-2 P 1-3 P 2-3 

Autodigester 1 
60.4 % ± 

2.1% 
0.65 0.81 - 

58.4 % ± 
1.7 % 

0.99 <0.001 - 

Autodigester 2 
60.5 % ± 

1.5 % 
0.65 - 0.42 

58.4 % ± 
1.7 % 

0.99 - <0.001 

Autodigester 3 
60.5 % ± 

1.7 % 
- 0.81 0.42 

60.2 % ± 
1.8 % 

- <0.001 <0.001 
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Annex 1.2 
Table A-2: Statistical summary of regression on feed sludge VS% 

Term Contribution p-value Coefficient St. Error 

Coefficient 

Adjusted R2 

PS% 26.1% <0.05 0.05280 0.00803 
71.1% 

DS% 45.5% 0.099  1.218 0.720 

DS%*DS% 5.3% <0.05 - 19.34 6.57 

 

Regression Equation 
 
VS (%DS) = 0.7340 + 0.05280 PS% (%DS) + 1.218 DS (%) - 19.34 DS (%)*DS (%) 

 

 

Annex 1.3 
Weights applied to regression equation for Vavilin and Gompertz equations. 

Day 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 
 

Vavilin Gompertz 

0 1 

0 1 

0 1 

0 1 

0 1 

0 1 

0 1 

0 1 

0 1 

0 1 

1 50 

1 50 

1 50 

1 50 

1 50 

1 50 

1 50 

1 50 

1 50 

1 50 
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Annex 1.4 
Weights applied to regression equation for Reading SAS. 

 

Day #3 #4 #5 #6 #7 #8 #10 #11 

0 0 0 0 0 0 0 0 0 

1 0 0 0 0 0 0 0 0 

2 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 0 

6 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 0 

10 2 2 2 2 2 2 2 2 

11 4 4 4 4 4 4 4 4 

12 6 6 6 6 6 6 6 6 

13 8 8 8 8 8 8 8 8 

14 10  10 10  10 10 10 

15    12  12 12 12 

16      14 14 14 

17      16 16 16 

18      18 18  
19      20 20  

 


