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Abstract 

The composition (chemical formula - CXHYOZNAPB) of organic substrates contained in 

wastewater have a profound effect on the performance of wastewater treatment unit operations 

such as anaerobic digestion. The identification of the biodegradable organic composition, as 

well as accurately characterising the influent fed to the anaerobic digester, allows for better 

system control, prediction of operating conditions and unit design. The physical and chemical 

characteristics of the organic substrate directly influence factors such as biogas production and 

process stability, such as alkalinity generation and anaerobic digester performance (including 

potential failure).  

 

The popularity of modelling the anaerobic digestion process has been increasing over the years 

with the development of mathematical bioprocess models that can accurately predict the 

operating conditions within the anaerobic digester, the biogas production and nutrient recovery 

potential. However, these models require a detailed characterisation of the influent to ensure 

that the results obtained are reliable and accurate. Therefore, this thesis aims to improve current 

analytical biodegradability test methods (The biochemical methane potential (BMP) test by 

augmenting it – Augmented (Aug)BMP test), as well as develop a novel analytical 

biodegradability test (The Augmented Biochemical Sulphide Potential Test - AugBSP test). 

The methodology was developed such that the accuracy relating to the required input 

parameters for mathematical modelling could be improved. 

 

Identifying the influent substrate's biodegradable organics can be challenging, as the most 

accurate methods for identifying the input parameters are expensive, complicated, and time-

consuming. Alternative methods available for identifying the composition include elemental 

analysis; however, the equipment required may not be readily available and is expensive to 

purchase. Therefore, this thesis introduces two improved biodegradability tests, the AugBMP 

and AugBSP tests, which are relatively straight forward to operate. The equipment required is 

inexpensive to purchase, and the test can be performed in a laboratory without the need for 

sending samples away for further testing. Furthermore, large samples can be taken, and a wide 

array of measurements can be performed, giving an accurate characterisation of the substrate 

in question. Both tests make use of a control reactor (into which only the inoculum is placed) 

and a test reactor (into which both the inoculum and substrate is placed). The control reactor is 



 iv 

used to determine the baseline for the material released due to the breakdown of biodegradable 

organics and biomass present in the inoculum. The test reactor is used to quantify the material 

released due to the chosen biodegradable substrate. Both of the augmented batch reactors 

(control and test) are run for an extended period of time (>20 days) to ensure that all the 

utilisable organic substrate is degraded. 

 

The sulphidogenic biodegradability test (AugBSP) makes use of sulphate reducing bacteria 

instead of methanogenic organisms, which subsequently allows for the batch test to be 

conducted in a completely sealed reactor with no headspace. The advantage of this 

configuration is that all the bioprocesses and their associated measurements are conducted in 

the aqueous phase, which alleviates the gas measurement error associated with the biochemical 

methane potential tests, allowing for higher accuracy and precision regarding the composition 

identification and influent characterisation.  

 

The composition of the biodegradable organics was identified using two approaches: 

1. A stoichiometric approach, which used mass balanced bioprocess stoichiometry 

together with the measured starting and ending concentrations conducted on both the 

augmented batch control and test reactors. 

2. A parameter estimation and data reconciliation approach, which made use of the 

PWM_SA_AD model and the parameter estimation function. 

 

The identification of the biodegradable organics present in the influent organic substrate were 

determined using three different types of anaerobic digesters for both the methanogenic and 

sulphidogenic systems - (i) a steady state parent anaerobic digester (SSPAD), (ii) an augmented 

batch control reactor and (iii) an augmented batch test reactor. The SSPAD was used to grow 

the inoculum required for the augmented batch control and test reactors.  

 

Two different biodegradable substrates were used for this investigation, one with a known 

composition and one with an unknown composition. 

 

1. Casein Hydrolysate: A protein found in bovine milk which was used to directly 

compare and validate the results obtained by both the AugBMP and AugBSP tests as 

the composition of casein has been well documented by Hoover and Porges (1952), as 

C1H1.47O0.35N0.25, and Schrieke and Winter (2011) as C1H1.59O0.31N0.25P0.005. 
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2. Primary Sewage Sludge (PSS): A substrate consisting of majority (>95%) particulate 

COD collected from the bottom of the primary settling tank at Potsdam. The primary 

objective of this thesis was to identify the unknown composition of the biodegradable 

particulate organics.  

 

Casein hydrolysate was chosen as a substrate for both the AugBMP and AugBSP experiments 

such that the compositions determined by each respective test could be compared. 

 

Source Casein Composition 

Hoover and Porges (1952) C1H1.47O0.35N0.25 

Schrieke and Winter (2011) C1H1.59O0.31N0.25P0.005 

Methanogenic (AugBMP) C1H1.588O0.596N0.249P0.004 

Sulphidogenic (AugBSP) C1H1.406O0.577N0.22P0.001 

 

It was observed that the AugBMP test had a high level of error associated with the gas 

measurements taken, as the modelled AugBMP test reactor predicted a significantly higher 

methane gas production. However, the volume of methane gas produced was not used as a 

variable for the parameter estimation (PE) conducted on the AugBMP test experiment; 

nonetheless, the PE was still able to identify the composition of the casein accurately. The 

AugBSP test was proposed to alleviate the gas measurement error associated with the BMP 

test. The AugBMP and AugBSP test experiments were used to identify the composition of the 

biodegradable organics present in PSS, taken from Potsdam, Western Cape. The compositions 

determined for the biodegradable organics in PSS were: 

 

Type of experiment  Composition 

Methanogenic PSS-1 C1H2.964O0.829N0.071P0 

Methanogenic PSS-2 C1H2.654O0.236N0.18P0.002 

Methanogenic PSS-3 C1H1.056O0.048N0.093P0.001 

Sulphidogenic PSS-1 C1H1.856O0.555N0.0707P0.004 

Sulphidogenic PSS-2 C1H2.365O0.323N0.0723P0.004 

Sulphidogenic PSS-3 C1H1.004O0.431N0.032P0 
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It was observed that the compositions identified by each of the methanogenic (AugBMP) and 

sulphidogenic (AugBSP) test experiments differed, which was expected as the biodegradable 

particulates fluctuate based on the treatment plant and the collection time. The results obtained 

for both the AugBMP and AugBSP test reactors showed that the composition, as well as the 

dynamics regarding the breakdown of the PSS, could be accurately represented by the 

PWM_SA_AD model. Therefore, the augmented batch test coupled with mass balanced 

mathematical models could improve current analytical methods for substrate characterisation, 

and composition identification, with a specific focus on biodegradability. The primary 

objective of the thesis was the identification of the composition of these biodegradable organics 

such that AD failure can be predicted and prevented, as the performance of the AD system is 

directly dependent on the composition (CHONP) of the biodegradable organics fed to it. 
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Chapter 1: Introduction 

The composition (chemical formula - CXHYOZNAPB) of organic substrates contained in 

wastewater have a profound effect on the performance of wastewater treatment unit operations 

such as anaerobic digestion. Anaerobic digestion has become an essential process for the 

treatment of organic matter, allowing energy to be recovered as a by-product. However, precise 

control over the anaerobic digester (AD) is required to operate the system at maximum 

efficiency. This precision can be achieved with the aid of mathematical bioprocess modelling; 

however, the input parameters to the system need to be known and well defined. This project 

proposes an analytical methodology for characterising and identifying the composition of the 

biodegradable organic substrates present in wastewater, focusing on primary sewage sludge 

(PSS). 

 

1.1 Background to problem 

Currently, the measurements performed at most wastewater treatment plants are not sufficient 

to allow for comprehensive characterisation of the sewage organics (which includes the 

required organic elemental composition). This can be problematic as many models and 

simulations depend on the composition of the various significant organic groups to be known 

and entered as an input. Municipal wastewater contains an array of organics which can include 

the organic fraction of municipal solid waste (OFMSW) and even food waste. This makes the 

composition and charge of the influent organics fed to the anaerobic digester challenging to 

establish, as the particulate biodegradable organics have high variability (Ekama and 

Brouckaert, 2020 in preparation). 

 

Anaerobic digestion has become widely used as a critical process for the treatment of organic 

matter and energy recovery. However, in order to achieve the benefits associated with 

anaerobic digestion, precise system control is required (Jimenez et al., 2014). Some factors 

directly influence the design and performance of ADs, of which many are related to the 

substrate characteristics and operating conditions. The physical and chemical characteristics of 

the organic substrate are the most influential, as they directly affect biogas production and 

process stability during anaerobic digestion (Zhang, 2007).  
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Currently, the most accurate methods for determining the AD input parameters are expensive, 

complicated and time-consuming. Therefore, a simple, affordable and effective 

characterisation method for identifying the input parameters, such as the biodegradable organic 

composition, is required (Botha, 2015). It is theoretically possible to determine the composition 

of the biodegradable organics in wastewater using bio-process stoichiometry and the 

conservation of mass. The bioprocesses transform the material entering the system from one 

chemical compound to another without a change in total material content flux exiting the 

system. Therefore, if the material content of the products produced by the reaction can be 

measured accurately, the material composition of the reactants entering the system can be 

determined using the relevant bio-process stoichiometry (Ekama and Brouckaert, 2020 in 

preparation).  

 

The Biochemical Methane Potential (BMP) test (a test commonly used in industry to measure 

the biodegradability of an unknown substrate), provided the basis for developing a 

methodology to characterise the influent substrate adequately. Previous studies have shown 

that the biodegradability of the substrate stays the same whether digested aerobically or 

anaerobically (Ekama and Wentzel, 2006; Ikumi et al., 2014), and subsequently, the literature 

suggests that the batch tests can be performed in any environment. The BMP test makes use of 

both a control reactor (into which only the inoculum is placed) which sets the baseline for the 

products released, and a test reactor (into which both the inoculum and substrate is placed) 

which determines the influence of the biodegradable organics in the substrate. The BMP test 

was extended by developing two additional testing procedures, which took an array of 

additional measurements and aimed to increase the accuracy of the influent characterisation: 

 

1. The Augmented BMP (AugBMP) Test: A test run identically to the BMP test but 

extended to include the methane and carbon dioxide production, the Chemical Oxygen 

Demand (COD), the aqueous phase volatile fatty acids (VFAs), the H2CO3 and total 

alkalinity, the ammonia and the orthophosphate concentrations, and the reactor pH. The 

additional variables are intentionally included to get specific parameters that are not 

routinely measured, allowing for a multi-dimensional approach to the influent 

characterisation.  
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2. The Augmented Biochemical Sulphide Potential (AugBSP) Test: A test aimed at 

improving the accuracy of the AugBMP test, as methanogenesis is replaced by 

Biological Sulphate Reduction (BSR). Furthermore, all measurements are conducted in 

the aqueous phase, minimising the gas measurement error commonly experienced 

during the BMP test. 

 

The International Water Association (IWA) Anaerobic Digestion Model Number 1 (ADM1) 

(Batstone et al., 2002) was designed to reach a common basis for AD model development and 

validation studies. However, due to a large number of model components, as well as the 

detailed substrate characterisation required, the model is susceptible to errors. The 

characterisation of the substrate is the most influential model input for correctly predicting the 

methane flow. There have been numerous studies aimed at defining default values of the kinetic 

and stoichiometric parameters. In order for the model to achieve realistic simulations, an 

adequate inflow characterisation is required (Astals et al., 2013). The identification of 

individual substrate compositions from ADM1 requires specific and not readily available 

analytical techniques. Many authors have proposed experimental procedures and methods that 

aim to characterise ADM1 variables. (Jimenez et al., 2014) 

 

The PWM_SA_AD model (Ikumi et al., 2015) is a three-phase plant-wide model that extends 

the UCTADM1 model of Sötemann et al. (2005). The PWM_SA_AD model requires that the 

composition and mass of each group of influent organics be known. The substrate uptake, 

growth and death rates of each group of organisms are also adjustable. With the composition 

and mass of each organic correctly identified, the model determines the AD bioprocess 

products. Currently, the PWM_SA_AD model is coded inside DHI WEST® wastewater 

treatment software, which allows the user to perform an input parameter estimation (PE). This 

PE adjusts the input parameters, i.e. the composition of the organics, the organism growth rates, 

or both, such that the desired output concentrations are achieved (in this case the laboratory 

measurements performed on the AugBMP and AugBSP tests). 

 

If successful, the procedure proposed for identifying the composition of the biodegradable 

organics in a chosen substrate, could be used to prevent AD failure caused by biological and 

biochemical reactions. Consequently, the operation efficiency of an AD can be maximised, as 

factors that are directly influenced by the influent organic composition, such as digester pH, 

can be foreseen and the necessary corrections made before digester failure.  
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1.2 Research questions and hypothesis 

The characterisation of the biodegradable organics entering an AD are challenging to identify 

accurately. In municipal wastewater, the organics entering the WWTP comprise of an array of 

organic material from multiple sources. Consequently, it is not possible to isolate each 

individual organic present in the influent stream. Instead, the organics present in the influent 

wastewater are fractionated into groups based on their physical and biological properties.  

 

The overarching aim of this thesis is how accurately the biodegradable portion of the influent 

organics can be isolated and characterised, with the primary focus on the composition that best 

represents the biodegradable organic group. In order to identify the composition of the 

biodegradable group in the organics, two new testing procedures are proposed: The Augmented 

BMP test and the Augmented BSP test. Each test tracks the organics and inorganics released 

into the reactor’s aqueous and gas phases throughout the duration of the reaction.  

 

Subsequently, it is this release of organic and inorganic material, due to the degradation of the 

influent biodegradable material, that allows for the composition of the organics to be identified, 

as mass is conserved in each of the proposed augmented batch tests. Therefore, it is 

hypothesised that the augmented batch tests are a reliable and accurate analytical method that 

can be performed, alongside mathematical modelling (used for data reconciliation), for 

identifying the composition of the biodegradable organics present in a chosen substrate. It is 

further hypothesised that, the AugBSP test will be favoured over the AugBMP test, as the gas 

measurement error associated with the BMP test is alleviated by measuring all products in the 

aqueous phase of the AugBSP test.  

 

1.3 Project objectives 

The main objective is to accurately identify the composition of the biodegradable organic group 

present in a chosen substrate. The composition will be identified using stoichiometric 

calculations, as well as the PWM_SA_AD model, making use of the PE function in WEST®. 

In order to identify and characterise the biodegradable organics present in a chosen substrate 

as accurately as possible, both experimental work, as well as mathematical modelling is 

required. The experimental work involves the design and setup of the required reactors, and 
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the modelling work requires that all of the collected data is correctly entered and analysed 

withing the PWM_SA_AD model. Therefore, to complete the main objective of developing an 

improved analytical methodology for identifying the composition of the influent biodegradable 

organics, the following seven tasks need to be accomplished.  

 

1. Start and maintain two separate laboratory-scale ADs, one methanogenic and one 

sulphidogenic. Each of these respective ADs will be fed PSS continuously throughout 

the project and serve as the parent steady-state anaerobic digester (PSSAD). A PSSAD 

for each bioprocess is required to provide a seed inoculum for both the AugBMP and 

AugBSP experiments, respectively. The dimensions and operating specifications of 

each PSSAD are given in Chapter 3, Section 3.2. 

 

2. Design and fabricate the AugBMP and AugBSP experimental reactors. The equipment 

required for the AugBMP experiment can be readily purchased, except for the water 

bath and support rig for the water columns, which need to be fabricated. The AugBSP 

experiment will be conducted in a completely sealed reactor with zero headspace. This 

type of reactor is not commercially available and subsequently needs to be fabricated. 

The specifications of both the AugBMP and AugBSP experimental reactors is given in 

Chapter 3, Sections 3.4 and 3.5. 

 

3. Conduct extensive data collection for each respective system. This includes collecting 

data from each of the PSSADs, the AugBMP control and test reactors, and the AugBSP 

control and test reactors. The extensive data collection will include multiple 

measurements of each required constituent, which will be collected routinely 

throughout the experiments. The extensive data set aims to provide an adequate amount 

of data, such that the PE can identify the composition of the biodegradable organics, 

even with an elevated level of experimental error.  

 

4. Accurately replicate the experimental conditions in WEST® using the PWM_SA_AD 

model. Therefore, in order for each of the respective PSSADs to be virtually replicated 

in the models, extensive testing on both the feed PSS to the ADs, as well as the PSSAD 

effluent is required. Furthermore, the effluent from the methanogenic and 

sulphidogenic PSSADs will then be used to seed the AugBMP and AugBSP 

experiments, respectively. Therefore, correctly characterising and modelling the 
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SSPADs will improve the accuracy of the modelled AugBMP and AugBSP 

experiments, as the degradation of residual biodegradable organics and active biomass 

affect the concentration of products released into the liquid and gas phases of the 

AugBMP and AugBSP reactors.  

 

5. Using the extensive data sets obtained from the AugBMP and AugBSP experiments, a 

PE will be conducted in WEST® to identify the required input parameters, which allow 

for the best fit in the modelled experiments by minimising the error across the observed 

experiments. The required input parameters, such as the composition of the 

biodegradable organics in the chosen substrate or the hydrolysis rate, affect the 

concentration and the rate at which organics and inorganics are released into the reactor 

aqueous and gas phases. This portion of the project is crucial as data reconciliation will 

be required to accurately identify the composition of the biodegradable organics, as the 

PE minimises the error across the observed measurements by taking the mean.  

 

6. The accuracy of the proposed augmented batch tests will be evaluated by identifying 

the composition for a relatively well-known substrate, casein. Casein will be used in 

both the AugBMP and AugBSP tests to compare the composition identified. The 

comparison is imperative as it is currently believed that sulphidogenesis and 

methanogenesis are closely linked and differ mainly with the electron acceptor utilised. 

If a significant discrepancy is observed, the core principles of each proposed augmented 

batch test may need to be revised, or the stoichiometry and kinetics in the 

PWM_SA_AD model may need to be adjusted.  

 

7. Finally, the AugBMP and AugBSP tests will be used to identify the composition of the 

biodegradable particulate organics present in PSS. 

 

1.4 Specific objectives 

1. Start and maintain a parent steady-state anaerobic digester for both the methanogenic 

and sulphidogenic systems, such that a stable inoculum is readily available. 

 



 7 

2. Conduct both the AugBMP and AugBSP tests on a known substrate, casein, such that 

the compositions identified from each test can be compared to the literature stated 

compositions. 

 

3. Conduct both the AugBMP and AugBSP tests on an unknown substrate, PSS, such that 

the composition of the biodegradable particulate material is identified. 

 

4. Using the stoichiometric approach, identify the composition of the biodegradable 

substrate (both casein and PSS) using the measured starting and ending concentrations 

of the constituents present in each of the control and test reactors. 

 

5. Using the dynamic mathematical anaerobic digestion model (PWM_SA_AD) of Ikumi 

et al. (2015), as well as data reconciliation in the form of parameter estimation, identify 

the composition of the biodegradable substrate (both casein and PSS) and the kinetic 

parameters using the entire data set for the measured concentrations of the constituents 

present in each of the control and test reactors. 

 

1.5 Scope and Limitations 

The primary focus of this project will be to identify the composition of the biodegradable 

organics present in a chosen substrate (either casein or PSS). Furthermore, the project will 

experimentally calibrate current mathematical models and bioprocess stoichiometry that can 

theoretically predict the composition of these organics. 

Due to the extensive work required for this thesis, specific details were not possible to 

investigate further, and subsequently literature-based assumptions needed to be made. For 

instance, the composition of the unbiodegradable particulate organics (UPO) was determined 

using mass ratio values from the literature. These mass ratios for UPO have been around for 

decades in activated sludge models since the steady-state model of Marais and Ekama (1976). 

However, the scope of this thesis did not aim to improve or adjust the UPO composition, and 

subsequently the literature values were used throughout the thesis. In addition, specific input 

parameters, such as growth and death rates, were taken as defined in the literature. More details 

on these specific assumptions are given where necessary. 
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The experimental testing procedures include a full analysis of two steady-state anaerobic 

digesters, one methanogenic and one sulphidogenic, as well as the proposed augmented batch 

experiments. The accuracy of the expected results will be directly influenced by the proposed 

testing procedures, which have been modified from existing methods for this investigation. If 

the project is unsuccessful in characterising the composition of the biodegradable organics, 

either the testing procedures or their associated models will be adjusted accordingly to obtain 

the best possible outcome in the given timeframe. 

 

The stoichiometry of each bioprocess is based on the conservation of strict elemental mass 

balances. Therefore, each element, present as input reactants, should be equal to the output 

element products, which may take on a different form or speciation. Experimentally this can 

be problematic, as measuring various compounds associated with the elements can be 

challenging. For example, the AugBMP test converts the influent biodegradable COD into 

various products, of which some have a measurable COD component, such as the biomass and 

the CH4. The gas produced by this reaction contains both CO2 and CH4, of which CO2 has no 

COD. The problems and errors associated with gas measurement significantly increase the 

difficulty of achieving an elemental C balance, as gas measurements are prone to error and 

difficult to conduct accurately. Therefore, in cases where a mass balance is not achieved, the 

PWM_SA_AD model (which is mass balanced) will be used to reconcile the data to identify 

the composition using the PE function, which minimises the error across all of the observed 

measurements. 

 

The AugBSP experiment aims to obviate the gas production, as it is done inside a sealed batch 

reactor with no headspace, thus allowing all measurements to be taken in the aqueous phase 

using wet chemistry testing procedures. However, one of the most considerable limitations of 

the project is the accuracy of the testing procedures, the assumptions made, and the equipment 

and funding available to validate the experimental and modelling work conducted. 

 

The substrate in this thesis was limited to casein and PSS. However, the analytical testing 

methods proposed can be used on any substrate, either soluble or particulate. However, at its 

current development, the PWM_SA_AD model is unable to solve for both biodegradable 

soluble and particulate organics simultaneously, as the number of unknown parameters is too 

high. However, future work is proposed to address a simultaneous identification of both soluble 

and particulate substrates. 
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Furthermore, the scope is also limited by the PWM_SA_AD model and the defined 

bioprocesses. The most current version of the PWM_SA_AD model was used for this project. 

However, small changes were made to specific components within the model to achieve the 

desired outcomes. However, it was not in the scope of this thesis to change the kinetic equations 

or stoichiometry of the bioprocesses, or to perform a sensitivity analysis. Also, the 

PWM_SA_AD model, and therefore the identification of the composition, is limited based on 

the available components and reactions present within the model (e.g., as heavy metals are not 

currently components of the PWM_SA model, it was not possible to include them in the 

elemental composition of the PSS). 

 

1.6 New knowledge contribution 

This project contains several components that will contribute to gaining a better understanding 

of how methanogenic and sulphidogenic systems operate under batch conditions when fed PSS, 

with the overarching aim of using each respective system to identify the composition of the 

biodegradable organics fed to it.  

 

Currently, there exists no definitive method, which is easily accessible and does not require 

expensive elemental analysis, for identifying the composition of the biodegradable organics 

present in wastewater. The general approach is to assign a single composition to each group. 

This can be achieved by assigning a COD, C, N and P value, such that the CXHYOZNAPB 

matches the proportion and composition of fats, carbohydrates and lipids in each of the 

fermentable biodegradable soluble organics (FBSO), non-settleable biodegradable particulate 

organics (BPO) and settleable BPO. However, assigning a composition to each of these groups 

is time consuming as trial and error is required, and the composition may not represent the 

release of material into the aqueous and gas phases accurately.  

 

Therefore, the project proposes two augmented analytical methods (the AugBMP and AugBSP 

tests) for identifying the biodegradability and the composition of the organic material present 

in an unknown substrate. Additionally, the project will make use of the PWM_SA_AD model 

to identify the unknown input parameters using experimentally measured data. The use of the 

PWM_SA_AD model will not only calibrate the model but will identify the key parameters 

required for fitting the model to the observed data. The use of the dynamic PWM_SA_AD 
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model allows for the AD process kinetic parameters to be identified. However, the overarching 

aim of the thesis is to develop a method that can be used to characterise the influent 

biodegradable organics for use in either a simple steady-state spreadsheet model or a more 

complex dynamic model. The contribution of new knowledge is broken down as follows: 

 

1.6.1 Development of augmented analytical testing equipment  

 

The AugBMP test was developed in an attempt to improve the accuracy of the BMP test. The 

AugBMP test introduces a broader spectrum of measurements that include: COD, VFA, Free 

and Saline Ammonia (FSA), Orthophosphate (OP), Volatile Suspended Solids (VSS), 

Alkalinity via the 5-point titration method, methane potential and pH. The addition of these 

measurements allows for a more holistic understanding of the biological interactions within the 

system. For instance: 

• The release of inorganics such as FSA and OP indicates the hydrolysis degradation rate 

of the organics  

• The build-up of VFAs indicates the uptake rate of the acetoclastic organisms and can 

identify possible inhibition  

• The measurement of COD aims to track material through the system by performing a 

mass balance. 

 

Additionally, the AugBSP test was developed to alleviate the gas measurement problems 

associated with biogas production, as found in methanogenic systems. The experiment is 

conducted in a completely sealed purpose-built reactor with zero headspace. This lack of 

headspace allows for all constituents to remain in the aqueous phase, which can subsequently 

be measured using routine wet chemistry analysis. The AugBSP test includes many of the same 

measurements as the AugBMP test, such as COD, FSA, OP, VSS, VFA, Alkalinity and pH, 

with additional measurements such as the sulphide and sulphate concentrations. The 

development of these tests will allow future work to be conducted on sulphidogenic systems in 

which all measurements are performed in the aqueous solution.  
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1.6.2 Identification of wastewater organics  

 

The project will conduct both AugBMP and AugBSP experiments using PSS and casein as a 

substrate. The primary objective will be to investigate if the composition (chemical formula) 

of the organic substrate can be identified using each respective testing procedure. If the 

composition can be determined with high accuracy, modelling the anaerobic digestion process 

can be significantly improved as it relies heavily on identifying the composition of the 

biodegradable organics fed to it. The identification of the substrate composition will allow 

current models to be calibrated on certain parameters such as biogas and methane production, 

substrate biodegradability and potential pH and alkalinity changes. Therefore, the 

identification of the organic substrate aims to improve the efficiency and predictability of 

anaerobic digestion systems and their associated models.  

 

Identifying the composition of the influent wastewater organics will allow designers and plant 

operators to track the various elements and materials through the entire system. The 

composition of the influent organics determines the concentrations of the products that the 

system will produce. This is important for several reasons, the two most important being 

effluent quality and cost. The composition of the organics will also affect the pH, nutrient 

recovery and removal, as well as various system operating procedures. From a cost perspective, 

knowing the composition of organics is extremely useful. For example, it is possible to predict 

the quantity of methane and carbon dioxide produced through anaerobic digestion, by 

determining the amount of elemental carbon present, or the amount of struvite produced by 

determining the elemental phosphorus and nitrogen present. The recovery of material through 

wastewater treatment not only ensures the preservation of clean water but allows for economic 

benefits as well, which directly relate to sustainable practices. 

 

1.6.3 Calibration of the mathematical model  

 

The anaerobic digestion model used was the PWM_SA_AD model (Ikumi et al., 2015). This 

three-phase plant-wide model that extends the UCTADM1 model of Sötemann et al. (2005) to 

include the hydrolysis of multiple organic types (PS, ND WAS, NDEBPR WAS and PS-WAS 

blends), the Ekama and Wentzel (2004) ISS model and the Brouckaert et al. (2010) speciation 

model which facilitates ionic speciation and multiple mineral precipitation and calculation of 
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pH. The model has recently been extended further by Ghoor et al. (2020) to include biological 

sulphate reduction (BSR). The mechanisms and pathways of the PWM_SA_AD model differ 

to that of ADM1. The PWM_SA_AD model has been tailored towards identifying and isolating 

the separate groups of organics present in wastewater. The PWM_SA_AD model achieves this 

by assigning each specific group of organics a composition and mass, from which all other 

constituents (COD, Total Kjeldahl Nitrogen (TKN), Total Phosphorus (TP)) can be 

determined. This framework allows for the composition of the BPOs to be isolated and 

identified using PE. 

 

Therefore, the experimental data collected will be used as the objective values for the 

PWM_SA_AD model. The experimental data will be collected daily such that the model can 

be examined under both steady-state and dynamic conditions. If the results differ significantly, 

the root of the discrepancy will be investigated, and the appropriate changes made. It is unlikely 

that the models will need to be reconstructed, but they may require a change in stoichiometry 

and kinetic rates. Therefore, evaluating the model’s accuracy to determine and predict the 

bioprocess products also forms part of the proposed project. This aims to give a holistic 

investigation into the parameters affecting the two systems in question, including the 

development of the testing equipment, the experimental observations, and finally leading into 

the system modelling. The outcome of the model calibration will help to identify the strengths 

and weaknesses of the model and propose recommendations for future work.  

 

1.7 Thesis Structure  

The content of the thesis was divided into seven chapters. The background for the investigation 

and the research questions are introduced in Chapter 1, which also discusses the project 

objectives, limitations and new knowledge contributions. The literature regarding the 

biological processes and how they are represented in the models, the guidelines for conducting 

BMP tests, the substrates used for the investigation, the mass balanced stoichiometry, and the 

parameter estimation function are discussed in the literature review of Chapter 2. The materials 

and methods for operating the required reactors, the analytical procedures used, the 

characterisation and identification of the biodegradable organics, as well as the modelling, are 

discussed in Chapter 3. The inoculum required for the augmented batch control and test 

reactors was grown using steady-state parent anaerobic digesters, which were thoroughly 
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tested, and included steady-state modelling to quantify the active biomass present, which is 

explained in Chapter 4.  

 

The inoculum from the steady-state parent anaerobic digesters was then taken and placed in 

both the augmented batch control and test reactors. The augmented batch control reactors were 

used to set the baseline to quantify the material released into the system due to the residual 

biodegradable material present in the inoculum, which is explained in Chapter 5. Chapter 5 

includes the seeding, the results obtained, the stoichiometric composition identification, and 

the modelling and parameter estimation for the augmented batch control reactors. Chapter 6 

describes how the compositions of the biodegradable organics in the casein and PSS were 

determined stoichiometrically, as well as using the parameter estimation function and the 

PWM_SA_AD model. The results from the parameter estimation on the residual organics in 

the inoculum from Chapter 5 were used for the augmented batch test reactors in Chapter 6. The 

casein used was a stable laboratory grade casein, which allowed for the composition identified 

by both the AugBMP and AugBSP tests to be compared. This comparison evaluated the 

accuracy of the AugBMP and AugBSP test to determine the composition of a known substrate, 

as well as evaluating whether the AugBSP test could potentially replace the BMP test. The PSS 

was used as the unknown substrate, for which identifying the composition is important for 

improving the efficiency of anaerobic digesters. Finally, the report is concluded, and 

recommendations are made for improving the accuracy of the proposed methodology in 

Chapter 7. The structure of the thesis is shown visually in Figure 1.1.  
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Figure 1. 1: Mind map of the thesis structure 
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Chapter 2: Literature Review 

2.1 Introduction 

The main research objectives were described in Chapter 1. In this chapter, the relevant literature 

concerning the various components of the thesis is reviewed and discussed. The review will 

focus on topics such as anaerobic digestion, Biological Sulphate Reduction (BSR), analytical 

testing procedures (such as the BMP test), and mathematical bioprocess modelling.  

2.2 Introduction to anaerobic digestion 

For more than a century, anaerobic digestion has been used as an effective process for 

stabilising sewage sludge (SS) at wastewater treatment plants (Astals et al., 2012). Anaerobic 

digestion can be referred to as the process in which organic carbon is degraded by fermentation 

through subsequent oxidations and reductions to its most oxidised form (CO2), and its most 

reduced form (CH4) (Angelidaki et al., 2003). Anaerobic digestion (also referred to as 

biological gasification) produces methane from biomass, which utilise organic substrates for 

energy, via the mechanism of biological methanogenesis (Chynoweth et al., 2001). The process 

is facilitated by a consortium of different organisms which inhabit numerous environments, 

including animals’ intestines, landfills and sediments. The process requires a low redox 

potential, occurring in systems in which no oxygen is present. Under the right conditions, 

anaerobic digestion is a very efficient way for removing biodegradable organic compounds, 

producing various mineralised compounds such as methane (CH4), phosphate (PO43-) and 

sulphide (S2-) as by-products (Henze et al., 2008). The gas produced as a result of the 

methanogenic anaerobic digestion process is referred to as biogas. Biogas is composed 

primarily of methane and carbon dioxide with traces of hydrogen sulphide (H2S) and water 

vapour (Chynoweth et al., 2001). 

 

The most significant advantages of anaerobic digestion are that it can be conducted in 

technically simple systems; it can be applied at any scale; it produces far less sludge than 

aerobic systems; the sludge that is produced is relatively stable; and the process produces useful 

methane gas as a by-product (Henze et al., 2008). When methane is produced under controlled 

conditions, it is seen as an ideal fuel compared to fossil fuels, as it produces few atmospheric 

pollutants and emits lower quantities of carbon dioxide per unit energy. Anaerobic digestion is 
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a beneficial biofuel production process, as 2-3 times more Gibbs Free Energy can be recovered, 

compared to other biofuel production processes such as bioethanol or biodiesel (Kleerebezem 

et al., 2015). Furthermore, the production of methane via anaerobic digestion would benefit 

humanity as it could potentially lower the dependence on energy generated by fossil fuels and 

reduce the associated environmental impacts. (Chynoweth et al., 2001). 

 

Wastewater treatment plants have used anaerobic digestion for years in both energy production 

and waste treatment. Specifically, the anaerobic process is used in four sectors of waste 

treatment (Angelidaki et al., 2003):  

 

1. For the treatment of PSS, collected and concentrated in the Primary Settling Tank 

(PST), and for the treatment of Waste Activated Sludge (WAS), produced during the 

aerobic treatment of municipal sewage (Gu Shin et al., 2010). Either the PSS, the WAS 

or both are treated in an Anaerobic Digester (AD) in order to stabilise the final sludge. 

This treatment process produces biogas, which can be used to recover the energy 

required by the treatment plant for heating or aeration.  

2. For the treatment of industrial wastewaters containing high concentrations of organic 

material. 

3. For the treatment of livestock waste in order to recover energy or improve the fertilising 

qualities of manure. 

4. For the treatment of OFMSW, lowering the quantity of organic material sent to landfills 

and incineration plants.  

 

The anaerobic digestion process is not limited to biological methanogenesis and can occur in 

systems containing an array of electron acceptors. When sulphate (SO42-), sulphite (SO32-), or 

thiosulphate (S2O32-) are present in the wastewater, Sulphate Reducing Bacteria (SRB) can use 

several of the intermediates of the anaerobic process, such as acetate, propionate and hydrogen, 

as a source of energy. The SRB convert sulphate, the electron acceptor, into hydrogen sulphide, 

and in the presence of sulphate, compete for the available organic substrate with the 

methanogens (Ristow et al., 2005; Henze et al., 2008). Furthermore, the presence of Fe3+ has 

a significant effect on the anaerobic digestion process. Bodegom and Stams (1999) found that 

Fe3+ reduction suppressed CH4 almost completely as ferric-iron reducers can utilise acetate and 

H2 at concentrations far below that of methanogens or sulfate reducers (Lovely and Phillips, 

1987). 
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2.3 Anaerobic digestion processes and microbiology 

This particular section aims to highlight critical aspects of the microbial processes that occur 

during anaerobic digestion. Furthermore, this section highlights how these processes are 

represented in current mathematical bioprocess models. The models chosen for comparison are 

the Anaerobic Digestion Model No.1 (ADM1) (Batstone et al., 2002) and the University of 

Cape Town Anaerobic Digestion Model No 1 (UCTADM1) (Sötemann et al., 2005), which 

forms part of the Plant Wide Model South Africa (PWM_SA) (Ikumi et al., 2015). The 

PWM_SA_AD model is a sub-model contained inside the PWM_SA model, which is currently 

used by the Water Research Group (WRG) at UCT for simulating anaerobic digestion. 

Subsequently, the PWM_SA_AD model is regularly updated following ongoing research 

within the group. Therefore, the PWM_SA_AD model was selected for the modelling 

component of this project as it contained the required structure for determining the composition 

of the influent organics. However, ADM1 is a popular choice amongst bioprocess modellers 

when simulating anaerobic digestion. Therefore, for readers who are unfamiliar with 

PWM_SA_AD but have prior knowledge on ADM1, the differences between each model’s 

representation of the anaerobic digestion bioprocesses are briefly outlined and explained in this 

section. Additionally, alternative kinetic models are available such as Benneouala et al. (2017) 

and Jimenez et al. (2020). 

 

Four main groups of organisms mediate the anaerobic digestion process. These groups are 

categorised as acidogens (acid-forming), acetogens, acetoclastic methanogens and 

hydrogenotrophic methanogens (Mosey, 1983). Gujer and Zehnder (1983) identified six 

distinct processes performed by these organisms inside an AD:  

 

1. Hydrolysis of biopolymers 

i. Hydrolysis of proteins 

ii. Hydrolysis of carbohydrates 

iii. Hydrolysis of lipids 

2. Fermentation of amino acids and sugars 

3. Anaerobic oxidation of long-chain fatty acids and alcohols 

4. Anaerobic oxidation of intermediate products such as volatile acids (except for acetate) 

5. Conversion of acetate to methane  

6. Conversion of hydrogen to methane.  
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The processes mentioned above can be arranged into three overall biochemical steps: 

acidogenesis, acetogenesis and methanogenesis, and include an extracellular disintegration 

step and an extracellular hydrolysis step. Of the processes mentioned above, three of them, 

hydrolysis, acidogenesis and acetogenesis, have parallel reactions (Batstone et al., 2002). The 

reaction scheme for anaerobic digestion, as represented by ADM1, is summarised in Figure 

2.1. 

 

 
Figure 2. 1: ADM1 anaerobic digestion pathways 

 

With these processes in mind, Sötemann et al. (2005) proposed the UCTADM1, the reaction 

scheme for which is shown in Figure 2.2. The UCTADM1 modified the Gujer and Zehnder 

(1983) reaction scheme such that: 

 

1. The hydrolysis of carbohydrates, proteins and lipids were condensed into a single 

hydrolysis step acting on a generic organic material, which is represented by 

CXHYOZNAPB (McCarty, 1974). This approach requires the determination of the C, H, 

O, N and P content, so that the X, Y, Z, A and B values can be identified.  

2. Following the single hydrolysis step, a single end product was required. The end 

product chosen was glucose.  

3. With a single hydrolysis step, the separate anaerobic oxidation of fatty acids was no 

longer required. 
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4. Instead of a fixed proportion of hydrolysis end products being converted to propionate 

and butyrate, and the remaining portion converted directly to acetate, the influence of 

the hydrogen partial pressure on acidogenesis of glucose to propionate, as proposed by 

Sam – Soon et al. (1991), was included. 

 

 
Figure 2. 2: PWM_SA_AD methanogenic pathway 

 

2.3.1 Hydrolysis 

 

Hydrolysis is the process by which polymers and complex organic material are broken down 

via extracellular enzymatic action into monomers and soluble substrates (Batstone et al., 2002; 

Ristow et al., 2005). The hydrolysis step is necessary as particulate material cannot be 

transported across the cell membrane and subsequently needs to be broken down into smaller 

units that can be utilised (Ristow et al., 2005). The hydrolysis process is mediated by the 

acidogens so that the products (relatively simple compounds) can be further fermented or 

anaerobically oxidised (Sötemann et al., 2005). This process is especially important when 

using a particulate substrate such as PSS.  

 

There is much debate among authors on the exact products formed by the hydrolysis process. 

When constructing ADM1, Batstone et al. (2002) defined the most significant products formed 

from the degradation of carbohydrates, proteins and lipids to be monosaccharides, amino acids 
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and long-chain fatty acids, respectively. This follows the approach defined by Gujer and 

Zehnder (1983), which supported the work of Kaspar and Wuhrmann (1978). Furthermore, 

Batstone et al. (2002) identified the process of disintegration and hydrolysis to be extracellular 

and non-biological.  

 

The disintegration step is fundamental for the breakdown and solubilisation of complex 

organics to utilisable soluble substrates. The step also results in the production of a low portion 

of inert particulate and soluble material. The disintegration step is crucial when modelling 

WAS or PSS, as it represents lysis of whole cells and the separation of composites. The 

disintegration step is thought to precede more complex hydrolytic steps and is generally used 

when the primary substrate can be described and modelled using lumped kinetics and 

biodegradable parameters. Disintegration combines an array of steps such as lysis, non-

enzymatic decay, phase separation and physical breakdown. (Batstone et al., 2002) 

 

Batstone et al. (2002) defined hydrolysis as “the degradation of a defined particulate or 

macromolecular substrate to its soluble monomers”, of which the most crucial particulate 

substrates were identified to be carbohydrates, proteins and lipids. For ADM1, this results in 

the formation of monosaccharides, amino acids and long-chain fatty acids, which subsequently 

become the substrates for the acidogenesis process. It is believed that the hydrolysis process is 

catalysed by the organism directly benefiting from the compounds produced through two 

distinct mechanisms (Batstone et al., 2002):  

 

1. The organism releases an enzyme into the bulk liquid which interacts with the soluble 

or particulate substrate, resulting in simple soluble substrates that can be directly 

utilised by the organism. 

2. The organism attaches itself to a particle and produces enzymes in the particle’s 

proximity, absorbing the simple soluble products released.  

 

The hydrolysis mechanism present in PWM_SA_AD follows the approach developed in the 

UCTADM1 (Sötemann et al., 2005). This includes the simplification of the products formed 

during the hydrolysis step from the three defined above to just one, glucose. The simplification 

recognises that measuring the concentrations of carbohydrates, proteins and lipids present in 

sewage sludges are challenging to perform routinely and accurately. Therefore, the process of 

hydrolysis acts on a single generic influent organic material representing the sewage sludge 
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which is defined as CXHYOZNAPB (McCarty, 1974). The simplification is reasonable as the end 

products of hydrolysis and acidogenesis of the three organic groups (monosaccharides, amino 

acids and long-chain fatty acids) generally result in the same compound, namely short-chain 

fatty acids.  

 

Therefore, following the simplification of the hydrolysis process in UCTADM1, the formation 

of three separate hydrolysis products (monosaccharides, amino acids and long-chain fatty 

acids) are no longer required. Glucose was chosen as the end product, as Mosey (1983) 

adequately established the pathways for its metabolism. Furthermore, the 

acidogenic/fermentation processes that convert glucose to SCFA are unlikely ever to be rate-

limiting. Subsequently, the accumulation of glucose, even under digester failure, will not occur 

(Sötemann et al., 2005). Furthermore, the COD, C, H, O and N balances are maintained as 

water and carbon dioxide are taken up from the bulk liquid of the digester to generate glucose 

from the sewage sludge.  

 

The approach of the PWM_SA_AD model, which contains UCTADM1, is advantageous when 

characterising the organic constituents present in wastewater. Currently, eight groups of 

organics present in wastewater can be identified: volatile fatty acids (VFA), readily 

fermentable soluble organics (FBSO), unbiodegradable soluble organics (USO), biomass, 

biodegradable particulate organics (BPO), unbiodegradable particulate organics (UPO), of 

which BPO and UPO can be separated into settleable and non-settleable (Ekama, 2011). The 

structure of PWM_SA_AD allows for each group of organics to have their unique composition 

(chemical formula). Subsequently, the compositions of each of these groups can be determined 

using routinely available wet chemistry analysis, such as COD, TKN, FSA, TP, OP, VSS, 

Alkalinity and pH.  

 

2.3.2 Acidogenesis 

 

Acidogenesis is mediated by acidogens, acid-forming organisms, which are fast-growing and 

have a minimum doubling time of around thirty minutes. The organisms ferment glucose and 

produce a mixture of biomass, intermediates such as propionate and butyrate, as well as acetate 

and hydrogen (Mosey, 1983; Gujer and Zehnder, 1983). The fermentation of monosaccharides 

and amino acids is defined as a microbial process in which organic compounds serve as both 
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the electron donors, as well as the electron acceptors (Gujer and Zehnder, 1983). This implies 

that no additional electron acceptors or donors are required (Batstone et al., 2002). 

 

The preferred product of acidogenesis is the conversion of glucose to acetate, as it provides the 

organisms with the most significant energy yield for growth, as well as supplying the 

acetoclastic methanogens with their primary substrate for methane production. (Mosey, 1983). 

However, the organisms can also produce propionic and butyric acids as a response to 

increased concentrations of hydrogen during surge loads. The formation of propionic acid 

causes the process of hydrogen production to become reversed such that the organisms can 

control the redox potential during heavy surge loads.  

 

Batstone et al. (2002) chose to use glucose as ADM1’s main monomer. There are many 

possible end-products when using glucose as a substrate; however, acetate, propionate and 

butyrate were selected as the most significant for monosaccharide acidogenesis. Additionally, 

simultaneous acidogenesis of amino acids occurs in two possible pathways: Stickland 

oxidation-reduction paired fermentation or the oxidation of a single amino acid.  

 

The anaerobic oxidation of fatty acids occurs separately to that of acidogenesis of 

monosaccharides and amino acids. The anaerobic oxidation of fatty acids is the microbial 

process in which molecular hydrogen is the main sink for electrons (Gujer and Zehnder, 1983). 

Therefore, an external electron acceptor is required, and the process subsequently falls under 

acetogenesis (Batstone et al., 2002). 

 

The PWM_SA_AD model includes the influence of the hydrogen partial pressure on the 

acidogenesis of glucose to acetate and propionate, which was previously proposed by Sam-

Soon et al. (1991). It is believed that this inclusion of the hydrogen partial pressure allows for 

a better description of AD failure. Furthermore, the acidogenesis process was separated into 

two sub-processes: The generation of acetic and propionic acids with H2 and CO2 under high 

hydrogen partial pressure conditions, and the generation of only acetic acid together with H2 

and CO2 under low hydrogen partial pressures. The generation of butyrate and higher SCFAs 

were not considered, as these are usually found in low concentrations in sewage sludges. The 

PWM_SA_AD model does not consider the anaerobic oxidation of fatty acids, as a single 

hydrolysis step occurs, converting all biodegradable organics to glucose, and therefore, 

producing no long chain fatty acids.  
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2.3.3 Acetogenesis 

 

The acetogenesis process is mediated by acetogenic bacteria, which as their name implies, 

synthesise acetate from the reduction of CO2 and organic acids such as propionic and butyric 

acids (Mosey, 1983; Angelidaki et al., 2011). As previously mentioned, an external electron 

acceptor is required for acetogenesis as there is no internal electron acceptor for the oxidation 

of higher organic acids to acetate. Therefore, this oxidation step requires the organisms to 

utilise an additional electron acceptor such as hydrogen ions or carbon dioxide for the 

formation of hydrogen gas or formate (Batstone et al., 2002). 

 

The acetogens are crucial in the anaerobic digestion process as methane-producing bacteria are 

unable to metabolise propionate and butyrate directly. However, these organisms grow 

relatively slowly even under optimum conditions, as the reactions that they perform are 

energetically difficult and are easily inhibited by the accumulation of dissolved hydrogen gas 

(Mosey, 1983). 

 

Included in the acetogenesis process is the degradation of long chain fatty acids, which above 

propionate occurs by b-oxidation (Gujer and Zehnder, 1983; Batstone et al., 2002), as shown 

by Jeris and McCarty (1965). In ADM1, three primary fatty acid substrates of importance are 

identified: butyrate, valerate and LCFA. Subsequently, three acetogenic bacterial groups were 

proposed: one for propionate, one for butyrate and valerate, and one for LCFA. 

 

For the PWM_SA_AD model, acetogenesis occurs as the primary mechanism for removing 

propionate from the bulk liquid. When the hydrogen partial pressure is sufficiently low, 

acetogens convert propionic acid, which was generated under high hydrogen partial pressure, 

to acetic acid (Sötemann et al., 2005). The acetic acid is then utilised by the acetoclastic 

methanogens for the production of CH4 and CO2. 

 

2.3.4 Acetoclastic methanogenesis 

 

The process of acetoclastic methanogenesis is mediated by acetoclastic methanogens, 

classified as obligate Archaea anaerobes, which convert acetic acid into a mixture of CH4 and 

CO2 (Mosey, 1983; Demirel and Scherer, 2008). The majority of methane (70%) produced in 
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anaerobic digestion is produced by the decarboxylation of acetic acid, subsequently making 

acetate the primary precursor for CH4 production (Gujer and Zehnder, 1983; Ristow et al., 

2005).  

 

Two organisms responsible for the fermentation of acetic acid to carbon dioxide and methane 

are Methanothrix spp. and Methanosarcina spp. The species differ in both morphology and 

growth kinetics. Methanothrix spp. are good scavengers with a high affinity for acetate, but are 

slow-growing, with minimum doubling times around 4 days. Methanosarcina spp. are less 

effective scavengers but grow faster, with a minimum doubling time of around 1.5 days (Gujer 

and Zehnder, 1983; McCarty and Mosey, 1991). Batstone et al. (2002) include Methanosaeta 

amongst acetoclastic methanogens as a genera that dominate below 10-3M acetate, having 

lower yields, higher km values, lower KS values and higher sensitivity to pH than 

Methanosarcina. Furthermore, Batstone et al. (2002) advise that a single group of acetoclastic 

methanogens be used, adjusting the kinetics and inhibitory parameters based on the model’s 

intended application and experimental observations.  

 

Acetoclastic methanogens are slow-growing, as previously indicated by their large doubling 

times, and are generally the most susceptive to inhibitory compounds. Inhibition of methane 

production can occur due to high concentration of anaerobic digestion products such as acetic 

acid, ammonia and undissociated hydrogen sulphide (Ristow et al., 2005). In order for optimal 

digester operation, acetogens and acetoclastic methanogens need to utilise propionate and 

acetate respectively as soon as they are produced, such that a neutral digester pH can be 

maintained (Sötemann et al., 2005). Both the ADM1 and the PWM_SA_AD models recognise 

acetoclastic methanogenesis as a single process, in which acetate (and inorganics such as NH3) 

are taken up to form CO2, CH4 and biomass (Batstone et al., 2002; Sötemann et al., 2005). 

 

2.3.5 Hydrogenotrophic methanogenesis 

 

Hydrogenotrophic methanogenesis is mediated by hydrogen-utilising organisms that convert 

hydrogen and carbon dioxide to methane and water. The organisms are effective scavengers 

and have a high growth rate, with a minimum doubling time around 6 hours and remove the 

majority of hydrogen present in the digester (Mosey, 1983). The partial pressure of hydrogen 

present in the digester during the anaerobic digestion process is crucial. A syntrophic 
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relationship between acetogens and hydrogenotrophic methanogenesis exists to maintain an 

extremely low hydrogen partial pressure to ensure favourable thermodynamic conditions for 

the conversion of volatile acids and alcohols to acetate (Speece, 1983). Subsequently, 

hydrogenotrophic methanogens are essential for stable and efficient anaerobic digester 

performance and regulate the formation of volatile acids, as hydrogen controls the rates at 

which propionic and butyric acids are converted back to acetic acid (Mosey, 1983; Demirel 

and Scherer, 2008).  

 

Additionally, as with the acetoclastic methanogens, the hydrogenotrophic methanogens are 

also sensitive to pH. However, decreasing reactor pH would cause significant inhibition to the 

acetoclastic methanogens before affecting the hydrogenotrophic methanogens. As shown 

above for acetoclastic methanogenesis, both the ADM1 and the PWM_SA_AD models 

recognise hydrogenotrophic methanogenesis as a single process, in which hydrogen, CO2 (and 

inorganics such as NH3) are taken up to form CH4 and biomass (Batstone et al., 2002; 

Sötemann et al., 2005). 

 

2.3.6 Sulphate Reduction: A Competitor to Methane Production 

 

When sulphate, sulphite, thiosulphate or elemental sulphur are present in the wastewater, SRB 

can use several of the intermediates of the anaerobic process, such as acetate, propionate and 

hydrogen, as a source of energy (Henze et al., 2008, Hao et al., 2014). In fact, biological 

sulphate reduction is more favourable kinetically and thermodynamically than methanogenesis 

for common substrates. Furthermore, SRB can tolerate the toxic sulphide produced by the 

bioprocess better than methanogens (Ristow et al., 2005). The SRB convert sulphate, the 

electron acceptor, into hydrogen sulphide, and in the presence of sulphate, compete for the 

available substrate with the methanogens. A diverse range of carbon sources and electron 

donors are involved in the SRB metabolism depending on the type of growth, either autotrophic 

or heterotrophic. Hydrogen serves as an efficient energy source for many species of SRB to 

grow on using sulphate as the electron donor (Hao et al., 2014). 

 

The production of hydrogen sulphide poses a series of problems regarding methane production 

as some of the organic materials will be used by the SRB rather than the methanogenic bacteria 

resulting in lower methane yields. Not only does the methane yield decrease, but hydrogen 
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sulphide is now present within the biogas, and further treatment is necessary to remove it, in 

order to avoid problems associated with rapid corrosion of any metals present. A portion of the 

sulphide will also be present within the effluent, as dissolved H2S, and will require additional 

post-treatment to remove (Henze et al., 2008). Ristow et al. (2005) showed that hydrogen 

sulphide at concentrations higher than 500mgH2S-S/l affects the hydrolysis rate of organics 

under methanogenic and sulphidogenic conditions. However, for this project, provided the 

biodegradability of the organics does not change between methanogenesis and sulphidogenesis 

(Ristow et al., 2005), SRB will be used as a beneficial alternative because hydrogen sulphide 

gas can be retained in solution, where it can be measured with a higher level of accuracy. 

 

2.3.7 Sulphidogenesis  

 

Sulphur is a crucial component of the biosphere, making up approximately 1% of all living 

organisms’ dry mass. A diverse range of oxidation states of sulphur is possible; however, the 

three most abundant forms found in nature are sulphide (-2), elemental sulphur (0) and sulphate 

(+6) (Hao et al., 1996). In the presence of oxygen (aerobic conditions), the thermodynamically 

stable form of sulphur is sulphate. When oxygen is removed (anaerobic conditions), the sulphur 

is found as hydrogen sulphide. When reviewing reduction potentials, it is seen that sulphate is 

not favoured as an electron acceptor in the presence of oxygen and nitrate. Therefore, in order 

for efficient sulphate reduction in wastewater to occur, the reduction potential of the system 

should always be negative. (Liamleam, 2007). 

 

The biological sulphate reduction process is mediated by SRB, and although morphologically 

diverse, are considered to be a physiologically unified group, alongside phototrophic or 

methanogenic organisms. SRB are obligatory anaerobes that use sulphate as an electron 

acceptor and obtain energy from the oxidation of organic substrates by removing hydrogen 

atoms from their molecules (Hao et al., 1996).  

 

SRB can be divided into two groups, heterotrophic SRB and autotrophic SRB. The 

heterotrophic group prefers organic compounds such as organic acids, volatile acids and 

alcohols as the electron donors, and sulphate as the electron acceptor. The formation of these 

products occurs from the fermentation of carbohydrates, proteins and lipids during the 

anaerobic digestion process. Therefore, SRB are comparable to that of methanogenic 
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organisms (Hao et al., 1996; Liamleam, 2007). Few species contribute to the autotrophic group, 

which utilise CO2 as the carbon source for biomass formation (anabolism) and obtain the 

required electrons from the oxidation of electron donors such as H2. (Liamleam, 2007). 

 

Ghoor et al. (2020) added the biochemical processes of biological sulphate reduction to the 

PWM_SA_AD model. The biological sulphate reduction process was added such that the 

initial hydrolysis steps were identical to that of methanogenesis, which follows the approach 

of Sötemann et al. (2005) and uses a generic organic compound (McCarty, 1974). Following 

the hydrolysis step, the same subdivision of acidogenesis for both low and high hydrogen 

partial pressures was utilised. Thus, the initial two degradation steps, hydrolysis and 

acidogenesis used identical stoichiometry for both methanogenesis and sulphidogenesis. This 

is a critical realisation, as the determination of the organic composition depends on the end 

products measured in each respective system, i.e methanogenic or sulphidogenic, but follows 

the identical degradation procedure for both preliminary steps of hydrolysis and acidogenesis.  

 

 
Figure 2. 3: PWM_SA_AD sulphidogenic pathway 

 

Following the two initial degradation processes, Ghoor et al. (2020) separated the biochemical 

processes of methanogenesis and sulphidogenesis by including a series of separate sulphate 

reducing steps to the PWM_SA_AD model. Following hydrolysis and acidogenesis for the 

sulphidogenic pathway of the PWM_SA_AD model is acetogenic sulphidogenesis, in which 
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propionate is taken up to form an array of products including acetate, hydrogen and hydrogen 

sulphide. Finally, the sulphidogenesis process is mediated by acetoclastic SRB and 

hydrogenotrophic SRB, from which H2S is produced utilising acetate and sulphate, as well as 

H2 and sulphate, respectively.  

 

2.3.8 PWM_SA_AD Validation 

 

The model of Ghoor et al. (2020) was validated by using a calibrated version of the 

PWM_SA_AD model to simulate digester failure. The digester failure was compared to that 

of an identical digester run using the Anaerobic Digestion Model No.1 (ADM1). The outcome 

showed that PWM_SA_AD did predict failure in the same way as ADM1, but the failure 

occurred at lower influent alkalinity concentrations. Nevertheless, the verification of the model 

allowed for it to be used as is (without any additions) for the purpose of this thesis.  

 

2.4 Biochemical Methane Potential Test 

This section will discuss the BMP test as a commonly used analytical testing procedure for 

determining the biodegradability and methane potential of various substrates.  

 

2.4.1 Introduction 

 

The popularity of anaerobic digestion as a renewable energy resource has rapidly increased 

over the years. With this increase in popularity, the importance of obtaining a reliable biogas 

potential for various influent substrates has become critical (De Vrieze et al., 2015). The biogas 

potential plays a crucial role in assessing design, as well as economic and management issues 

for anaerobic digestion for full-scale implementation (Angelidaki et al., 2009). Depending on 

the quality of the influent waste stream, the biogas potential can vary substantially. 

Consequently, the BMP test could become a crucial analysis tool for determining the biogas 

potential for an array of substrates (Strömberg et al., 2014).  

 

The BMP assay was first proposed and established by Owen et al. (1979) as a simple and 

inexpensive procedure for determining the biochemical methane potential of substrates or as a 

way to provide an Anaerobic Toxicity Assay (ATA). The BMP test can be performed using 
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both continuous and batch fed techniques. Using a continuously fed reactor allows for a 

reasonable estimate of how the anaerobic digester will operate at full-scale but tends to increase 

the cost of the required facilities, equipment, time and personnel. Alternatively, batch-fed 

reactors do not have these constraints and allow for a wide range of variables to be evaluated 

(Owen et al., 1979). That being said, many authors stress that in order for the results to be 

reliable, the testing procedure needs to be standardised (Angelidaki et al., 2009; Raposo et al., 

2011; Esposito et al., 2012; Strömberg et al., 2014; De Vrieze et al., 2015; Holliger et al., 

2016). 

 

2.4.2 Batch test configuration  

 

As previously mentioned, the BMP test can be performed in either a batch or continuous set-

up. Conducting the BMP as a batch test allows for the determination of factors such as 

biodegradability, inoculum activity or inhibition (Raposo et al., 2011). Furthermore, batch tests 

are effective for assessing the methane potential and performance of full-scale anaerobic 

digestion processes (Jensen et al., 2011). Raposo et al. (2011) describe the general principle of 

all batch tests as the incubation of an inoculum populated with a diverse range of 

microorganisms at a neutral pH and a chosen temperature (either mesophilic or thermophilic). 

The inoculum is mixed with a chosen substrate that acts as the carbon source and provides 

energy for the microorganisms. Once mixed, the degree of degradation and the conversion rate 

of the substrate is assessed by taking measurements at regular time intervals. Furthermore, the 

inclusion of blank controls (endogenous test in which only the inoculum is added) allows for 

the gas produced by the degradation of the organic material present in the inoculum to be 

accounted for.  

 

2.4.3 Good BMP practice  

 

In order to validate the data collected during a BMP test, it is good practice to ensure that a 

range of parameters are considered. Angelidaki et al. (2009) aimed to define a standard 

protocol for conducting batch tests by considering a diverse range of parameters affecting the 

BMP outcome. Holliger et al. (2016) built on this work for further standardising the BMP test 

protocol and recommends that the following elements must be fulfilled in order for the results 

from a BMP test to be valid: 
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1. In addition to a reactor containing the substrate and inoculum, the experiment needs to 

have blank assays, into which only the inoculum is placed such that the background 

methane produced can be determined.  

2. The test must be conducted in triplicate, i.e. at least three blank assays and three 

substrate assays (positive controls). 

3. The duration of the experiment should not be determined in advance. Instead, the test 

should only be terminated when the daily methane production during three consecutive 

days is less than 1% of the accumulated volume of methane.  

4. The BMP should be expressed as the volume of dry methane gas under standard 

conditions (273.15K and 101.33kPa) per mass of volatile solids (VS) added. 

5. The gas produced by the substrate and the positive control is calculated by subtracting 

the methane production of the blanks from the gross methane production of the 

substrate assay.  

6. The standard deviation of the blanks must be taken into account.  

7. The test must be rejected following the violation of the relative standard deviation 

(RSD) for specific circumstances involving the blank and positive control.  

 

2.4.4 Inoculum  

 

The inoculum used in the BMP test contains a consortium of microorganisms that vary 

depending on the substrate fed to the parent (source) reactor. Therefore, it is challenging to 

standardise the source from which the inoculum is taken (Raposo et al., 2011). Subsequently, 

inoculum taken from a range of different sources will show variations in its ability to convert 

substrate to methane (De Vrieze et al., 2015).  

 

Angelidaki et al. (2009) recommend using an inoculum taken from an active anaerobic digester 

which has been fed a complex substrate such that a diverse range of microbes is present. 

Furthermore, the inoculum should be degassed. Degassing is a pre-incubation step that removes 

any residual biodegradable material present in the inoculum. Degassing is achieved by 

allowing the anaerobic digestion process to continue after the inoculum has been removed from 

the parent reactor by placing it in an oxygen-free environment at the same temperature for 2 to 

5 days. The inoculum should not be washed to remove the residual substrate and should 

represent the reactor from which it was taken as best as possible. An alternative to using a 
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single inoculum is to mix inoculum from a range of different sources to increase microbial 

diversity (Holliger et al., 2016). 

 

2.4.5 Substrate 

 

The primary purpose of the BMP test is to identify the methane potential of unknown 

substrates. However, where possible, the substrate should be characterised as thoroughly as 

possible (Angelidaki et al., 2009). The characterisation of potential samples should be well 

documented before the start of the experiment (Holliger et al., 2016). Characterisation of the 

substrate is essential as the anaerobic biodegradability of the organic material is proportional 

to its elemental composition (Raposo et al., 2011). 

 

Angelidaki et al. (2009), Raposo et al. (2011) and Holliger et al. (2016) all state that one of the 

most crucial and compulsory measurements needed for the characterisation of the substrate is 

total solids (TS) and volatile solids (VS). However, the concentration of VS can be 

underestimated as volatile compounds may be lost during the drying process. Subsequently, to 

avoid the loss associated with drying, the TS determination should be performed at a maximum 

temperature of 90°C, instead of 105°C (Angelidaki et al., 2009). It is also beneficial to include 

additional measurements such as FSA, TKN, pH, VFA and alkalinity as knowing the 

concentrations of these compounds can help to identify potential inhibition problems 

experienced during the BMP test (Holliger et al., 2016). 

 

The substrate samples used in the BMP test should be as fresh as possible. However, if this is 

not possible, the substrate can also be stored. Storing the substrate correctly is crucial for 

maintaining freshness. The substrate can be stored at 4°C for a period of two to five days. For 

extended periods, the substrate should be frozen and stored at -20°C and then thawed at 4°C, 

before slowly increasing to ambient temperatures for the start of the BMP test. Furthermore, 

the drying of substrates for storage should be avoided (Holliger et al., 2016). 

 

The particle size of the substrate can also influence the biodegradability results, as particle size 

and surface area affect the ratio between surface and volume for each organic particle (Esposito 

et al., 2012), which subsequently influences the initial degradation rate (Raposo et al., 2011). 

For substrates containing large particles, the following is advised (Holliger et al., 2016): 
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1. All course inert particles such as gravel, sand or plastics should be removed.  

2. If the organic particles are too large, shredding or grinding may be necessary to allow 

for a more homogeneous substrate. 

3. Care should be taken during shredding as this may cause heat, leading to the loss of 

volatile compounds.  

4. All particulate material should not exceed 10mm in any dimension (length, diameter). 

5. The test report should provide adequate detail on the preparation of the substrate.  

 

The proposed augmented batch tests (AugBMP and AugBSP) can be applied to any substrate. 

In this thesis, the method was applied to PSS, most of which is BPO (Sotemann et al., 2005). 

The same type of experiment can be applied to soluble organics. The method is not generic, as 

it is a method to test the substrate. The composition outcome will change based on the source 

of pollutants contributing to the substrate in the wastewater stream. 

 

2.4.6 Experimental setup 

 

The BMP test needs to be conducted in a sealed vessel void of oxygen in order to maintain an 

anaerobic environment. The vessel should be flushed with inert gas, such as nitrogen, or other 

gases such as carbon dioxide or biogas before the experiment is started to ensure anaerobic 

conditions (Angelidaki et al., 2009). Holliger et al. (2016) recommend using a vessel with a 

total volume of 500-1000ml. The vessels must be sealed with a gastight butyl septa, thick 

enough to be pierced by a needle repeatably, or the vessel must be connected to the gas 

measurement apparatus through gastight connectors and tubing that ensure that no gas is lost.  

 

The BMP test should be conducted in at least triplicate (Angelidaki et al., 2009). Therefore, a 

minimum of six test vessels (three test and three controls) is required to ensure repeatability. 

The transfer of inoculum should be done with a 100ml syringe with a large orifice. The syringe 

should have tubing attached to the orifice to ensure that the bottom of the inoculum storage 

bottle can be reached. If using granular inoculum, the granules should be collected and drained 

using a sieve. Once drained, the granules are then distributed evenly to each respective reactor 

using a spoon (Angelidaki et al., 2009).  
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The BMP test should be conducted under either mesophilic or thermophilic conditions, as the 

temperature does not have a significant effect on the BMP. However, biogas production rates 

are affected by temperature. Subsequently, the BMP test should be conducted in a temperature-

controlled environment with maximum temperature fluctuations of 2°C. Typical incubations 

and operating temperatures for mesophilic and thermophilic reactors are 37°C and 55°C, 

respectively (Holliger et al., 2016).  

 

Angelidaki et al. (2009), Moody et al. (2009) and Raposo et al. (2011) state that the inoculum 

to substrate ratio (ISR) is one of the crucial factors that affect the outcome of anaerobic assays. 

However, many research papers do not make mention of the ISR used. The ISR should be 

stated using either TS, VS or COD. The inoculum concentration should always exceed that of 

the substrate concentration. (Angelidaki et al., 2009). Theoretically, the ISR should only affect 

the kinetics of the reactions, as the total methane yield depends on the composition of the 

organic material; however, inhibition has been reported in cases with a low ISR, where the 

concentration of substrates is far higher than the concentration of inoculum. Furthermore, if 

the ISR is too high, and the inoculum concentration is far greater than the substrate 

concentration, the induction of the enzyme necessary for biodegradation may be inhibited 

(Elbeshbishy et al., 2012). 

 

2.4.7 Gas measurements 

 

Angelidaki et al. (2009) stated: “The result of a BMP test is the definition of the methane (or 

biogas) produced from a given weight of a certain substrate”. Therefore, for the BMP test, 

substrate biodegradability is defined by the total amount of methane (or biogas) produced. 

Subsequently, it is crucial to measure the methane produced during the BMP test as accurately 

as possible. Two different gasometric methods are most frequently used to quantify the biogas 

produced. The first is a manometric gas measurement in which volume is kept constant, and 

the increase in pressure is measured. The second is a volumetric gas measurement in which the 

pressure is kept constant, and the increase in gas volume is measured (Raposo et al., 2011).  

 

The manometric method keeps volume and temperature constant and measures the 

overpressure generated by the production of biogas using a common differential manometer, 

or a more complex pressure transducer (Esposito et al., 2012). Additionally, when calculating 
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methane production, complementary biogas analysis is required. Manometric gas 

measurements are prone to error. The most considerable difficulty for accurately measuring 

gas production emerge from the solubility of carbon dioxide in the bulk liquid of the digester, 

which is affected by pressure, pH, the headspace volume, temperature and thermodynamic 

equilibrium of dissolved carbonate species (Raposo et al., 2011). Furthermore, the pressure in 

the assay must not exceed 300kPa to avoid excessive dilution of CO2 or explosions (Holliger 

et al., 2016). 

 

The volumetric method measures gas production via displacement. Displacement can be 

measured using a piston in a cylinder, or liquid displacement. In the case of liquid 

displacement, the reactor is connected via a gas tube to an external measurement apparatus. 

The biogas produced by the reactor is then directed through the barrier solution, and the 

equivalent volume of liquid is displaced (Raposo et al., 2011). A common way to measure the 

displacement of liquid is using an inverted column, which is placed inside a bath containing 

the barrier solution. Volumetric gas measurement is also prone to error, and precaution must 

be taken with the barrier solution to ensure that specific biogas components are not lost.  

 

The accuracy of the BMP is influenced by the choice of barrier solution as specific gas 

components are soluble. This influence is especially apparent for CO2 as its solubility in water 

at 25°C is around 25 times higher when compared to methane (Strömberg et al., 2014). Parajuli 

(2011) explored the most important and commonly used biogas measurement techniques and 

identified the source of measurement error associated with each of them. Most importantly, the 

effect of biogas diffusion in different barrier solutions was investigated. The experiment tested 

carbonated distilled water, tap water, acidified water with varying pH, NaCl with varying pH 

and Orsat as potential barrier solutions. The results from the study are summarised as follows 

(Parajuli, 2011): 

 

1. Carbonated distilled water had a high resistance to CO2 diffusion at the beginning of 

the experiment. However, by the end of the experiment, carbonated distilled water lost 

more CO2 than other solutions, with 89% of CO2 lost during the experimental period.  

2. Acidified water at varying pH readings (pH 0.5 – pH 2) did not prevent CO2 solubility. 

Subsequently, the loss of CO2 throughout the experiment exceeded 70%. 
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3. For the NaCl solutions, it was observed that an increase in salt concentration showed a 

decrease in gas solubility. Subsequently, the higher the salt concentration, the lower the 

CO2 gas loss. However, over time, crystallisation of salt appeared at the bottom of the 

gasometers containing high salt concentrations.  

4. Overall the loss of methane compared to CO2 was quite low as methane is only slightly 

soluble when compared to CO2. However, for pure tap water, the loss of methane 

throughout the experiment was 14%.  

 

Therefore, the accuracy of the BMP test is influenced by numerous parameters. One of which 

is the chosen barrier solution. For this thesis, tap water was used as the barrier solution, and 

gas measurements were taken twice daily. This outcome may affect the cumulative gas 

collected during the AugBMP based on the amount of CO2 that diffused into solution. 

 

2.5 Primary Sewage Sludge 

2.5.1 Overview 

 

The particulate constituents present in wastewater comprise of both settleable and nonsettleable 

material. The term settleable refers to a physical property of the material, which under the 

influent of gravity, will collect at the bottom of an Imhoff cone after a minimum period of 2 

hours. The Primary Settling Tank (PST) is a common addition to wastewater treatment plants 

and facilitates the settling process. The settled material removed from the PST is referred to as 

Primary Sewage Sludge (PSS) (Ekama, 2011).  

 

The removal of settleable material to produce PSS in wastewater treatment plants is becoming 

popular due to the potential for nutrient and resource recovery when fed to an AD (Biller et al., 

2017). PSS makes up approximately two-thirds of the total solids contained in sewage sludges. 

The treatment of PSS is crucial to remove organics before disposal. One of the most common 

treatment methods of PSS is anaerobic digestion, which results in a stabilised sludge with a 

low residual sludge volume (Ristow et al., 2005). 

 

Ristow et al. (2005) state that under three possible operating conditions (methanogenesis, 

acidogenesis and sulphate-reducing), hydrolysis of the particulate PSS is the rate-limiting 
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process. Sötemann et al. (2005) further acknowledge that the process of hydrolysis and 

acidogenesis were the rate-limiting step in a sewage sludge AD. To account for this, Sötemann 

et al. (2005) considered four kinetic equations for the hydrolysis of PSS: 

 

1. First-order with respect to the residual biodegradable particulate organic COD 

concentration 

2. First-order with respect to the residual biodegradable particulate organic COD 

concentration and the acidogen biomass concentration that mediate the process. 

3. Monod kinetics 

4. Saturation (Contois) kinetics. 

 

However, Sötemann et al. (2005) were unable to determine which of the equations mentioned 

above were superior for modelling hydrolysis and acidogenesis. However, they accepted 

saturation kinetics for the UCTADM1 model because the fraction of unbiodegradable organics 

in the PSS (fPS’up) of 0.36 matched closely to that of O’Rouke’s (1967) value of 0.34.  

 

2.5.2 PSS hydrolysis rate in methanogenic and sulphidogenic systems 

 

This thesis supports the idea of using an Augmented Biochemical Sulphide Potential (AugBSP) 

test to determine the composition of an unknown substrate. The AugBSP is crucial in obviating 

the gas measurement error experienced during the BMP test. The foundation for running the 

AugBSP test in parallel to the AugBMP test was established by Ristow et al. (2005). They 

concluded that the hydrolysis rate of PSS under methanogenic and sulphidogenic conditions 

does not change significantly, provided the sulphide concentration does not increase above 500 

mgH2S-S/l.  

 

This conclusion was achieved by conducting a series of experiments in completely mixed ADs 

under sulphate-reducing conditions, which were run in parallel to methanogenic systems. The 

models developed for methanogenesis were applied to the sulphate reducing systems, and the 

methanogenic biomass was replaced with aceticlastic sulphate-reducing biomass, which had 

different growth constants to that of the methanogens. A series of four different experiments 

were conducted to determine the hydrolysis rate of the sulphate-reducing systems (Ristow et 

al., 2005).  
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In summary, the outcome of the experiment conducted by Ristow et al. (2005) concluded that: 

1. The hydrolysis rate under limited sulphate reducing conditions compared to purely 

methanogenic conditions was strictly similar. 

2. The experiment showed that the hydrolysis rate was the same for both systems under 

stable sulphate reducing conditions. 

3. Sulphate-reducing conditions had no significant influence on PSS hydrolysis rate 

compared to the equivalent methanogenic systems. 

4. The hydrolysis rate for both systems was the same for the pH range 6.5-7.5. 

 

From the findings listed above, it should be possible to conduct the AugBMP and AugBSP 

tests in parallel. Furthermore, the sulphate-reduction bioprocess can be modelled using 

principles from methanogenic anaerobic conditions because the rate of hydrolysis does not 

differ significantly. As a result, the hydrolysis kinetics for methanogenic anaerobic digestion 

can be used in systems containing sulphate. The hydrolysis kinetics play a crucial role in the 

overall process as hydrolysis is assumed to be the slowest process. 

 

2.5.3 Stoichiometry of PSS degradation by methanogenic anaerobic digestion 

 

The mass balanced bio-process stoichiometry maintains equilibrium between the flux of 

elements entering the biological system with the flux of elements exiting it. For example, in an 

AD, the flow of CH4 and CO2, as well as the aqueous phase pH are solely defined and 

dependent on the CHONPS and charge of the biodegradable organics fed to it (Ekama and 

Brouckaert, 2020 in preparation). This stoichiometry applies to all organics, which include 

PSS.  

 

However, when modelling biological processes such as anaerobic digestion, additional factors 

such as speciation, affect the concentration of specific products. The concentration of these 

products is directly influenced by the system pH, which drives chemical equilibrium. 

Therefore, the stoichiometry is a useful equation when defining the reactants and products for 

biological reactions but may be limited when speciating the products correctly. Nevertheless, 

in some steady-state models, specific aqueous phase speciation reactions can be included in the 

bio-process stoichiometry, but the emphasis should be put on external speciation routines for 

correctly modelling dynamic situations (Ekama and Brouckaert, 2020 in preparation). 
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The general stoichiometric reaction for methanogenic anaerobic digestion, when the system is 

fed a biodegradable organic with a chemical composition of CxHyOzNaPbScch, broken down 

into biomass, phosphate, ammonia, sulphate, carbonate, methane and carbon dioxide, at an 

operating pH around 7 is described in Equation 2.1 (Ekama and Brouckaert, 2020 in 

preparation): 
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where: 
γS  = 4x+y-2z 3a +5b+6c-ch = EDC per mole biodegradable organics CxHyOzNaPbSc 

ch  = charge on electron donor(sign must be retained) 

γB  = 4k+l-2m-3n+5p = EDC per mole biomass CkHlOmNnPp 

EDC  = electron donating capacity (COD) 

MS  = molar mass of organics 12x+y+16z+14a+31b (g/mol) 

MB  = molar mass of biomass 12k+l+16m+14n+31p (g/mol) 

fop  = fraction H2PO4- of the OP species formed (OP = H2PO4- + HPO42-) 

E  = the mass of COD exiting the digester as active (ZBAD) and endogenous (ZEAD) sludge mass 

per day as a fraction of the mass of biodegradable organics (COD) utilised in the digester 

per day at steady state (note the unbiodegradable sludge mass is not included because it 

does not originate from the influent biodegradable organics), i.e. from the COD-based 

kinetic model: 

E  = Vd (ZBAD + ZEAD)/[Rs (Qi Sbpi -Qw Sbp)] 

=YAD(1+fADbAD Rs)/[1+ bADRs(1- YAD{1-fAD})](sludge COD produced/COD utilised) 

where  

ZBAD, ZEAD  = COD concentration of the anaerobic biomass and endogenous residue respectively 

(gCOD/l). 

Vd  = volume of the digester (l) 

Rs = sludge age (d) 

Sbpi = biodegradable particulates concentration in the influent (gCOD/l) 

Sbp = biodegradable particulate concentration (gCOD/l) 

Qi  = influent flow to digester (l/d) 
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Qw  = bed waste flow from the digester (l/d) 

 

For the stoichiometry given in Equation 2.1 above, some important observations can be made 

(Ekama and Brouckaert, 2020 in preparation): 

 

1. The COD of the CH4 equates to the COD of the biodegradable organics that are 

degraded minus a small fraction used for biomass growth. Subsequently, CH4 and 

biomass are the main two products formed from the available COD.  

2. The C content of the organics defines the amount of C present in the CO2 and CH4, 

minus the small fraction used for biomass growth. 

3. The C not taken up as CH4 becomes CO2 (either gaseous or dissolved HCO3-). 

4. The N content of the organics forms NH4+ and a small fraction of biomass. In the pH 

range of 6.8-8.6, the NH3 is present as NH4+. This re-speciation requires an additional 

H+ from the aqueous solution, which subsequently influences the alkalinity of the 

system.  

5. The organically bound P is released as H3PO4, but re-speciates to form either H2PO4- 

or HPO42-. The formation of H3PO4 does not occur at the operating pH of 6.8-8.6. 

Subsequently, either one H+ ion or two H+ ions are released into the aqueous solution, 

which subsequently influences the alkalinity of the subspecies, but does not affect the 

total alkalinity of the system as H3PO4 is the reference species. 

6. For this project, the S content of the PSS was not considered. However, the 

stoichiometry takes S into consideration.  

 

2.5.4 Stoichiometry of PSS degradation by sulphidogenic anaerobic digestion 

 

The stoichiometry in Equation 2.1 has also been applied to BSR using organics as an e− donor 

(Poinapen et al, 2009). However, Poinapen and Ekama (2010) found that most organics present 

in wastewater are ‘carbon deficient’. Carbon deficiency occurs in organics when they can 

donate more electrons for BSR than supply carbon for the HCO3- alkalinity to increase. In order 

for this to occur, the COD/TOC must be higher than 2.67. Subsequently, for most organics in 

wastewater, the stoichiometry results in the gaseous CO2 term being negative. This means that 

another system needs to provide the shortfall for the alkalinity to increase. For BSR, the 

sulphide system provides the required alkalinity in the form of HS-. Therefore, for BSR there 
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is no CO2 gas production, provided the CO2 headspace partial pressure is not sufficiently low 

to allow for CO2 to be expelled from the liquid phase. The revised stoichiometry for BSR using 

wastewater organics is given in Equation 2.2 (Ekama and Brouckaert, 2020 in preparation): 
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(2.2) 

 

However, the assumption of zero CO2 production is not entirely realistic as CO2 gas can diffuse 

out of solution. In situations where the HCO3- concentration is high, a high H2CO3 

concentration in the aqueous phase is established, and at low rCO2 (~0.0005 atm), CO2 can 

diffuse out of solution. This diffusion has a negligible effect on the C mass balance; however, 

the pH of the system is significantly affected. Subsequently, while the concept of carbon 

deficiency validates that the HS- system contributes towards the total alkalinity, absolute zero 

CO2 production is not realistic and will affect the digester pH (Ekama and Brouckaert, 2020 in 

preparation). 

 

2.6 Casein 

Casein is one of the two primary protein sources present in milk, making up approximately 3% 

of cow’s milk. Casein was chosen for this experiment as it contains organically bound nitrogen 

and phosphorus, similar to the nitrogen and phosphorus contained in the biodegradable 

organics present in PSS (Schrieke and Winter, 2011). 

 

Casein micelles are protein-based particles present in mammalian milk. The particles are 

composed primarily of phosphoproteins (known as caseins) and inorganic calcium phosphate 

and are highly hydrated, stable, polydisperse colloidal particles (Dalgleish, 2011). 

Furthermore, casein particles can be described as supramolecular, containing multiple 

molecular entities that are held together by means of non-covalent intermolecular binding 
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interactions (McMahon and Oommen, 2012). Bovine milk can be separated into four different 

casein fractions (aS1-, aS2-, b-, k - caseins) (Dalgleish, 2011). 

The casein used in this project was casein hydrolysate. Hydrolysates are commonly produced 

by incubating with proteolytic enzymes at elevated temperatures, in the range of 37 - 40°C. An 

essential characteristic of this process is the degree of hydrolysis and is defined as the 

percentage of peptide bonds cleaved (Boland, 2011).  

 

Understanding these properties is of importance to this project as casein micelles are 

considered to be colloidal particles (Dalgleish, 1998). Furthermore, all caseins contain 

substantial amounts of hydrophobic amino acids. Micelles are constructed by self-assembly of 

amphiphilic molecules (Joseph et al., 2017). Micelles contain a long hydrophobic carbon chain 

and a small hydrophilic head group (Margineanu, 2019), and are formed in aqueous solution, 

consisting of a polar region that faces the outside surface, with a nonpolar region forming the 

core (Joseph et al., 2017). These properties affect the interaction and solubility of casein with 

water. The casein used in this experiment was supplied by Sigma-Aldrich, a German company 

owned by Merck KGaA. The solubility of casein hydrolysate as specified by Merck was 310 

g/l (Sigmaaldrich.com).  

 

Additionally, the chemical formula of casein is of particular interest for this project, as casein 

was used to validate the accuracy of the AugBMP and AugBSP tests’ ability to identify the 

composition of a ‘known’ influent substrate. The composition of casein was taken from Hoover 

and Porges (1952), and Schrieke and Winter (2011). The elemental composition of casein is 

presented in Table 2.1 

 
Table 2. 1:Casein Compositions 

 Hoover and Porges (1952) Schrieke and Winter (2011) 

Constituent Weight (%) Composition Weight (%) Composition 

C 52.85 1 53.9 1 

H 6.48 1.47 7.13 1.59 

O 24.76 0.35 22.14 0.31 

N 15.12 0.25 15.8 0.25 

P - - 0.71 0.005 
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Therefore, the literature stated values of casein by Hoover and Porges (1952) and Schrieke and 

Winter (2011) are C1H1.47O0.35N0.25 and C1H1.59O0.31N0.25P0.005, respectively.  

 

2.7 Mathematical bioprocess modelling 

2.7.1 Overview 

 

Computer-based modelling is considered to be an inherent part of the design and operation of 

wastewater treatment processes. The use of mathematical models is possible during all stages 

of design, operation and optimisation of wastewater treatment systems. The chosen software 

tool for modelling the biological AD for this project was WEST®. The simulation platform 

present in WEST® is written in MSL (Model Specific Language), which is a high-level object-

orientated language, in which the dynamics of specific systems can be accurately represented 

(Vanhooren et al., 2003).  

 

Modelling and simulating wastewater treatment plants and the treatment process is an essential 

result of growing environmental awareness. Models vary in complexity, and at the fundamental 

level, a design model may be purely conceptual. The virtual design space may include 

empirical models, which incorporate a statistical approach to mimicking the end-results 

published in studies on the physical model. Ultimately, models may be developed based on 

mechanistic knowledge. Mechanistic models are powerful because they allow for extrapolation 

of the design space to conditions beyond that experienced in the physical model. This means 

that a large variety of feasible solutions may be evaluated quickly and inexpensively, 

highlighting the most accessible solutions based on physical constraints (Vanhooren et al., 

2003).  

 

2.7.2 Parameter Estimation 

 

The PWM_SA model has been coded into WESTÒ wastewater treatment software. The 

software includes a PE function that allows the user to search for desired parameters by 

inputting a set of variables. The PE process compares the model predicted variables with the 

corresponding experimentally measured variables. The PE process seeks to minimise the error 

between the simulated results and the collected experimental data by adjusting selected 
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parameters, such as organic composition or growth and death rates. The PE process involves a 

large number of model simulations and interactions which calibrate a set of user-selected model 

parameters (Ekama and Brouckaert, 2020 in preparation). 

 

PE is an essential part of this thesis for identifying the desired parameters from the experimental 

data. Therefore, the fundamentals of the process, as executed in WESTÒ, will be briefly 

explained. Claeys (2008) laid the foundation for the solver by defining the Object Evaluation 

Experiment (ExpObjEval) environment. “The ExpObjEval experiment type is capable of 

computing a large variety of objective values on the basis of the results of a dynamic simulation 

experiment.” (Claeys, 2008).  

 

To achieve a result from the PE, the environment first runs the simulation experiment and 

stores the trajectories of several selected quantities to an internal buffer. This buffer is then 

used to compute the individually selected objective values. Lastly, the environment sums up 

the individual objective values (each of which has the option of being individually weighted) 

to achieve a final overall objective value. This final objective value is used to minimise the 

error across each of the measured variables by adjusting the simulation parameters. 

Fundamentally, this environment contains several complex interactions and solvers, which are 

not mentioned in this thesis.  

 

For simplicity, the object ExpObjEval environment can be broken down into three essential 

levels (excluding the solver and call-back environment): 

 

1. Overall objective value 

2. Quantity objective value 

3. Sub-objective value 

 

1. The concept of the overall objective value is essential. The overall objective value is 

the weighted mean of the quantity objective values. Both the quantities that are used in 

the evaluation process, as well as their associated weighting, can be specified by the 

user. The quantities and weighting are combined and used in the computation of the 

overall objective value. This is represented as (Claeys, 2008): 
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2. Each of the quantity objective values is a weighted mean of sub-objective differences. 

The sub-objective differences are achieved by computing sub-objective values and then 

comparing them with the desired value. There are four possible error criteria in which 

to find the quantity objective value (Claeys, 2008):  

 

a. Absolute error: 
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b. Relative error: 

 

!!# =

∑ $&!,$ × *
	!&!,$ − !)&!,$
	!&!,$

	*"%
'$%

∑ $&!,$
""
#$%

 

(2.5) 

 

c. Squared error: 
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d. Squared relative error: 
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3. Finally, the sub-objective value of quantity can be defined. Equations 2.4 to 2.7 above 

show that multiple sub-objective values can be used for each quantity. The only sub-

objective value used in this thesis was the Mean Difference (MD). MD allows for the 

simulated trajectories to be compared with a reference time series. This means that the 

value of the MD sub-objective is defined as “a weighted mean of the mean differences 

between the simulated trajectory and each of the reference series” (Claeys, 2008). This 

was crucial as the lab data was recorded daily. Therefore, the error associated with the 

mean differences of the daily measured values was minimised, allowing for the 

composition and kinetics of the AugBMP and AugBSP tests to be identified. MD is 

defined as: 
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where: 
! = Overall objective value 

!() = Objective value of quantity i 

!*!,# = Value of sub-objective j of quantity i 

!"*!,# = Desired value of sub-objective j of quantity i 

#(! = Weight of quantity i 

#*!,# = Weight of sub-objective j of quantity i 

#+!,$ = Weight of reference time series l of quantity i 
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Figure 2.4 and Figure 2.5 show the PE environment in WESTÒ. In Figure 2.4, the measured 

variables can be chosen, and the desired value, weighting and difference criterion can be 

selected. Figure 2.5 shows a PE run in which the overall objective value is minimised over 

multiple iterations to find the best solution, highlighted in orange.  

 

 
Figure 2. 4: Variable criteria in WEST PE 

 

The overall objective value incorporated into the PE function is crucial as it allows the 

parameters in question, namely the composition of the organics, to be determined using specific 

criteria. This criteria are imperative as laboratory measurements are prone to error, which can 

affect the outcome of determining the organic composition or kinetic rates. The overall 

objective value allows for the laboratory measurements to be weighted appropriately. This 

weighting ensures that error is distributed throughout the PE based on the confidence of the 

experimental measurements.  
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Figure 2. 5: Parameter estimation function in WEST 
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Chapter 3: Materials and Methods 

3.1 Introduction 

As highlighted in Chapter 1, the primary objective of this thesis is to determine the composition 

of the biodegradable particulate organics present in PSS. In order to achieve this, two different 

experimental approaches were used, a methanogenic approach and a sulphidogenic approach. 

Figure 3.1 describes the flow of Chapter 3, starting with the design and operation of the steady-

state reactors used to grow the required inoculum. The feed storage and preparation are then 

discussed, followed by the design and operation of the AugBMP and AugBSP batch 

experiments. The analytical procedures used to collect the required data are then described, 

followed by the evaluation of the data collected, which made use of both conservation of mass 

and statistics. The influent fractionation method is then described for both the methanogenic 

and sulphidogenic system, followed by the methods used to identify the biodegradable organic 

composition. The methodology used to construct the virtual model of the steady-state reactors 

is then explained. Finally, the methods used to model the augmented batch test experiments, 

which includes the selection of parameters for the composition identification, are described. 

 

 
Figure 3. 1: Chapter 3 layout 
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3.2 Steady-state reactor design and operation 

Both the AugBMP, and the AugBSP experiments required a stable inoculum. The inoculum 

needed to be taken from an active AD, which was fed a complex substrate such that a diverse 

range of microbes was present. In order to achieve this, a Steady-State Parent Anaerobic 

Digester (SSPAD) was required for each respective system, i.e. A methanogenic SSPAD 

(operated at a 20d sludge age) and a sulphidogenic SSPAD (operated at a 19d sludge age). 

Each of the SSPADs were fed the same macerated (shredded) PSS from Potsdam Wastewater 

Treatment Facility in the Western Cape, for at least three sludge ages (i.e., 20 × 3 = 60d) to 

allow for a steady-state to be achieved. A general rule for ensuring steady-state is to keep the 

flow rate and feed concentration constant for at least three sludge ages (i.e. in this case above 

60 days). Steady-state was checked by measuring the influent and effluent concentrations of 

the SSPADs on different days. When the deviation in each respective measurement across the 

different days was not significant, the system was deemed to be at a steady-state.  

 

3.2.1 Methanogenic Parent Digester 

 

A single methanogenic SSPAD was operated in order to provide the required inoculum for the 

AugBMP experiment. The SSPAD was operated as a continuously stirred tank reactor (CSTR; 

completely mixed) under mesophilic conditions, 37°C. The digester was heated using a 200W 

submersible aquarium fish tank heater, and the temperature was regulated using an electric 

temperature controller. Furthermore, the digester was run as a continuously batch-fed digester, 

i.e. the digester was fed the same volume and concentration for a short period (2 minutes) once 

daily. The digester did not require additional alkalinity, and the pH was maintained around 7. 

The influent and effluent flow rates of the digester were fixed by feeding diluted PSS at 0.8l/d, 

which was prepared by mixing 0.6l of stored macerated PSS with 0.2l of warm (~40°C) tap 

water. 

 

The methanogenic SSPAD consisted of a purpose-built Perspex digester with a liquid volume 

of 16l and a headspace volume of 4l. The digester had an electric motor fixed to the lid, which 

ensured that the contents were homogeneously mixed. The stirring also ensured that the liquid 

temperature was maintained at 37°C throughout the digester. The digester was fed through an 

inlet port on the lid, which could be sealed to maintain anaerobic conditions, and the effluent 
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was removed through an outlet port at the base of the digester. As previously mentioned, the 

same volume was fed to and wasted from the digester (0.8l/d); thereby fixing the sludge age of 

the digester to 20 days (i.e. 16l ÷ 0.8l/d). The layout of the methanogenic SSPAD is shown in 

Figure 3.2. 

 

 
Figure 3. 2: Methanogenic Steady-State Parent Anaerobic Digester (SSPAD) 

 

The biogas produced by the digester was measured using a wet-tip gas meter 

(http://wettipgasmeter.com/). The biogas escaped through a gas port on the lid of the digester 

and then flowed through a gas line to the base of the wet-tip gas meter. The gas then bubbled 

through water and collected in the tipping mechanism of the gas meter. The tipping mechanism 

on the meter was constructed of plastic and was set on a central pivot. Once 45ml of gas had 

been collected, the tipping mechanism became buoyant (due to the collected gas), and the 

mechanism pivoted, releasing the trapped gas. An electric counter was used to tally the number 

of pivots, and the total daily gas production was determined. Figure 3.3 shows a photograph of 

the experimental set-up, and the wet-tip gas meter is shown in Figure 3.4.  
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Figure 3. 3: Methanogenic SSPAD Photograph 

 

 
Figure 3. 4: Wet-tip gas meter 
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3.2.2 Sulphidogenic Parent Digester 

 

Two sulphidogenic SSPADs were operated simultaneously to provide the required inoculum 

for the AugBSP experiment. Two SSPADs were required to keep the inoculum as stable as 

possible, as repeatably sourcing SRB was challenging. One of the SSPADs would need to be 

drained entirely to inoculate the AugBSP experimental reactors due to the low operating 

concentrations of the sulphidogenic system.  

 

For the sulphidogenic system, the feed was diluted to avoid sulphide inhibition, as sulphide 

was not stripped out of the digester. Subsequently, the diluted feed produced lower constituent 

concentrations in the bulk liquid of the sulphidogenic system. As a result of the lower 

constituent concentrations, the sulphidogenic SSPAD effluent could not be diluted before 

inoculating the AugBSP experiment. Therefore, the second SSPAD was used to maintain the 

culture of SRB and restart the first SSPAD once it had been drained at the start of the AugBSP 

experiments. 

 

The sulphidogenic SSPAD consisted of a 25l aspirator bottle fitted and sealed with a rubber 

stopper at the top and bottom orifices to ensure that anaerobic conditions were maintained. The 

SSPAD was operated as a continuously stirred tank reactor (CSTR; completely mixed) under 

mesophilic conditions, 35°C. The digester was heated using a 200W submersible aquarium fish 

tank heater, and the temperature was regulated using an electric temperature controller. 

Furthermore, the digester was run as a continuously batch fed digester, i.e. the digester was fed 

the same volume and concentration for a short period (2min) once daily. The digester did not 

require additional alkalinity, as sufficient alkalinity was generated by the sulphate reduction 

process, and the pH was maintained around 7. The influent and effluent flow rates of the 

digester were fixed by feeding 1l/d. The first sulphidogenic SSPAD consisted of a 

commercially available glass aspirator bottle and the second consisted of a commercially 

available plastic aspirator bottle. Both SSPADs were operated with a liquid volume of 19l and 

a headspace volume of 6l. The digesters were placed on a magnetic stirrer which ensured that 

the contents were homogeneously mixed. The stirring also ensured that the liquid temperature 

was maintained at 35°C throughout the digester. The temperature of the sulphidogenic system 

differed slightly from that of the methanogenic system due to the heating element and 

temperature controller used. However, consistent mesophilic conditions were maintained in 

both reactors, as minimal temperature fluctuations occurred. 
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When feeding the digesters, the effluent from the previous twenty-four hours was first 

removed. Nitrogen gas was sparged into the digester whilst draining the effluent to avoid a 

negative pressure and maintain atmospheric pressure in the digester. Positive pressure was 

prevented by allowing the excess gas to leave the digester via a gas line, which passed through 

the rubber stopper at the top of the digester. After the effluent was removed, the digester was 

fed by pumping the feed mixture through a feed line, which ran through the rubber stopper at 

the top of the digester. As previously mentioned, the same volume was fed to and wasted from 

the digester (1l/d); therefore, fixing the sludge age of the digester to 19 days (i.e. 19l ÷ 1l/d). 

 

 
Figure 3. 5: Sulphidogenic Steady-State Parent Anaerobic Digester (SSPAD) 

 

The sulphidogenic SSPAD produced hydrogen sulphide as a by-product, which can be toxic 

and lethal in high concentrations; therefore, the system was placed inside a fume cabinet to 

reduce exposure in the event of H2S gas escape. The H2S produced was removed from the 

digester via a gas line, which passed through the rubber stopper at the top of the digester. After 

leaving the digester headspace, the gas passed into a liquid trap, which ensured that no liquid 

could be sucked back into the digester due to negative pressure. Following the liquid trap, the 

gas passed into a gas trap where it bubbled through ferric chloride. The ferric chloride aimed 

to capture all the H2S gas by forming ferrous iron (Fe2+) from the reduction of ferric iron (Fe3+). 

Equation 3.1 shows the reduction of Fe3+ to Fe2+ when H2S is bubbled through the solution. 

 

1201	(34) + 6(7	(8) = 12(1	(34) + 72	(99:) + 261	(34) (3.1) 

 

Finally, the gas was captured in a gas bag and disposed of accordingly. Figure 3.6 shows a 

photograph of the two sulphidogenic SSPADs run in parallel.  
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Figure 3. 6: Sulphidogenic SSPAD Photograph 

 

3.3 Feed 

 

The PSS used for the entire duration of the experiment was collected from Potsdam Wastewater 

Treatment Facility (Western Cape, South Africa). The PSS was collected from the bottom of 

the PST in 2 x 50l drums and transported back to the UCT Water Quality Lab. The PSS in the 

first 50l drum was then macerated in a blender to ensure homogenous distribution of the solid 

material. Following this maceration process, the PSS was transferred into 10 x 5l drums. The 

second 50l drum, as well as nine of the 5l drums, were stored in the freezer at -20°C. The PSS 

that was used for feeding the digesters was stored in the fridge at 4°C. Subsequently, when a 

5l drum was empty, a frozen 5l drum was removed from the freezer, thawed in the fridge at 

4°C, stored in the fridge and used for daily feeding. This process continued until the feed was 

utilised entirely, at which point, more PSS was collected from Potsdam. Furthermore, the PSS 

was tested occasionally while under storage to ensure consistency in the feed characteristics. 
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3.3.1 Methanogenic system feed preparation 

 

The macerated PSS used to feed the methanogenic SSPAD was taken directly from the 5l drum, 

which was stored in the fridge. The PSS, 0.6l, was mixed with warm (~40°C) tap water, 0.2l, 

making a total of 0.8l methanogenic SSPAD PSS feed. The warm water was added to increase 

the temperature of the PSS before being fed to the digester. This addition of warm water caused 

the PSS to become slightly diluted (75% of its original concentration). This dilution was taken 

into consideration for all subsequent calculations and modelling performed on the 

methanogenic SSPAD. 

 

3.3.2 Sulphidogenic system feed preparation 

 

The sulphidogenic SSPAD was not capable of treating undiluted PSS without stripping H2S 

out of the digester, as inhibition would have occurred. Undissociated H2S is generally 

considered to be the sulphide species that is toxic when in high concentrations, accumulating 

in the undissociated form for digesters with a pH below 7 (Koster et al., 1986). Therefore, even 

though the digesters were operated at a pH above 7, in order to avoid having to strip out the 

H2S gas from the digester, the COD of the PSS was diluted such that the sulphide concentration 

did not exceed 500 mgH2S-S/l (Ristow et al., 2005). Therefore, for this experiment, the 

sulphate concentration was fixed at 1.5gSO4/l. Subsequently, the PSS was diluted to ensure 

that a COD/SO42- ratio of 0.67 was maintained. Therefore 1gCOD/l of biodegradable organics 

needed to be fed to the digester. It was assumed that the biodegradable organics made up 

approximately 2/3 of the total COD in the PSS; therefore, the PSS was diluted to 1.5gCOD/l 

before being fed to the digester.  

 

The amount of dilution required for the sulphidogenic SSPAD PSS feed was dependent on the 

COD concentration of the undiluted PSS. However, in general, the sulphidogenic SSPAD PSS 

feed was prepared by taking approximately 500ml undiluted PSS and diluting with 11l of tap 

water. Therefore, 11.5l of diluted PSS was prepared each time and stored in the fridge at 4°C.  

 

For sulphate reduction, the biodegradable organics present in the PSS act as the electron donor, 

and sulphate is used as the electron acceptor, producing H2S. Therefore, additional sulphate 

needed to be added to the sulphidogenic SSPAD PSS feed. The sulphate was added before 
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feeding, i.e. the sulphidogenic SSPAD PSS feed that was stored in the fridge did not contain 

sulphate.  

 

Sulphate was added to the sulphidogenic SSPAD PSS feed as a blend of two mixtures, 

sulphuric acid (H2SO4) and sodium sulphate (Na2SO4). Both the sulphuric acid and the sodium 

sulphate were prepared beforehand, and the SO42- was tested to ensure a concentration of 3 

gSO42-/l. The sulphate mixture, used for adding sulphate to the feed, did not contain any COD, 

as sulphate is in the most oxidised state. Therefore, adding the sulphate mixture to the 

sulphidogenic SSPAD PSS feed would further dilute it. Likewise, mixing the sulphidogenic 

SSPAD PSS feed with the sulphate mixture would dilute the sulphate concentration, as the PSS 

contained negligible sulphate. To compensate for this, the macerated PSS from Potsdam was 

diluted to a concentration of 3gCOD/l and the sulphate solution was diluted to a concentration 

of 3gSO4/l. Therefore, by adding 500ml of each, the resulting feed had a total volume of 1l and 

contained 1.5 gCOD/l and 1.5 gSO4/l.  

 

 
Figure 3. 7: Sulphidogenic SSPAD feed mixture 

 

The final feed mixture fed to the sulphidogenic SSPAD was 5-parts sulphidogenic SSPAD PSS 

with 1-part diluted sulphuric acid and 4-parts sodium sulphate. The addition of the diluted 

sulphuric acid ensured a low feed pH of 2.6, as the sulphidogenic reaction generates alkalinity. 

Subsequently, even with the low feed pH, the sulphidogenic SSPAD was maintained at an 

operating pH of 7.1 without the addition of external alkalinity.  

Potsdam PS

Diluted PS

3000 mgCOD/l

500ml 100ml 400ml

Concentrated Form

Water

Sulphuric Acid Powdered Sodium Sulphate

Diluted H2SO4 Aqueous Sodium SulphateDiluted 

Steady State Feed

Concentration 3000 mgSO4/l 3000 mgSO4/l

Feed Mixture

Volume
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3.4 Augmented BMP Experiment 

3.4.1 Overview 

 

The AugBMP experiment consisted of the two usual seeding conditions, as specified by 

Angelidaki et al. (2009) and Holliger et al. (2016). The first seeding condition was a control 

batch reactor, in which only the methanogenic SSPAD effluent (inoculum) was inserted. The 

second seeding condition was a test batch reactor, in which both methanogenic SSPAD effluent 

(inoculum) and the organic substrate (in this case, casein/PSS, as described in Section 2.5 and 

Section 2.6) was inserted.  

 

3.4.2 Experimental set-up 

 

In order to achieve reliable results, the experiment was conducted in triplicate. i.e. utilising 

three control reactors and three test reactors; therefore, requiring six reactor vessels in total. 

The control reactors were labelled C1, C2, C3 and the test reactors T1, T2, T3, respectively. 

The reactor vessel chosen for the AugBMP experiment was a 6l glass aspirator bottle. The 

aspirator bottle consisted of two orifices, one at the top of the bottle, and the other near the 

base. A rubber stopper, with two holes drilled into it, was used to seal the orifice at the top of 

the bottle. The first hole in this top rubber stopper was used as a feeding tube (to get liquid into 

the bottle during seeding), and the second hole was to allow for the biogas to escape. The 

feeding tube was sealed with a clamped rubber hose for the duration of the experiment to ensure 

that anaerobic conditions, as well as a gas-tight environment, were maintained. The orifice at 

the bottom of the glass aspirator bottle was sealed with a rubber stopper and a syringe. The 

syringe was used for sampling and ensured that the accumulation of residual liquid in the outlet 

port was avoided. Therefore, when a sample was taken, the syringe was pulled out to allow for 

the effluent to leave the reactor. After a sufficient sample volume had been taken, the syringe 

was then pushed back in, subsequently forcing the liquid back into the reactor.  

 

Each reactor included a 100W submersible aquarium fish tank heater (which was smaller than 

the 200W used in the SSPAD) to maintain mesophilic conditions, 35°C. The reactor was 

manually stirred by picking the vessel up and moving it in a horizontal, circular motion. This 

mixing regime was used as six magnetic stirrers were not available. The reactor was manually 

stirred 4-5 times daily to ensure homogenous mixing.  
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Figure 3. 8: AugBMP experiment set-up 

 

The experiment was set up for volumetric measurement of the biogas, i.e. maintaining a neutral 

pressure inside the reactor, as shown in Figure 3.8. The rubber stopper used to seal the top of 

the reactor contained a gas port. The gas port was connected via silicon gas tubing to the base 

of an inverted water column. The inverted column was made from Perspex with a height of 

2000mm and an internal diameter of 60mm. A measuring tape was placed along the outside of 

the column. Subsequently, the gas volume and production rate were determined using the 

internal diameter and the measuring tape. The inverted water column was mounted on a 

purpose-built rig and was submerged into the water bath. The water bath was filled with tap 

water, which was kept at ambient lab temperature (21°C). The column was filled using a 

vacuum pump connected at the top of the column, which sucked the water from the bath into 

the upright column. The columns were tested for leaks before the start of the experiments. 
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Figure 3. 9: AugBMP experiment photograph 

 

3.4.3 Seeding Procedure 

 

The inoculum used for seeding the AugBMP experiment was wasted directly from the 

methanogenic SSPAD on the day the experiment began. Therefore, a degassing period was not 
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utilised as the inoculum needed to be as fresh as possible to maintain the SSPAD effluent 

characteristics. Degassing is a pre-incubation step that removes any residual biodegradable 

material present in the inoculum (Angelidaki et al., 2009). The degradation of the residual 

biodegradable material present in the inoculum was accounted for by the AugBMP control 

reactor. The steady-state AD model of Sötemann et al. (2005), tailored for the SSPAD 

conditions, was used to estimate the active biomass concentration present in the methanogenic 

SSPAD effluent, that was used to inoculate the AugBMP experiment. It was crucial to correctly 

estimate the biomass concentrations at the start of the modelled AugBMP experiment, as the 

biomass concentrations were used as an input for the PWM_SA_AD model and would affect 

the material released into the AugBMP due to biomass decay, as well as the substrate 

degradation rates. 

 

The AugBMP control reactor contained inoculum and water only. The starting mix consisted 

of 7.5l of inoculum and 7.5l of tap water (the mix resulted in the inoculum being diluted to half 

the original SSPAD effluent concentration). This 15l starting mix was stirred in a large 

container. Once the contents were homogenously mixed, 5l was transferred from the container 

to each of the three AugBMP control reactors through the feed line. The mixing process was 

performed as quickly as possible to limit exposure to oxygen. Furthermore, each AugBMP 

control reactor was flushed with nitrogen gas before the starting mix was transferred, which 

ensured anaerobic conditions inside the reactor.  

 

The AugBMP test reactor contained inoculum, water and organic substrate (casein/PSS). The 

15l starting mix contained 3.75l of inoculum, 10l of tap water and 1.25l of the substrate. Hence, 

this mix resulted in the inoculum being diluted to a quarter the original SSPAD effluent 

concentration, and half the AugBMP control concentration. Therefore, the influence (gas 

production and the release of inorganics) of the AugBMP control reactor due to the breakdown 

of residual organics was halved when using it as the baseline for analysis of the AugBSP test 

reactor. The starting procedure was identical to that of the AugBMP control, i.e. the 15l starting 

mix was stirred in a large container, and then 5l was transferred to each of the AugBMP test 

reactors. The starting mix for each of the AugBMP experiment reactors is summarised in Table 

3.1 
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Table 3. 1: AugBMP experiment starting mixture 

 
 

3.4.4 Sampling Procedure 

 

The sampling was conducted regularly to generate data that would be useful to determine 

kinetic parameters such as the hydrolysis rate and substrate uptake rates relative to the biogas 

production. The AugBMP reactors were sampled daily for the first ten days of the experiment, 

after which the reactors were sampled every second day for the remainder of the experiment. 

After the first ten days, the sampling frequency was decreased to every second day (this was 

because the hydrolysis rate and substrate uptake rates were expected to have decreased). The 

sampling continued until the activity in the reactor had stabilised, i.e. there was no significant 

change in COD or biogas production. 

 

The AugBMP sampling was conducted using a gasbag and a sampling cup. The reactor was 

thoroughly mixed before sampling. The sample was removed from the syringe outlet port at 

the base of the reactor, as shown in Figure 3.8. The syringe was used to ensure that no residual 

effluent remained in the outlet port after sampling. During sampling, a gasbag containing 

biogas from the methanogenic SSPAD, was connected to the feed line at the top of the reactor. 

The gasbag ensured that the pressure remained constant, as a negative pressure occurred in the 

reactor if it was sealed when the sample was removed. The gasbag contained biogas from the 

methanogenic SSPAD in order to keep the headspace conditions anaerobic. Nitrogen gas was 

considered; however, biogas was used instead, as the gas in the AugBMP reactor headspace 

was sent for analysis to determine the methane content. A 120ml sample was taken from the 

Component Volumes Unit Control Reactors Test Reactors
Biomass ! 7.5 3.75
Water ! 7.5 10
Substrate ! 0 1.25
Total Volume ! 15 15

Component Volumes Unit Control Reactor Test Reactor
Biomass ! 2.5 1.25
Water ! 2.5 3.33
Substrate ! 0 0.42
Total Volume ! 5 5

Total Mix

Individual Reactor Mix
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reactor, and the pH and conductivity were measured immediately after sampling (before 

significant loss of CO2 occurred), after which, the sample was tested for a diverse range of 

constituents, which is further explained in Section 3.6. 

 

3.4.5 Gas Measurement 

 

The biogas produced by each of the reactors was captured in the inverted water columns. The 

water level in the column was checked frequently to accurately capture the methane potential 

curve. Each column was the same size in diameter and marked with a measuring tape, which 

allowed for the gas volume and production rate to be monitored with time. However, the gas 

volume in the inverted column was influenced by the column water level relative to the bath 

surface level. Therefore, when determining the molar equivalent, and subsequently, the COD 

equivalent of the biogas produced, adjustments for column pressure needed to be made. The 

pressure exerted on the gas inside the column varies with height above the water level of the 

bath. The surface of the water bath is at atmospheric pressure (ambient laboratory pressure). 

However, the gas inside the column has a pressure lower than atmospheric. This lower pressure 

is caused as the column water level is above that of the bath water level. As a result, the higher 

the column water level above the bath water level, the larger the volume the gas occupies. 

Equation 3.2 below illustrates that at the height of 1.8m above the water level of the bath, the 

pressure in the column is 17 623 Pa lower than atmospheric. Therefore, at room temperature 

(20°C) and atmospheric pressure (101.325kPa), 1 mol of gas would occupy 24l. However, at 

the height of 1.8m above the bath water level, 1 mol of gas would occupy 29l.  

 

< = 	=8ℎ Pa (3.2) 

< = (998A8/C0)(9.81C/F()(−1.8C)  

< = 	−17622.68	<3  
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3.5 Augmented BSP Experiment 

3.5.1 Overview 

 

Similar to the AugBMP, the AugBSP experiment consisted of the two seeding conditions, 

specified by Angelidaki et al. (2009) and Holliger et al. (2016). The first seeding condition was 

a control batch reactor, in which only the sulphidogenic SSPAD effluent (inoculum) was 

inserted. The second seeding condition was a test batch reactor, in which both sulphidogenic 

SSPAD effluent (inoculum) and the organic substrate (casein/PSS) was inserted. The primary 

goal of the AugBSP test was to alleviate the gas measurement error experienced with the 

AugBMP test, as all measurements are conducted in the aqueous phase. Therefore, the 

approach for the AugBSP experiment was similar to that of the AugBMP test.  

 

3.5.2 Experimental set-up 

 

In order to achieve reliable results, the AugBSP experiment was conducted in duplicate. i.e. 

utilising two control reactors and two test reactors; therefore, requiring four reactor vessels in 

total. The control reactors were labelled C1 and C2, and the test reactors T1 and T2, 

respectively. The reason the experiment was not conducted in triplicate (similar to the 

AugBMP), was that the accuracy and precision of the results was expected to improve 

significantly when all measurements were performed on the aqueous solution, i.e. with the gas 

uncertainty removed.  

 

The reactor vessel chosen for the AugBSP experiment was a 7.9l purpose-built Perspex reactor, 

which was completely sealed with a zero headspace, as shown in Figures 3.10 and 3.11. The 

reactor had an internal diameter of 186mm and a height of 290mm. The reactor incorporated a 

sealed plunger-mechanism which allowed a sample to be taken from the reactor while keeping 

a zero headspace. The plunger was constructed of a circular Polyvinyl Chloride (PVC) plate 

(184mm in diameter), with a groove cut along the circumference, such that a rubber O-ring 

could be fitted to ensure a gas-tight seal. The PVC plate was attached to a threaded bar, which 

rotated through a nut fixed to a horizontal bar. The horizontal bar was attached to the flange of 

the reactor vessel. At the top of the threaded bar was a handle. The handle allowed the user to 

screw the plunger up or down. The reactor and its sample mechanism resembled that of a large 

syringe, pushing a sample out of the reactor while maintaining a zero headspace.  
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Figure 3. 10: AugBSP experiment design 
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Each reactor included a 100W submersible aquarium fish tank heater to maintain mesophilic 

conditions, 35°C. The heating element was inserted into the sidewall of the reactor close to the 

base. The heating element was placed horizontally and did not interfere with the plunger. The 

reactor was placed on top of a magnetic stirrer to ensure homogenous mixing. As with the 

AugBMP reactor vessel, the outlet port of the AugBSP reactor was sealed with a rubber stopper 

and a syringe. The syringe was used for sampling and ensured that the accumulation of residual 

liquid in the outlet port was avoided.  

 

 
Figure 3. 11: AugBSP experiment photograph 

 

3.5.3 Seeding Procedure 

 

The inoculum used for seeding the AugBSP experiment was wasted directly from the 

sulphidogenic SSPAD on the day the experiment began. Therefore, as was the case with the 

AugBMP experiment, the inoculum had to be as fresh as possible (to maintain a SSPAD 

effluent that could be characterised using steady-state model equations). Likewise, the steady-

state AD model of Sötemann et al. (2005) was used to estimate the active biomass 
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concentration present in the sulphidogenic SSPAD effluent, which was subsequently used to 

inoculate the AugBSP experiment. The degradation of the residual biodegradable material 

present in the inoculum was accounted for by the AugBSP control reactor. Furthermore, the 

concentration of biomass at the start of the modelled AugBSP experiment needed to be 

estimated as it was used as an input for the PWM_SA_AD model and would affect the sulphide 

produced due to biomass decay, as well as the substrate degradation rates.  

 

The AugBSP control reactor contained inoculum only. The starting mix consisted of 12l of 

inoculum without the addition of tap water (i.e., the starting mix was at the same concentration 

as the SSPAD effluent). The 12l starting mix was then divided equally, such that 6l was 

transferred into each of the two AugBSP control reactors through an inlet port on the plunger. 

The transfer process was performed as quickly as possible to limit exposure to oxygen. 

Furthermore, each AugBSP control reactor was flushed with nitrogen gas before the starting 

mix was transferred, which ensured anaerobic conditions inside the reactor. However, due to 

the zero headspace in the reactor, anaerobic conditions were easier to ensure, compared to that 

of the AugBMP experiment. The inlet port was sealed with a rubber stopper immediately after 

transferring the 6-litre starting reactor mix.  

 

The AugBSP test reactor contained inoculum and organic substrate (casein/PSS). The 12l 

starting mix contained 6l of inoculum, 3l of the substrate, 2.5l of Na2SO4 solution and 0.5l of 

H2SO4 solution. Each of the sulphate solutions (Na2SO4 and H2SO4) used was identical to the 

sulphate solutions described in Section 3.3.2. Subsequently, this mix resulted in the inoculum 

being diluted to half the original SSPAD effluent concentration, and subsequently, half of the 

AugBSP control concentration. Therefore, the influence (H2S production, the release of 

inorganics) of the AugBSP control reactor due to the breakdown of residual organics was 

halved when using it as the baseline for analysis of the AugBSP test reactor results. The starting 

procedure was identical to that of the AugBSP control, i.e. the 12l starting mix was stirred in a 

large container and then 6l was transferred to each of the AugBSP test reactors. The starting 

mix for each of the AugBSP experiment reactors is summarised in Table 3.2. 
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Table 3. 2: AugBSP starting mixture 

 
 

3.5.4 Sampling Procedure 

 

Similar to the AugBMP, the AugBSP reactors were sampled daily for the first ten days of the 

experiment, after which the reactors were sampled every second day. The regular sampling 

was useful to determine kinetic parameters such as the hydrolysis rate and substrate uptake 

rates relative to the H2S production. After the first ten days, the sampling frequency was 

decreased to every second day as the hydrolysis rate and substrate uptake rates decreased. The 

sampling continued until the activity in the reactor had stabilised, i.e. there was no significant 

change in COD or H2S production. 

 

A sample was removed from the AugBSP test reactor by turning the handle at the top of the 

threaded bar. Turning the handle caused the plunger to move downwards towards the base of 

the reactor. This downwards motion of the plunger resulted in a brief positive pressure in the 

reactor, which pushed the sample out of the outlet port. A syringe was used to ensure that no 

residual effluent remained in the outlet port after sampling. 

 

Two separate sample streams were removed from each of the AugBSP reactors. The first 100ml 

sample stream was collected directly into a glass beaker containing 8 drops of 10M NaOH. The 

Component Volumes Unit Control Reactors Test Reactors
Biomass ! 12 6
Water ! 0 0
Substrate ! 0 3
Na2SO4 Solution ! 0 2.5
H2SO4 Solution ! 0 0.5
Total Volume ! 12 12

Component Volumes Unit Control Reactor Test Reactor
Biomass ! 6 3
Water ! 0 0
Substrate ! 0 1.5
Na2SO4 Solution ! 0 1.25
H2SO4 Solution ! 0 0.25
Total Volume ! 6 6

Total Mix

Individual Reactor Mix
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NaOH was added to the sample to raise the pH above 10. The increase in pH ensured that as 

much sulphide as possible remained in its dissociated form (HS-). Raising the pH was necessary 

as the dissolved sulphide concentration was measured using the open-flux COD method. This 

method of sulphide measurement was confirmed by Poinapen et al. (2009) and is discussed 

further in Section 3.6.3. Consequently, achieving a sulphur balance over the AugBSP reactor 

was directly influenced by the amount of dissociated HS- that remained in solution, as shown 

in Section 3.7.4. 

 

The second 100ml stream, with no chemical additives, was collected in a plastic sampling cup. 

This second stream was used to determine the remaining constituents, such as pH, conductivity, 

FSA, OP, alkalinity and solids. Furthermore, the pH and conductivity of the sample were 

measured immediately (before significant loss of H2S or CO2 occurred).  

 

3.6 Analytical Procedures  

3.6.1 Overview 

 

The concentrations of the constituents present in the substrate (casein/PSS), the effluent from 

the SSPADs for both the methanogenic and sulphidogenic systems, and the AugBMP and 

AugBSP reactors were determined using wet chemistry analysis. Additionally, the methane 

content of the biogas produced by the methanogenic systems was identified using gas 

chromatography. The measurements required differed between the methanogenic system and 

the sulphidogenic system. The sulphidogenic system required two additional measurements to 

quantify the sulphate and H2S concentrations. This section describes the measurements 

performed. 

 

3.6.2 Measurements performed 

 

Table 3.3 shows the ‘standard’ measurements that were conducted. The term standard aims to 

highlight the fundamental measurements that were performed on everything, i.e. the feed 

(casein/PSS), the methanogenic systems (SSPAD and AugBMP) and the sulphidogenic 

systems (SSPAD and AugBSP). 
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Table 3. 3: Standard measurements performed 

 
 

The sulphidogenic SSPAD and the AugBSP experiment required two additional measurements 

above that of the standard measurements, as both sulphate and H2S were present in the aqueous 

solution. The sulphate and H2S concentrations were determined by including the organic COD 

concentration and a direct sulphate assay. These additional measurements are summarised in 

Table 3.4. 

 
Table 3. 4: Additional sulphidogenic system measurements  

 
 

3.6.3 COD 

 

The procedure used for the COD assay was the sulphuric acid open-flux COD method, 

followed by titration with ferrous ammonium sulphate (FAS), as defined by Standard Methods 

(1985). Both the unfiltered and filtered COD concentrations were determined. In general, the 

unfiltered sample was used to determine the total concentrations (including particulates) for 

COD, TKN and TP. The filtered sample was used to determine the soluble concentrations for 

the soluble COD, VFA, alkalinities, FSA and OP. Therefore, the terms unfiltered COD and 

total COD, as well as the terms filtered COD and soluble COD, are interchangeable. 

 

The sample (substrate/effluent) was filtered using a series of filtration steps. The first step was 

to pour the sample into a 50ml centrifuge tube and centrifuge for 10 minutes at 3500 rpm. 

Following the centrifuge, the supernatant was poured from the centrifuge tube into a vacuum 

filter. The sample was filtered through a glass fibre (S&S GF 52) and then a 0.45 μm membrane 

Constituent COD Nitrogen Phosphorus Solids Alkalinity Species pH Conductivity
1 Unfiltered TKN TP TSS Carbonate CT pH Conductivity

2 Filtered FSA OP VSS Ammonium AT

3 ISS Phosphate
4 VFA
5 Sulphide
6 Total

Standard Measurements

Constituent COD Sulphate
1 Organic Sulphate

Additional Measurements
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(S&S ME 25/21 ST) filter papers. After filtering, the sample was diluted to the appropriate 

dilution for the required measurement.  

 

For the sulphidogenic SSPAD and the AugBSP experiment, an additional COD measurement 

was performed to determine the concentration of dissolved H2S. The method, which was 

confirmed by Poinapen et al. (2009), retains all the sulphide in solution by converting the un-

dissociated H2S into the HS- species by raising the sample pH using 10M NaOH. Minimal H2S 

is lost during sample handling, which includes vacuum filtration. The method requires three 

COD measurements. The first two are the unfiltered and filtered COD, as specified above, and 

the third is the soluble organic COD.  

 

The soluble organic COD is the COD associated with the dissolved organics without the 

influence of sulphide. Therefore, the soluble organic COD is determined by removing the 

sulphide COD from the sample. The filtered (total soluble) COD is the sum of the soluble 

organic COD and the soluble sulphide COD. Therefore, by removing the soluble sulphide COD 

from the sample, the soluble organic COD is isolated. 

 

If the filtered (total soluble) COD concentration is measured, and the soluble organic COD 

concentration is isolated by removing the sulphide, the dissolved sulphide COD concentration 

can be determined as the difference between the filtered (total soluble) and the soluble organic 

COD.  

 

6(7	IJK = LMN:2O2P	IJK − FQNRSN2	QO83TMU	IJK mgCOD/l (3.3) 

 

Excess zinc sulphate (ZnSO4) was used to remove the dissolved H2S COD from the sample. 

The addition of excess zinc sulphate precipitates the dissolved H2S out of solution as zinc 

sulphide (ZnS). Therefore, for the sulphidogenic systems, the COD effluent sample was split 

into three sub-streams. As previously mentioned, the sulphidogenic system was sampled into 

a beaker containing 8 drops of 10M NaOH. The first sub-stream was used to determine the 

unfiltered COD concentrations. The second sub-stream was used to determine the filtered COD 

concentration and underwent the same filtering procedure described above. The third sub-

stream had excess zinc sulphate added to it. Following the addition of excess zinc sulphate, the 

third sub-stream was centrifuged for 10 minutes at 3500 rpm and then vacuum filtered through 

a 0.45 μm membrane filter paper to remove the precipitated zinc sulphide. The third sub-stream 



 71 

was then tested for COD concentration using the procedure defined by Standard Methods 

(1985). Therefore, the third sub-stream quantified the soluble organic COD concentration.  

 

3.6.4 TKN and FSA 

 

The TKN and the FSA concentrations were determined using the micro-Kjeldahl method 

(4500-Norg (C)) and titrimetric method (4500-NH3 (B), (E)) respectively, as outlined in 

Standard Methods (1985, Method 420B).  

 

3.6.5 TP and OP 

 

The TP concentration was determined using the sulphuric/persulphate digestion at 100°C 

(Standard Methods, 1985, Method 424C III). The acid digested TP sample, as well as the OP 

sample, were tested using the molybdate-vanadate colour development for ortho-phosphate 

using a spectrophotometer (Standard Methods, 1985, vanadomolybdophosphoric acid 

colorimetric method). The ThermoFisherScientific Gallery was used as a spectrophotometer, 

with a wavelength set to 470 µm, in order to measure the colour intensity of the sample. 

 

3.6.6 Solids 

 

The total suspended solids (TSS) concentration was measured by taking a 50ml sample and 

centrifuging in a centrifuge tube at 3500 rpm for 10 minutes. The supernatant was poured out, 

and the solids that settled at the bottom of the centrifuge tube were transferred to a crucible. 

The crucible was then oven-dried at 95°C for 24 hours. The inorganic suspended solids (ISS) 

concentration was measured by placing the oven-dried crucible in an incinerator at 550°C for 

20 minutes. The empty crucible, the oven-dried crucible and the incinerated crucible was 

weighed on a mass balance. The volatile suspended solids (VSS) concentration was determined 

as the difference between the TSS and ISS mass. The method is described in Standard Methods 

(1985, 2540(D) for TSS and 2540(E) for VSS).  

 

V77 = W77	(JX2T	POM2P	C3FF) − Y77	(MTUMT2O3:2P	C3FF) mgVSS/l (3.4)  
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3.6.7 Alkalinity 

 

The alkalinity was measured using the 5-pH point titration method (Moosbrugger et al., 1993). 

The method allows for the total alkalinity and subspecies alkalinities to be determined. 

Furthermore, the method also allows for the VFA (as acetate, AT) and the dissolved carbon 

(CT) concentrations to be determined. Five pH points are required to determine the alkalinity, 

VFA (AT) and CT concentrations. A brief outline of the procedure is given below: 

 

1. Pour a filtered sample (10-50ml) into a 50ml volumetric flask. If the sample is less than 

50ml, fill the remaining volume in the flask with distilled water such that a total volume 

of 50ml is achieved. The dilution is taken into account by the 5-point titration software.  

2. Measure the conductivity and temperature of the sample 

3. The 50ml sample is gently stirred to avoid gas loss (CO2 or H2S) 

4. The five pH points are the original sample pH (say 7.2) and four set pH points, 6.70, 

5.90, 5.20, and 4.30. 

5. Diluted HCl with known normality is added to lower the sample pH. The cumulative 

volume of acid added to reach each of the set points above is recorded.  

6. The total ammonia, phosphate and sulphide system concentrations (NT, PT and ST) need 

to be known.  

7. The cumulative values of HCl acid added, as well as the pH points closest to the 

setpoints are then entered into the 5-point titration program. 

8. The outcome gives the H2CO3 alkalinity, from which CT is determined, theVFA (as 

acetate, AT) and the total alkalinity concentrations. 

 

The addition of acid for the 5-point titration method was conducted using the HI 902 Color, an 

automatic potentiometric titrator by Hanna Instruments. The automatic titrator contained a pH 

probe, a stirring paddle and a titration jet, from which the acid was added to the stirred sample. 

The titrator was programmed to discharge acid slowly while recording the sample pH. The acid 

was added at a moderate rate, such that the titration took approximately 10 minutes to complete. 

The titration concluded at an endpoint of 4.30, as specified above, and the data was stored 

digitally on a removable drive. The data was then extracted, and the required pH points and 

cumulative acid volumes were entered into the 5-point titration program.  
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The mixed weak acid/base species present in both the methanogenic and sulphidogenic systems 

were the carbonate (CT), the ammonium (NT), the phosphate (PT) and the VFA (AT) systems. 

The sulphidogenic system contained one additional species, sulphide (ST), which was 

negligible in the methanogenic system. Therefore, to correctly determine the alkalinities for 

each of the species present, the concentration of ammonia, phosphate and sulphide needed to 

be known. The ammonia was measured using the FSA method, the phosphate was measured 

using the OP method, and the sulphide was measured using the COD method.  

 

For the methanogenic system, the release of ammonia into the bulk liquid was significant. 

Furthermore, for the sulphidogenic system, the release of ammonia, as well as the production 

of sulphide, in the bulk liquid was significant. Therefore, in order to obtain the correct H2CO3 

alk. and VFA concentrations from the titration program, it was crucial that the correct ammonia 

and sulphide concentrations were entered. Furthermore, the total alkalinity concentration is not 

affected by H2S or CO2 loss, as it is determined by the cumulative volume of acid added to the 

sample.  

 

When determining the alkalinity of the PSS substrate using the 5-point titration method, a small 

volume of base was added to the sample to raise the starting pH. The PSS was acidic (pH of 

5.4), and subsequently, the starting pH point was below the first set point of 6.7. Therefore, 

diluted NaOH was added to raise the pH of the solution. However, this addition of NaOH 

increased the total alkalinity of the PSS externally, i.e. buffer capacity was added to the PSS. 

Therefore, to determine the PSS alkalinity accurately, the alkalinity determined using the 5-

point titration method needed to be adjusted back to the that of the original PSS alkalinity, i.e. 

before the addition of the base. The original PSS alkalinity was determined using the following 

steps: 

 

1. The activity coefficients of each subspecies (carbonate, ammonia, phosphate, sulphide, 

acetate and water) needed to be adjusted based on the solution temperature. This 

concept was thoroughly explained by Loewenthal et al. (1989), in which the Davies 

equation (Butler, 1964) is used to calculate the activity coefficients.  

 

2. The CT and AT species concentrations were calculated using the 5-point titration 

program for the PSS sample containing the NaOH solution, with NT, PT and ST known. 

The addition of NaOH does not affect the subspecies concentrations. The addition of 
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NaOH only raises the solution pH and total alkalinity, as NaOH does not contain C, N, 

P or S.  

 

3. With CT and AT determined from the solution containing the NaOH, the subspecies 

alkalinities for the original PSS sample can be determined using the equations described 

by Loewenthal et al. (1991). These equations allow for the sub-species alkalinities to 

be determined by knowing the total species concentration and the solution pH. For 

example, the Alk H2CO3 concentration of the PSS before the addition of NaOH can be 

determined using Equation 3.5 below, as CT and the original sample pH of the PSS 

were known.  

 

[[NA	6(IJ0] 	= 	I3 	
1	 + 	2]

(1	 + 	^	 + 	]	)
 mol (3.5) 

 

Where: 

^	 = 	10456,748 

]	 = 	1048	7	456- 

 

4. This calculation was repeated for the remaining subspecies’ alkalinities, the equations 

for which are given in Appendix A. Subsequently, the total alkalinity of the original 

PSS sample is the sum of the subspecies alkalinities, which should be the same as 

subtracting the total alkalinity of the NaOH added. 

 

!"#$%	'%($%)*)#+ = '%(-!./" + '%(1-#$ + '%(-!2/#% + '%(-!3 + '%(-'4 + '%(-!/ 

mol (3.6) 

 

3.6.8 pH 

 

The pH was measured daily using both a benchtop pH meter, an Accsen (pH 8) with an Accsen 

(AEL32T) pH probe, as well as the pH meter fitted to the automatic potentiometric titrator. 

The pH was measured immediately after sampling to avoid excess CO2 or H2S loss.  
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3.6.9 Sulphate 

 

The sulphate used for the sulphidogenic systems was measured in the influent and effluent 

streams for both the SSPAD and the AugBSP reactors. The sulphate was measured using a 

discrete analyser, the Gallery by ThermoFisherScientific. The Gallery used the barium chloride 

(SM 4500 SO4- E, ISBN 0117533406, EPA 375.4, DIN 38405-D, ISO 15923-1) method for 

analysis. The analysis was conducted using a 2nd order calibration curve. 

 

3.6.10 Gas Chromatography 

 

The biogas produced in the methanogenic SSPAD and the AugBMP experiment was analysed 

using a Perkin-Elmer Autosystem gas chromatograph equipped with a Supelco wax column 

(1.2 mm x 37mm). A flame ionisation detector (FID) was used for the determination of the 

CH4 fraction of the biogas. Measurements were performed by injecting 100 µl of gas, with the 

FID and oven temperatures set at 280°C and 50°C, respectively. A standard curve was 

generated using 25% and 50% CH4, and nitrogen was used as a carrier gas at a flow rate of 

1.5ml/min. The balance of the biogas composition was assumed to be CO2.  

 

3.6.11 Summary 

 

Table 3.5 summarises the required measurements for each respective system.  
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Table 3. 5: Required measurements 

 
 

3.7 Evaluation of Experimental Results 

3.7.1 Overview 

 

The accuracy and precision of the experimental data collected for the SSPADs and the 

augmented batch tests was evaluated using two approaches. The first approach was based on 

the fundamental principle of conservation of mass, which states that mass is conserved 

throughout the system. The second approach was based on experimental error and uncertainty.  

 

Conservation of mass states that the flux of material entering the system (AD) should equal the 

flux of material exiting the system. Anaerobic digestion, both methanogenic and sulphidogenic, 

requires the participation/conversion of organic and inorganic compounds for the biochemical 

processes. These compounds can be tracked such that their uptake, conversion or release can 

be traced throughout the system by measuring the constituent concentrations entering and 

exiting the AD. The mass balance calculations are explained in Sections 3.7.2 to Section 3.7.5. 

 

It was crucial to incorporate some statistical evaluation for the collected data, as it is not 

possible to measure physical quantities with perfect certainty (Carson, 2002). Multiple samples 

for the same data point were collected and analysed such that a greater certainty for each point 

was achieved. Measuring multiple samples for the same data point is crucial, especially when 

Measurement Definition Unit Influent Effluent Influent Effluent Influent Effluent Influent Effluent

Unfiltered COD Chemical Oxygen Demand mgCOD/l √ √ √ √ √ √ √ √

Filtered COD Chemical Oxygen Demand mgCOD/l √ √ √ √ √ √ √ √

Organic Soluble COD Chemical Oxygen Demand mgCOD/l √ √

TKN Total Kjeldahl Nitrogen mgN/l √ √ √ √ √ √ √ √

FSA Free and Saline Ammonia mgN/l √ √ √ √ √ √ √ √

TP Total Phosphate mgP/l √ √ √ √ √ √ √ √

OP Ortho-phosphate mgP/l √ √ √ √ √ √ √ √

TSS Total Suspended Solids mgTSS/l √ √ √ √ √ √ √ √

ISS Inorganic Suspended solids mgISS/l √ √ √ √ √ √ √ √

VSS Volatile Suspended solids mgISS/l √ √ √ √ √ √ √ √

Alk H2CO3 Carbonate Alkalinity mgCaCO3/l √ √ √ √ √ √ √ √

Alk NH4
+ 

Ammonium Alkalinity mgCaCO3/l √ √ √ √ √ √ √ √

Alk H2PO4
-

Phosphate Alkalinity mgCaCO3/l √ √ √ √ √ √ √ √

Alk HAc VFA Alkalinity mgCaCO3/l √ √ √ √ √ √ √ √

Alk H2S Sulphide Alkalinity mgCaCO3/l √ √

Alk H2O Water Alkalinity mgCaCO3/l √ √ √ √ √ √ √ √

Total Alkalinity Total Alkalinity mgCaCO3/l √ √ √ √ √ √ √ √

CT Carbonate Species mg/l √ √ √ √ √ √ √ √

AT Acetate Species mg/l √ √ √ √ √ √ √ √

pH Power of hydrogen √ √ √ √ √ √ √ √

SO4
2-

Sulphate mg/l √ √ √ √

CH4 Methane Gas l, mol, gCOD √ √

Measurement required
Methanogenic SSPAD Sulphidogenic SSPAD AugBMP AugBSP
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working with particulate samples as a homogeneous distribution throughout the solution is 

difficult to achieve, and therefore; some of the samples may contain more material, and 

subsequently have higher concentrations than other samples. The statistical evaluation for the 

collected data is explained in Section 3.7.6. 

 

3.7.2 Mass Balances 

 

The results obtained during the experimental investigation required continuous review and 

evaluation to check their reliability and validity before further calculations were undertaken. 

This evaluation mainly involved performing material mass balance calculations over the 

systems. 

 

Material mass balance calculations are a good way of checking the reliability and accuracy of 

experimental results. They are based on the principle that at steady state the flux of the material 

exiting the system must be equal to the flux entering the system. Therefore, mass balance 

checks on COD, N, P and S were determined immediately on completing a steady state test 

period and at the end of the AugBMP and AugBSP experiments. Material mass balances within 

the range of 90% - 110% are indicative of accurate and reliable experimental measurements. 

Therefore, a good COD balance is defined as achieving a balance within 10% above or below 

100%. This 10% range is acceptable as obtaining 100% balance under experimental conditions 

is challenging to achieve and is influenced by systematic and random errors, which can include 

instrument calibration, poorly maintained equipment and even inaccurate readings from the 

user (such as parallax error). 

 

In some cases, the mass balances within the range of 80% to 120% are also acceptable if the 

reasons for it can be determined. If the mass balances are outside this range, one or more of the 

measured parameters may be incorrect and the results require careful interpretation. The mass 

balances reported in this thesis are the values obtained after careful evaluation of the data. 

Furthermore, outlying and inconsistent data, which would otherwise alter the level of accuracy 

in the result, were removed for the identification of the biodegradable organic composition 

using the PE function in the modelled environments.  
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3.7.3 Methanogenic COD mass balance 

 

3.7.3.1 Methanogenic SSPAD 

 

In the methanogenic SSPAD and the AugBMP experiments, COD is converted from the 

influent organic substrate to biogas (consisting of methane and carbon dioxide), as well as some 

particulate AD biomass. Chemical oxygen demand (COD) is the electron donating capacity 

(EDC) of organic material, measured as the quantity of oxygen required for the chemical 

oxidation of the organic material to simple compounds such as carbon dioxide (CO2) and water. 

Hence, the COD balance is expressed in mass equivalent units (of oxygen). However, by 

measuring the EDC, the COD provides an indication of the utilisable energy in the organic 

material. A COD balance was achieved by accounting for the COD present in the influent and 

effluent streams. Therefore, in order to obtain a COD balance over the system, the COD 

entering the system via the influent must equate to the COD present in the system liquid 

effluent and the biogas (the biodegradable COD is converted to COD of methane in biogas) 

produced. 

 

The SSPAD COD balance was performed using the influent and effluent COD concentrations, 

the cumulative volume of biogas produced and the flowrates in and out of the system. The 

balance is conducted using the material flux through the system, which is determined by 

multiplying the unfiltered COD concentration of the influent/effluent by the influent/effluent 

flowrate. 

 

COD#"7-/:;   = IJK#"7<&"< 	× 	d#" mgCOD/d ( 3.7) 

 

IJK&:=7-/:;   = IJK&:=7<&"< 	× 	d&:= mgCOD/d ( 3.8) 

 

The remaining COD required for the balance was contained in the methane gas produced by 

the methanogenic bioprocess. The difference in COD between the influent and effluent fluxes 

was contained in the methane gas, assuming a 100% COD balance. 

 

COD#"7-/:;   = 	IJK&:=7-/:;   + COD>8. mgCOD/d ( 3.9) 
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The methane equivalent COD was required to perform the COD balance. As previously 

mentioned, the total volume of biogas produced was measured using the wet-tip gas meter 

connected to the SSPAD. The partial pressure of the methane gas in the SSPAD was 

determined using a gas chromatograph. Therefore, by multiplying the cumulative biogas 

volume by the fraction of methane present, the daily methane gas production was determined. 

The daily methane gas production was then converted to the molar equivalent using the 

universal gas law. The methane COD equivalent was then determined by multiplying the daily 

molar production of methane gas by 64 000 mgCOD/mol. 

 

T	 = 	
eW
<V

 mol (3.10a) 

 

IJK = 64000T mgCOD(3.10b) 

 

Balancing the COD throughout the methanogenic AD is a crucial objective as it also ensures 

an energy balance across the system. As previously mentioned, the biodegradable COD is 

converted to COD of methane in biogas which is further utilisable for energy recovery in 

systems such as combined heat and power (CHP). 

 

3.7.3.2 AugBMP experiment 

 

The AugBMP experiment was performed as a batch test. Subsequently, the flux of COD 

entering the system was fixed by the starting COD concentration and starting liquid volume. 

Furthermore, each AugBMP reactor was sampled daily for the first ten days and then every 

second day until the end of the experiment. As a result, COD was removed from the batch test 

during sampling. Therefore, for the AugBMP batch test, in order for the COD to balance, the 

influent COD must equal the sum of the methane gas COD, the remaining COD in the reactor 

at the end of the experiment, and the COD present in the sample. The conservation of COD in 

the AugBMP system is shown in Equation 3.11 and Figure 3.12. 

 

gIJK?"- = gIJK>8. +gIJK@*A +gIJKB+A4 mgCOD (3.11) 
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Figure 3. 12: AugBMP COD distribution 

 

The calculation of the COD flux for the AugBMP experiment had a higher level of complexity. 

The COD that was removed from the AugBMP reactor during sampling needed to be accounted 

for. Therefore, the total COD in the influent was equal to the starting COD concentration 

multiplied by the total liquid volume in the reactor at the start. The total COD exiting the reactor 

was equivalent to the COD present in the methane gas collected in the inverted columns, plus 

the COD concentration remaining in the reactor at the end of the experiment multiplied by the 

remaining liquid volume, plus the accumulation of COD removed daily in the sample, which 

was determined by taking the COD concentration present in the sample multiplied by the 

volume of the sample drawn. Equation 3.11 has been expanded to Equation 3.12 to demonstrate 

the calculation.  

 

./5&'( × 	7"%&'( = 8./5)*6 + (./5+,- × 	7"%+,-) +; (./5./-0 × 7"%./-0)
1/23	5/6

789/6	:
 

mgCOD (3.12) 

 

3.7.3.3 AugBMP virtual experiment environment 

 

In tracking the COD for the simulated AugBMP, the PWM_SA_AD model code was adjusted 

accordingly to account for the sample draw. The adjustment accounted for the time at which 

the sample was taken, which was identical to that of the laboratory sample time. Subsequently, 
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120ml of reactor liquid, as well as each of the model components’ mass, were removed from 

the modelled AugBMP experiment for each respective sample draw. A COD balance was then 

conducted for each of the laboratory AugBMP reactors, as well as the modelled AugBMP 

reactors, to quantify and compare the COD present in the influent, sample, remaining reactor 

volume and methane gas. The comparison aimed to highlight potential sources of error, as the 

modelled AugBMP reactor was mass balanced.  

 

The PWM_SA_AD model usually maintains a liquid balance throughout the experiment. 

However, this liquid balance does not account for a sample drawn from the AugBMP reactor. 

Therefore, the code was altered to allow for 120ml of the sample to be removed from the reactor 

on the days that the laboratory reactor was sampled. The sample draw was included in the 

model by decreasing the equivalent mass of each model component contained in the 120ml 

sample from the total component masses. The mass removal included the mass of H2O in the 

model. Consequently, the volume of the reactor, as well as the mass of each component 

decreased in equal proportions, which subsequently kept the concentration of each component 

in the reactor the same; therefore, replicating the laboratory conditions. The adjusted 

PWM_SA_AD model for the AugBMP reactor is shown in Figure 3.13 (which shows the 

decrease in H2O mass due to sample draw), Figure 3.14 (which shows the decrease in COD 

mass due to sample draw) and Figure 3.15 (which shows that the COD concentration was not 

affected by the sample draw). 

 

 
Figure 3. 13: Water mass in AugBMP M2 experiment (x-axis = hours; y-axis = grams) 
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Figure 3. 14: COD mass in AugBMP M2 Experiment (x-axis = hours; y-axis = grams) 

 

 

 

 
Figure 3. 15: COD concentration in AugBMP M2 Experiment (x-axis = hours; y-axis = mgCOD/l) 
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3.7.4 Sulphidogenic COD mass balance 

 

3.7.4.1 Sulphidogenic SSPAD 

 

A COD balance was also conducted for each of the sulphidogenic systems. The sulphidogenic 

system differs from that of the methanogenic system, as the conversion of COD from the 

influent organic substrate produces H2S instead of methane. In the sulphidogenic SSPAD, the 

headspace of the reactor allows for H2S to diffuse from the aqueous solution to reach 

equilibrium. However, the SSPAD headspace was sparged with nitrogen gas during feeding. 

The sparging of nitrogen gas forced H2S gas out of the headspace and into the ferric chloride 

gas trap. The COD present in the precipitated ferrous sulphide, which accumulated in the gas 

trap, was challenging to account for accurately. Instead, the H2S present in the digester 

headspace was estimated using the modelled sulphidogenic SSPAD, which was mass balanced. 

 

3.7.4.2 AugBSP experiment COD Balance 

 

In the AugBSP experiment, the total COD present in the reactor remained constant. The 

constant COD occurred as the reactor was completely sealed with a zero headspace, and 

subsequently, no COD escaped from the reactor. The H2S gas remained in solution as HS- and 

was measured using the COD determination method of Poinapen et al. (2009), as described in 

Section 3.6.3. It is important to note that concentration was used for the balances instead of 

mass flux, as all measurements for the sulphidogenic system were in the aqueous phase (mg/l), 

as opposed to the methanogenic system, in which the CH4 gas produced resulted in a liquid to 

gas phase change.  

 

3.7.4.3 AugBSP Sulphur Balance 

 

The H2S COD concentration was used to perform a sulphur balance over the AugBSP 

experiment. The equivalent sulphur concentration of the H2S in the aqueous phase was 

calculated by dividing the H2S COD concentration by 2. The division by 2 occurs as sulphide 

can donate 8 electrons per mol, and 1 electron is equivalent to 8 gCOD (Henze et al., 2008). 

Therefore, 64 gCOD can be donated from 1 mol of sulphur (32g as S), equivalent to 2 

gCOD/gS. 
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The equivalent sulphur uptake from the electron acceptor, sulphate, was calculated for the 

sulphur balance. The sulphur equivalent from the sulphate required was determined by taking 

the sulphate concentration and dividing by 3. The division by 3 occurs as sulphur makes up a 

third of the total mass of sulphate (SO42-, 32g of the total 96g per mol). Therefore, the sulphur 

balance was performed by: 

 

7	h3N3TU2 = 	
3
2
	×	

6(7	IJK	9OQPRU2P

7JC
(7	R9:3A2

	× 	100 % (3.13) 

 

Equation 3.13 above assumes that all of the sulphur taken up from the sulphate is converted to 

H2S. Subsequently, other intermediates such as sulphite (SO32-) or thiosulphate (S2O32-) were 

not considered.  

 

3.7.5 TKN and TP Balance 

 

The mass flux of other compounds present in the entering and exiting streams for both the 

methanogenic and sulphidogenic systems, such as the Total Kjeldahl Nitrogen (TKN) and 

Total Phosphate (TP), were also checked using the mass balance approach. The total mass of 

these two constituents should remain constant even though FSA and OP were released into the 

bulk liquid during the breakdown of the influent organics. The mass remains constant as the 

unfiltered TKN and TP measurements account for the total flux of nitrogen and phosphorus, 

which includes both the organic and inorganic concentrations. Therefore, as the organics in the 

substrate are utilised, and inorganics are released, the total mass does not change.  

 

g3FFh3N3TU2 =
g3FF	1NRj*--
g3FF	1NRj#"-

	× 	100 
% (3.14) 

 

3.7.6 Experimental error and uncertainty 

 

Experimental error occurs as the difference between a measured value and the actual value 

(Carlson, 2002). The experimental error is measured based on its accuracy (which measures 

how close the measured value is to the actual value) and its precision (which measures how 

repeatable the measurement was). The errors experienced in the laboratory involve both 

systematic errors, which can occur due to faulty or poorly maintained instruments, and random 
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errors, which can occur due to instrument resolution. The error in this project was evaluated 

using calculations that determined the percentage error, the percentage difference, and the 

mean and standard deviation (Carlson, 2002).  

 

3.7.6.1 Percentage error 

 

The percentage error, also referred to as relative error in this thesis, assesses the accuracy of 

the measurement by comparing the difference between an experimental value (E) and the actual 

value (A).  

 

%2OOQO = 	
|l − [|

[
 

% (3.14) 

 

3.7.6.2 Percentage difference 

 

The percentage difference assesses the difference between two measured values as a fraction 

of their average. 

 

%PMLL2O2TU2 = 	
|l% − l(|

m
l% + l(

2 n
 

% (3.15) 

 

3.7.6.3 The mean and standard deviation 

 

The mean measures the central value for multiple samples collected for a particular data point. 

The standard deviation measures the deviation of the measured values around the centre point. 

This mean and standard deviation was of particular importance for this thesis as multiple 

samples were collected and analysed for each data point throughout each experiment. 

Therefore, instead of presenting the values obtained from each individual sample, the mean 

was used to represent the central point of all the samples analysed for each required data point. 

The mean is determined by summing each of the values obtained and dividing by the number 

of samples analysed.  

 

〈j〉 = 	
1
q
	rj#

D

#$%

 
(3.16) 
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The standard deviation is also referred to as the mean square deviation and measures the spread 

of the collected data relative to the mean (central point).  

 

s; =	+
1

q − 1
	r(j# −	〈j〉)(
D

#$%

 

(3.17) 

 

For this thesis, the experimentally measured values presented in the tables represent the mean 

of the samples analysed for that particular data point. Therefore, when discussing values of 

significance in the text, the mean and standard deviation will be presented as follows:  

 

j = 	 〈j〉 	±	s; (3.18) 

 

3.8 Influent fractionation 

3.8.1 Overview 

 

The influent substrate can be subdivided into four main categories depending on physical and 

biological characteristics. 

 

1. Biodegradable soluble organics (BSO), consisting of: 

a. Readily fermentable biodegradable soluble organics (FSBO) 

b. Volatile fatty acids (VFA) 

2. Biodegradable particulate organics (BPO) 

3. Unbiodegradable soluble organics (USO) 

4. Unbiodegradable particulate organics (UPO) 

 

Each of the four organic material subgroups, can be given a corresponding COD, C, H, O, N 

and P mass (or concentration). Therefore, the biodegradable particulate organics can be given 

a unique CHONP composition. The application of this comprehensive organic characterisation 

concept was important to meet the objectives of the project, which required the identification 

of the biodegradable organics composition. In this project, the viability of using the AugBMP 

and AugBSP experiments towards obtaining data that allows for the application of this 
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comprehensive organic characterisation concept is investigated for both a soluble organic 

(casein, which had a known elemental composition) and a particulate organic (PSS, which is a 

complex substrate containing a wide array of constituents). It should be noted that the PSS used 

as the substrate for the feed to the SSPADs was also used to seed the AugBMP and AugBSP 

experiments (See Section 3.3). 

 

This project utilised both a stoichiometric calculation, shown in Section 3.9.2, as well as the 

PE function (the PWM_SA_AD model facilitates this by assigning each group (BSO, BPO, 

USO, UPO), a unique CHONP composition), shown in Section 3.10.4, to identify this CHONP 

composition of the biodegradable organics using the laboratory measurements conducted on 

the AugBMP and AugBSP experiments. The organic fractionation for COD is summarised in 

Figure 3.16. 

 

 
Figure 3. 16: COD fractionation 

 

Accurately fractionating the influent COD in the substrate is imperative as the biodegradable 

organics behave differently in the AD. Furthermore, soluble organics behave differently to the 

particulate organics. For instance, the BSOs are hydrolysed faster than the BPOs, whereas the 

USOs and the UPOs are not hydrolysed at all, and consequently, are not utilised in the reaction. 
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The presence of unbiodegradable organics increases the total COD concentration in the AD 

but does not affect the biogas production (methanogenic) or H2S production (sulphidogenic).  

 

3.8.2 Methanogenic SSPAD 

 

The method used for fractionating the PSS used in the modelled methanogenic SSPAD differed 

to that of the modelled sulphidogenic SSPAD. The primary difference was that the 

methanogenic SSPAD contained residual biodegradable organic material (the influent organics 

that are not degraded in AD, hence exit the PSSAD in the effluent stream). Therefore, because 

the SSPAD effluent is used to inoculate the AugBMP, the residual biodegradable organics are 

part of the organic mass to be further degraded. Conversely, the sulphidogenic SSPAD had 

negligible residual biodegradable organics as the COD concentration was lowered to maintain 

the COD/S ratio to prevent inhibition, which resulted in the substrate being completely utilised. 

 

The following assumptions were made when fractionating the PSS that was used as the influent 

substrate for the methanogenic SSPAD: 

 

1. All of the FBSOs were entirely utilised by the SSPAD within the 20-day sludge age, 

such that the concentration of FBSO in the effluent sample stream was zero. Therefore, 

the filtered effluent contained no FBSOs and was made up almost entirely of USOs, 

with a low concentration of measured VFAs. 

 

2. The effluent COD concentration of the UPOs was equal to the influent COD 

concentration of UPOs, i.e. the endogenous residue accumulating in the reactor 

(generated from death and decay of the anaerobic organisms (Ze)) in the effluent was 

negligible.  

 

S:4# = S:4* mgCOD/l (3.19) 

 

3. The particulate organics (Spe) present in the SSPAD effluent comprised of three groups: 

a. UPOs 

b. Biomass (ZAD) 

c. Residual biodegradable organics (Sbp) 
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Subsequently, the total particulate COD concentration exiting the SSPAD was the sum 

of these three groups.  

 

The interaction that each specific organic group had on the methanogenic system is 

summarised as: 

 

1. The USO and the UPO were inert and did not influence the quantity of methane 

produced by the reaction. 

 

2. The BSO and BPO were degraded by the organisms to form biomass (ZAD) and methane 

(Sm). The total methane produced (Sm) evolved from the liquid phase into the gaseous 

phase as CH4 inside the reactor headspace. 

a. The gas in the reactor headspace comprised primarily of CH4 and CO2, with a small 

portion of N2 and water vapour. 

 

3. The particulate COD present in the effluent stream consisted of three groups: The UPO 

group, which was equal to the influent UPO concentrations, the biomass concentration 

(ZAD) (which grew by degrading the influent BPO and BSO, producing negligible 

unbiodegradable organics (Ze)) and the residual biodegradable organics (Sbp), that were 

not utilised and remained in the effluent. 

 

The influent and effluent COD groups for the methanogenic SSPAD are summarised in Figure 

3.17. 



 90 

 
Figure 3. 17: Methanogenic SSPAD COD groups 

 

3.8.2.1 Methanogenic SSPAD influent fractionation 

 

The PSS substrate that was fed to the methanogenic SSPAD was fractionated using the influent 

and effluent COD measurements performed on the SSPAD, as well as the measurements 

performed on the AugBMP control reactor. The fractionation was completed using the 

following steps: 

 

1. The total COD (Sti) concentration entering the SSPAD was equivalent to the unfiltered 

COD concentration of the PSS. 

 

2. The total soluble COD (Ssi) concentration entering the SSPAD was equivalent to the 

filtered COD concentration of the PSS. 

 

3. The total particulate COD (Spi) concentration entering the SSPAD was equivalent to 

the total COD (Sti) minus the total soluble COD (Ssi). 

 

7=# 	= 	 7.# 	+ 	74# mgCOD/l (3.20) 
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4. The USO COD (Susi) concentration was equal to the effluent filtered COD (Sse) 

concentration minus the effluent VFA COD (Sbsae) concentration:  

 

7.* 	= 	 7:.# 	+ 	7E.+* mgCOD/l (3.21) 

 

5. The BSO COD (Sbsi) concentration was equal to the total soluble COD (Ssi) 

concentration minus the USO COD (Susi) concentration: 

 

7.# 	= 	 7E.# 	+ 	7:.# mgCOD/l (3.22) 

 

6. The readily fermentable biodegradable soluble COD (Sbsfi) was equal to the BSO COD 

(Sbsi) concentration minus the influent VFA COD (Sbsai) 

 

7E.# 	= 	 7E.+# 	+ 	7E.-# mgCOD/l (3.23) 

 

7. The particulate effluent COD (Spe) concentration was the sum of the UPO COD (Supi) 

concentration, the acidogen biomass COD (ZAD) concentration and the residual 

biodegradable organics COD (Sbp) concentration. 

 

74* 	= 	 7:4# 	+ vF, 	+ 	7E4 mgCOD/l (3.24) 

 

8. The ZAD COD concentration was determined using the following equations established 

by Sötemann et al. (2005). 

 

a. Based on a reactor at steady-state and a mass balance on the acidogen biomass, 

the hydrolysis rate of the organics was determined by: 

 

OG =
vF,
wF,

	x
1
e
	+	SF,y mgCOD/(l.d) (3.25) 

 

Where: 

YAD = Biomass yield (gCOD biomass/ gCOD organics) 
R = Sludge age (d) 
bAD = Biomass death rate (1/d) 
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b. Similarly, the hydrolysis rate could also be determined based on a reactor at 

steady-state and a mass balance of the biodegradable organics flowing through 

the reactor: 

 

OG 	= 	
7E4# 	− 	7E4

e
	+	SF,vF, 

mgCOD/(l.d) (3.26) 

 

c. The concentration of biomass present in the reactor could then be determined 

by: 

 

vF, 	= 	
wF,z7E4# − 7E4{

[1	 +	SF,e(1	 −	wF,)]
 

mgCOD/l (3.27) 

 

d. Finally, the COD concentration of methane, assuming that all of it remains 

dissolved in the solution was calculated by: 

 

7A 	= 	 (1 − wF,)	e	OG mgCOD/l (3.28) 

 

e. By using the four equations shown above, the COD concentration of biomass 

grown inside the reactor was calculated based on the daily concentration of 

methane produced by the reaction. Therefore, the ZAD concentration in the 

effluent stream was calculated using the daily methane production (Sm). Sm was 

determined by taking the difference between the unfiltered influent and effluent 

COD concentrations, which should equal the biogas COD in a mass balanced 

system. 

 

vF, 	= 	
wF,7A

(1	 +	SF,e(1	 −	wF,) 	+	wF,eSF,)(1	 −	wF,)
 mgCOD/l (3.29) 

 

9. The UPO COD (Supi), acidogen biomass (ZAD) and the residual biodegradable organics 

(Sbp) concentrations were challenging to separate. However, the ZAD and Sbp are 

biodegradable and will subsequently be degraded during further anaerobic digestion 

(extended digestion). Extended digestion occurs inside the AugBMP control reactor as 

it only contains the SSPAD effluent (hence the SRT is extended from the SSPAD one 
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to the extra days added with the retainment in the AugBMP reactor). Therefore, the 

combined COD concentration for the of ZAD lost (undergoing biomass decay) and the 

Sbp concentration was determined using the total COD change in the AugBMP control 

reactor (ΔSt (ABMP·C)), excluding the AugBMP control reactor VFA COD concentration 

(Sbsai (ABMP·C)). 

 

Δ7=(FI)J∙>) −	7E.+#(FI)J∙>) 	= 	vF,(/&.=) 	+ 	7E4 mgCOD/l (3.30) 

 

10. The ZAD COD loss was calculated using the modelled AugBMP control reactor, 

whereby the substrate uptake, as well as the biomass growth and decay reactions are 

simultaneously calculated at each timestep of the simulation. The Sbp COD 

concentration is calculated as the difference between the total COD change (excluding 

VFA) in the AugBMP control reactor (shown in Equation 3.31) and the ZAD COD loss. 

This process involves multiple iterations of influent characterisation for the SSPAD, as 

well as running the modelled AugBMP control experiment, to determine the ZAD COD 

model-calculated loss. Each iteration required the influent PSS characterisation process 

to be repeated, as the change in Sbp affects the UPO COD concentration.  

 

7E4 = Δ7=(FI)J∙>) −	7E.+#(FI)J∙>) −	vF,(/&.=) mgCOD/l (3.31) 

 

11. With the ZAD and Sbp concentration determined, the UPO COD (Supi) was then 

calculated. 

 

7:4# = 74* −	vF, −	7E4 mgCOD/l (3.32) 

 

12. With the UPO COD (Supi) known, the BPO COD (Sbpi) was determined using the total 

particulate COD (Spi). 

 

74# 	= 	 7E4# 	+ 	7:4# mgCOD/l (3.33) 

 

13. The UPO VSS concentration was determined using the UPO COD (Supi), and the 

literature stated fCV value of 1.481 (Marais and Ekama, 1976).  
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}<J	V77	 = 	
7:4#
L>M

 
mgVSS/l (3.34) 

 

14. Finally, the BPO VSS concentration was determined using the total influent VSS 

(VSSi) concentration minus the UPO VSS concentration.  

 

V77# 	= 	h<J	V77	 + 	}<J	V77 mgVSS/l (3.35) 

 

Following this fractionation method, the characterised PSS was converted into the correct 

format for the PWM_SA model and used in the modelled methanogenic SSPAD to determine 

the active biomass present in the AugBMP inoculum.  

 

3.8.3 Sulphidogenic SSPAD 

 

The PSS fed to the sulphidogenic SSPAD used the same influent fractionation method as the 

methanogenic system above, with a few exceptions. As previously stated, the Sbp for the 

sulphidogenic SSPAD was negligible. When fractionating the PSS that was used as the influent 

substrate for the sulphidogenic SSPAD, two of the three primary assumptions made were the 

same as the methanogenic SSPAD: 

 

1. All of the FBSOs were entirely utilised by the SSPAD within the 19-day sludge age, 

such that the concentration of FBSO in the effluent sample stream was zero. Therefore, 

the filtered effluent contained no FBSOs and was made up almost entirely of USOs, 

with a low concentration of measured VFAs. 

 

2. The effluent COD concentration of the UPOs was equal to the influent COD 

concentration of UPOs, i.e. the endogenous residue accumulating in the reactor and 

subsequently, the effluent, due to the decay of the anaerobic organisms (Ze) was 

negligible.  

 

S:4# = S:4* mgCOD/l (3.36) 

 

The third assumption stated that the sulphidogenic SSPAD had negligible residual 

biodegradable organics in the effluent as the influent COD concentration was lowered to 
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maintain the COD/S ratio to prevent inhibition, which resulted in the substrate being 

completely utilised.  

 

3. The effluent particulate stream comprised entirely of UPO and biomass (ZAD). The 

small quantity of BPOs were completely utilised within the 19-day sludge age. This 

assumption was founded based on the AugBSP control experiment data. In general, the 

total change in particulate COD concentration throughout the AugBSP control 

experiment was negligible (<10mgCOD/l). Therefore, the concentration of Sbp was 

taken to be zero in the effluent stream, and subsequently, the formation of H2S in the 

AugBSP control reactor was due to organism decay. 

 

The interaction that each specific organic group had on the sulphidogenic system is 

summarised as: 

 

1. The USO and the UPO were inert and did not influence the concentration of sulphide 

produced by the reaction. 

 

2. The BSO and BPO were degraded by the organisms to form biomass (ZAD) and total 

sulphide (Sts). 

 

3. The total sulphide produced (Sts) was in both the liquid phase as dissolved sulphide 

(Sds) and in the gaseous phase as H2S gas (Sgs), evolving into the reactor headspace. 

 

4. The effluent UPO COD concentration was equal to that of the influent UPO COD 

concentration. 

a. The endogenous residue (Ze) accumulating in the reactor and subsequently in the 

effluent due to the decay of the anaerobic organisms, was negligible. 

 

5. The particulate COD present in the effluent stream consisted of two groups:  

a. The UPO concentration. 

b.  The Biomass concentration (ZAD). 

 

The influent and effluent COD groups for the sulphidogenic SSPAD are summarised in Figure 

3.18. 
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Figure 3. 18: Sulphidogenic SSPAD COD groups 

 

3.8.3.1 Sulphidogenic SSPAD influent fractionation 

 

The diluted PSS substrate that was fed to the sulphidogenic SSPAD was fractionated using the 

same steps, 1 to 6, as shown for the methanogenic SSPAD above, i.e. Section 3.8.2.1. However, 

a few steps were altered to account for the production of sulphide, as well as the negligible Sbp 

concentration. The exceptions were as follows: 

 

1. The particulate effluent COD (Spe) is the sum of the UPO COD (Supi) and the acidogen 

biomass (ZAD), as Sbp was taken to be zero. 

 

74* 	= 	 7:4# 	+ vF, mgCOD/l (3.37) 

 

2. The ZAD concentration was determined using the same equations as in the 

methanogenic system, derived by Sötemann et al. (2005). However, the equations were 

adjusted to accommodate sulphide instead of methane.  

 

vF, 	= 	
wF,7=.

(1	 +	SF,e(1	 −	wF,) 	+	wF,eSF,)(1	 −	wF,)
 mgCOD/l (3.38) 
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3. With the ZAD concentration determined in Step 2, the UPO COD (Supi) was calculated. 

 

7:4# =	74* − vF, mgCOD/l (3.39) 

 

4. With the UPO COD (Supi) known, the BPO COD (Sbpi) was determined using the total 

particulate COD (Spi). 

 

74# 	= 	 7E4# 	+ 	7:4# mgCOD/l (3.40) 

 

5. The UPO VSS concentration was determined using the UPO COD (Supi), and the 

literature stated fCV value of 1.481 (Marais and Ekama, 1976).  

 

}<J	V77	 = 	
7:4#
L>M

 
mgVSS/l (3.41) 

 

6. Finally, the BPO VSS concentration was determined using the total influent VSS 

(VSSi) concentration minus the UPO VSS concentration.  

 

V77# 	= 	h<J	V77	 + 	}<J	V77 mgVSS/l (3.42) 

 

3.8.4 Augmented batch tests 

 

3.8.4.1 Overview 

 

For the AugBMP and AugBSP experiments, the substrate fractionation was based on the 

observations made on the control and test reactors. The augmented batch reactors were 

separated into the two usual seeding conditions: 

 

1. A control reactor in which only the inoculum (SSPAD effluent) was inserted. 

2. A test reactor in which the inoculum (SSPAD effluent) and the substrate were inserted. 

 

The biodegradable organics were broken down during the reaction, releasing organic and 

inorganic material into both the aqueous and gas phases in the reactors. Therefore, the observed 
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changes in the various constituent concentrations in the reactor were attributed to the 

breakdown of the biodegradable organics. The characterisation of the biodegradable organics 

in the control reactor was achieved by measuring the difference in the various constituent 

concentrations at the end and start of the experiment. 

 

1. The carbon content: 

By using mixed weak acid/base chemistry (speciation methods of Loewenthal et al., 

1991) and the 5-point titration method (of Moosbrugger et al., 1993), the H2CO3 

alkalinity was identified. Therefore, the release of C was determined by calculating the 

change in concentration of CO2, CH4 (if methanogenic), and the H2CO3 alkalinity at 

the end and start of the experiment. 

 

2. The nitrogen and phosphorus content: 

The N and P content of the biodegradable organics in the control were determined by 

calculating the change in concentration of FSA and OP at the end and start of the 

experiment, as the increase in these constituents was attributed to the breakdown of the 

biodegradable organics. 

 

3. The COD: 

The change in COD throughout the experiment indicated the COD concentration of 

biodegradable organics present.  

 

4. The VSS: 

The decrease in the VSS throughout the experiment indicated the mass of biodegradable 

organics present. 

 

The same procedure was repeated in the test reactor. The results indicated the concentrations 

of the various elements transferred to the gas and aqueous phases for both the inoculum and 

substrate. The concentrations of the products released by the substrate were isolated by taking 

the difference between the test batch reactor and the control batch reactor: 

 

[(W2F:*"N − W2F:.=+O=) − (IQT:OQN*"N − IQT:OQN.=+O=)] (3.43) 

 



 99 

3.8.4.2 Fractionation  

 

The bioprocesses that occurred in the control reactor were due to the breakdown of residual 

biodegradable organics (negligible in the AugBSP) and the cellular oxidation of biomass. 

Therefore, the change in concentration of the COD, FSA, OP, alkalinity, VFA, VSS and 

biogas/sulphide in the control reactor were due to the remaining biodegradable material present 

in the inoculum. The release of these products into the control reactor set the baseline for the 

products released into the test reactor due to the inoculum. Therefore, in the test reactor, the 

concentration of products released above this baseline were due to the breakdown of the 

biodegradable organics present in the substrate, as seen in Figure 3.19. 

 

As a general rule for the augmented batch experiments conducted in this project, the inoculum 

in the test reactor was always diluted to half the concentration of the control reactor. Therefore, 

the concentration of the reactants taken up, as well as the products released into the test reactor 

due to the inoculum, were half that of the control reactor. The remaining concentration of the 

products released into the test reactor was due to the breakdown of the substrate. The rate of 

the reaction, as well as the concentration of the reactants/products that were taken up/released 

during the reaction stabilised after sufficient time (>20 days), had passed. The change in COD 

and VSS throughout the control reactor quantified the biodegradable material present in the 

inoculum. The concentration of COD and VSS remaining at the end of the experiment indicated 

the unbiodegradable material present in the inoculum. Likewise, the change in COD and VSS 

throughout the test reactor quantified the biodegradable material present in both the inoculum 

and the chosen substrate. Furthermore, the concentration of COD and VSS remaining at the 

end of the test experiment quantified the unbiodegradable material present in both the inoculum 

and the chosen substrate. Therefore, the influence of the substrate was determined as the 

difference between the test reactor concentrations (at the end and beginning of the experiment), 

and the control reactor concentrations (at the end and beginning of the experiment). Figure 3.19 

shows the contribution of each organic group to both the control and test augmented batch 

reactors. 
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Figure 3. 19: Augmented batch test COD fractionation 

 

In summary, the following observations for the augmented batch reactors were made: 

 

1. The change in COD concentration (excluding the VFA COD) throughout the 

experiment, quantified the biodegradable COD concentration of the BPOs.  

 

a. In the control reactor, the change in COD concentration quantified the biomass 

and residual COD (ZAD + Sbp) that was degraded. 

 

b. In the test reactor, the change in COD concentration quantified the biomass, 

residual and the substrate COD that was degraded. 

 

c. The difference between the test reactor COD and the control reactor COD 

isolated the BPO COD in the substrate. 
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d. If the substrate was soluble, the decrease in soluble COD in the test reactor 

quantified the biodegradable COD portion of the substrate. However, the VSS 

concentration was determined based on the mass of substrate added to the 

reactor, e.g. 5g of a powdered substrate (casein). 

 

2. Likewise, the same applied to the VSS concentration, as mentioned in point 1a-1c.  

 

3. The release of inorganics such as FSA and OP into the bulk liquid quantified the N and 

P that was organically bound in the BPOs. 

 

4. The filtered COD concentration at the end of each experiment quantified the USO COD 

concentration present in the reactors. 

 

5. The difference between the unfiltered COD concentration and the filtered COD 

concentration at the end of the experiment quantified the UPO COD concentration 

present in the reactors, as this COD was not biologically degraded. 

 

6. The remaining VSS present in each of the reactors at the end of the experiment 

quantified the VSS concentration of the UPOs present in the reactors.  

 

3.9 Calculating the organic composition 

3.9.1 Overview 

 

The composition of the biodegradable organics was identified by calculating the change in 

elemental concentrations between two measured data points. The data points required were the 

ending and the starting concentrations of the augmented batch experiments. The resultant 

composition of the biodegradable organics identified was directly dependent on the accuracy 

and validity of the laboratory measurements taken. This calculation is imperative to the 

augmented batch experiments, as it is relatively straight forward and allows for a mass balanced 

composition to be determined without the need for mathematical modelling. 
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3.9.2 Composition determination using stoichiometry 

 

In general, there are two unknowns present in the bioprocess stoichiometry: the organic 

(reactant/substrate) and the biomass (product from growth stoichiometry), as shown in Section 

2.5.3, Equation 2.1 and Section 2.5.4, Equation 2.2. However, via the mass balanced 

stoichiometry, the composition of these two unknowns directly influences the concentrations 

of the compounds in both the aqueous and gas phases. Therefore, the changes in the aqueous 

and gas-phase concentrations caused by these two unknowns allow for their compositions to 

be determined (Ekama and Brouckaert, 2020 in preparation). 

 

The influence on the aqueous and gas-phase concentrations caused by the biomass present in 

the inoculum (ZAD + Sbp) was quantified using the control reactor. The influence on the aqueous 

and gas-phase concentrations caused by the biomass, as well as the influent organic substrate 

was quantified using the test reactor. The difference between the test and control reactors 

isolated the influence of the organic substrate. By accurately measuring the changes in aqueous 

and gas-phase concentrations (COD, VSS, FSA, OP, H2CO3 Alk and biogas/sulphide) caused 

by both the biomass and the influent organic substrate, the compositions of the unknowns were 

calculated.  

 

3.9.2.1 Mass ratio equations  

 

In order to determine the elemental composition of the electron donor in the form of 

CxHyOzNaPb, five element mass ratios needed to be known. The charge of the biodegradable 

organic, as well as the S content, was not considered for this project but can be included if 

necessary. The five elemental mass ratios represent the mass of each element relative to the 

total mass of the organic compound (g element/g compound) and correspond with the elements 

present in CHONP. Therefore, the elemental mass ratios are defined as: fC (gC/gVSS), fH 

(gH/gVSS), fO (gO/gVSS), fN (gN/gVSS) and fP (gP/gVSS). The mass ratios are identical to 

the aC,i, aH,i, aO,i, aN,i and aP,i of Grau et al. (2007) and Volcke et al. (2006). An elemental mass 

balance specifies that the sum of the mass fractions must equate to 1. 

 

L> 	+ 	L8 	+ LP 	+ 	LD +	LJ 	= 	1 (3.44) 
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Some of the mass ratios are more straightforward to determine than others and can be calculated 

directly from the measurements. In practice, the oxygen and hydrogen concentrations are not 

routinely measured, which results in unknown fO and fH mass fractions. However, it is still 

possible to determine the fO and fH mass fractions using the COD/VSS mass ratio (fCV), which 

is routinely measured. The mass ratios required were calculated using the change in 

concentration of the COD, the C (which comes from the H2CO3 alk, CO2 and CH4), the N (from 

FSA released), the P (from OP released) and the VSS. The changes in these concentrations 

between the start and end of the augmented batch experiment isolated the influence of the 

biodegradable material. Therefore, fO and fH were calculated in terms of the 4 measured mass 

ratios (fCV, fC, fN and fP) using the following equations (Ekama and Brouckaert, 2020 in 

preparation):  

 

LP =
16
18
x1 −

1
8
L>M −

8
12
L> −

17
14
LD −

26
31
LJy (3.45) 

 

And 

 

L8 =
1
9
x1 + L>M −

44
12
L> +

10
14
LD −

71
31
LJy (3.46) 

 

Equation 3.45 and Equation 3.46 above are aligned with the electron donating capacity (EDC) 

of the selected oxidation products. As shown in Section 2.5.3 and Section 2.5.4, the products 

selected for both the methanogenic system and sulphidogenic system bioprocesses were: 

H2PO4-, HPO32-, NH4+ and HCO3-. Additionally, the methanogenic system produced CH4 and 

CO2, and the sulphidogenic system produced H2S. However, the S content of the organics was 

not included, and the required S was provided in the form of SO42-.  

 

In general, Equation 3.45 and Equation 3.46 are not fixed but can vary depending on the 

reaction products (Ekama and Brouckaert, 2020 in preparation). For example, if nitrate (NO3-) 

was selected as the oxidation product instead of NH4+, the fN term in Equation 3.40, would be 

-9/14 fN. However, even with an adjusted fN term, the fO and fH mass ratios of the e- donor 

(biodegradable organic) remain unchanged, as the fN coefficients in Equation 3.45 and 

Equation 3.46 change by the same amount but with the opposite sign.  
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The advantage of basing the fO and fH mass ratio equations on the mass balance allows for any 

of the mass ratios to be set to zero, if negligibly small while maintaining the mass balance. 

Once the mass ratios for each element have been established, the elemental composition of the 

organic in question was calculated by: 

 

I-/
%(
	6-0

%
	J-1

%Q
	q-2

%C
	<-3
0%
	 (3.47) 

 

Where: 
(7
:!	 = x 

(8
:  = y (9

:; = z (:
:# = a (;

": = b 

 

The format of the elemental composition was adjusted to that of 1 mol of carbon (x=1). 

Therefore, the elemental composition was multiplied through by 12/fC.  
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;
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;
	<E
;
 (3.48) 

 

3.9.3 Composition determination using mathematical models 

 

Identifying the organic composition using the stoichiometric calculation above is valid 

provided that the two required data points (the ending and the starting concentrations of the 

augmented batch experiments) are measured accurately. However, in practice, the 

measurements performed for these two data points are subject to error. Therefore, in some 

cases, the outcome of the stoichiometric calculation may not be valid, as the composition 

determined contains an unexpected or negative value. This invalid composition is directly 

affected by inaccurate measurements taken at the end or the start of the augmented batch 

experiments and is not due to the stoichiometric calculation. Therefore, in order to alleviate the 

potential error associated with only utilising two data points (the measured ending and starting 

concentrations), the data set as a whole was considered. As previously mentioned, daily 

measurements were performed on the augmented batch reactors for the first 10 days, after 

which measurements were taken every second day. The additional measurements taken 

increased the available data points significantly and encouraged the use of mathematical 

models to identify the composition, as well as determine the dynamics of the reaction.  
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The determination of the composition was extended using mass balanced mathematical 

bioprocess models which utilised the entire data set. The bioprocess models allow for the 

simultaneous calculation of substrate uptake, organism death and the presence of inert material. 

This simultaneous calculation allows for the composition identification to be based more in 

reality, as the possibility of an invalid outcome due to measurement error is decreased. Models 

were used in the identification of the composition for two reasons: 

 

1. The models made use of the entire data set, and the PE function identified the 

composition of the biodegradable organics using the weighted mean of the measured 

data throughout the experiment. The PE identified the composition of the biodegradable 

organics by minimising the error across the measurements taken. Therefore, the organic 

composition identified using PE reflected the data collected throughout the experiment, 

and not only the beginning and end measurements.  

 

2. By using the entire data set, dynamic parameters, such as the hydrolysis rate and 

substrate uptake rates, could be determined. The data points collected throughout the 

augmented batch experiments represented the rate at which the substrate was broken 

down, the rate at which inorganics were released into the aqueous phase, the 

accumulation of intermediates such as acetate and the subsequent uptake rates and half-

saturation coefficients of the acetoclastic organisms. 

 

Therefore, the use of mathematical bioprocess models was useful when analysing the collected 

data set as a whole. The use of intermediate points was good to alleviate errors with individual 

measurements as the weighted mean across the experiments could be used. Furthermore, the 

kinetics associated with the bioprocesses could be determined using the larger data set. 
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3.10 Modelling the Steady-State digesters 

3.10.1 Overview 

 

The anaerobic digestion model used throughout this project was the PWM_SA_AD model 

(Ikumi et al., 2015). The PWM_SA_AD model is a three-phase plant-wide model that extends 

the UCTADM1 model of Sötemann et al. (2005), to include the hydrolysis of multiple organic 

types (PS, ND WAS, NDEBPR WAS and PS-WAS blends), the Ekama and Wentzel (2004) 

ISS model and the Brouckaert et al. (2010) speciation model which facilitates ionic speciation 

and multiple mineral precipitation and calculation of pH. The model has recently been extended 

further by Ghoor et al. (2020) to include BSR. The PWM_SA_AD model has been coded into 

WESTÒ (Vanhooren et al., 2003) wastewater modelling software. Subsequently, WESTÒ was 

used as the primary modelling software tool throughout the project.  

 

The main focus of the project was to determine the composition of the biodegradable organics 

present in the chosen substrate (casein/PSS). However, the starting concentrations of the active 

biomass in both the AugBMP/AugBSP were not known and needed to be estimated. Therefore, 

the methanogenic and sulphidogenic SSPADs were replicated as accurately as possible using 

steady-state models, such that the concentrations of active biomass present in the effluent was 

estimated.  

 

The concentration of active biomass in the inoculum affects the production of biogas/sulphide 

due to biomass decay (control reactors), as well as the kinetic rates of bioprocesses occurring 

in the AugBMP/AugBSP experiment (test reactors), hence the quantity of products generated 

by the system. It is imperative to note that in practice, biomass is part of the VSS concentration 

measured. However, the active biomass, as an isolated component, is virtually impossible to 

measure and is subsequently, a modelling concept rather than a physical reality. 

 

The modelled SSPAD required specific input parameters and variables in order to run. The 

parameters that were essential for correctly modelling the SSPAD using the PWM_SA_AD 

model were: 
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1. The elemental compositions for the: 

a. biomass and endogenous residue in the AD 

b. PSS (substrate) organics in the influent.  

2. The saturation kinetics hydrolysis rate constants for the breakdown of biodegradable 

particulate organics (BPO), shown in Equation 3.50.  

3. Monod growth kinetic constants, yield coefficients and death rates of the four AD 

organism groups. 

 

3.10.2 Influent fractionation 

 

The operating conditions of the SSPADs were replicated in WEST using an influent generator 

and a virtual AD, as shown in Figure 3.20. The PWM_SA_AD model coded into WEST reads 

the influent wastewater concentrations as a text file, which contains each input concentration 

at each required time interval. The model then uses the influent generator to supply the required 

daily AD influent load on the SSPAD for the duration of the virtual experiment (simulation). 

The SSPAD simulations ran at steady-state for 300 days and 150 days for the methanogenic 

and sulphidogenic SSPADs, respectively. The minimum time required to reach a steady state 

is 3x the digester's sludge age. Therefore, the simulation can be conducted for any duration, as 

long as it is longer than 3x the sludge age. The chosen simulation time for the methanogenic 

and sulphidogenic systems differed based on the computation time of the simulation. 

 

 
Figure 3. 20: SSPAD layout 
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The PWM_SA_AD model is a plant-wide model, and therefore all the model components are 

available in all unit operations of the plant as they move between specific plant unit operations 

(i.e., the supermodel approach of Jones and Takacs, 2004). This flow between unit operations 

requires a generalised mass concentration format for each component variable. Therefore, the 

measured lab data concentrations needed to be transformed to the mass basis (i.e., units of 

mg/l) required by PWM_SA_AD, which is accomplished by an influent pre-processor (Ekama 

and Brouckaert, 2020; Ekama et al., 2020). An example of the mass conversions required by 

the PWM_SA_AD model, with example values, is shown in Table 3.6. However, during 

simulations, the component concentrations of COD, N, P and mols could also be calculated as 

model variables, using the component’s given simulated mass concentrations and 

parameterised elemental compositions (i.e., the x,y,z,a,b values of CxHyOzNaPb).  

 
Table 3. 6: Conversion for WEST influent generator 

 
 

An example of the converted concentrations, as determined from the pre-processor, for the first 

ten days is shown in Figure 3.21, which is in the correct format for the influent generator of 

the PWM_SA_AD model. It can be seen that the same respective influent value was repeated 

each day, and subsequently, the steady-state achieved by the model was based on average 

values and did not account for cyclic variations.  

 

Component Initial Unit COD Conc fcv Final Unit Mass Concentration
UPO mgCOD/l 10889 1.48 mgVSS/l 7352
USO mgCOD/l 4108 1.42 mgVSS/l 2893
BPO mgCOD/l 21736 2.30 mgVSS/l 9450

RFSO mgCOD/l 604 1.42 mgVSS/l 425
VFA mgCOD/l 578 0.94 mgVFA/l 542

Component Initial Unit Concentration Conversion factor Final Unit Mass Concentration
NH4 mgFSA-N/l 228 1.29 mgNH4/l 293
PO4 mgPO4-P/l 29 3.07 mgPO4/l 89
CO3 mg/l as C 109 5.00 mgCO3/l 545

Organics

Inorganics
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Figure 3. 21: WEST influent file 

 

3.10.3 Hydrolysis kinetics 

 

The steady-state model that was used to virtually replicate the SSPAD aimed to predict the 

observed SSPAD effluent as accurately as possible. In order to achieve this, specific kinetic 

constants needed to be determined, the most crucial being the value of KM, represented by the 

PWM_SA_AD model as mu_AD. KM is the kinetic constant that affects the hydrolysis rate of 

the biodegradable organics by the acidogen biomass. Additionally, KM influences the 

concentration of the residual biodegradable organics (Sbp) in the SSPAD effluent (Ikumi, 

2020). 

 

The steady-state primary sludge model by Sötemann et al. (2005) was used to determine KM, 

with the KS value taken to be 7.98, a value determined for PSS by Izzett et al. (1992). The 

steady-state model by Sötemann et al. (2005) allows the residual BPO to be determined for a 

selected BPO hydrolysis kinetic rate equation (1st order, specific 1st order, Monod or 

Saturation) with a set of defined equations. The kinetics chosen for the PSS were saturation 

(Contois) kinetics, as the PWM_SA_AD used saturation kinetics for the breakdown of 

particulate influent organics. The hydrolysis rate was determined based on the daily production 

of methane/sulphide COD for the methanogenic and sulphidogenic SSPADs, respectively. The 

hydrolysis rate was calculated using Equation 3.49. Table 3.7 shows a range of observed 

hydrolysis rates for the treatment of primary sludge adapted from the steady-state anaerobic 

digestion model of Sötemann et al. (2005).  

 

	OG 	= 	
7JO&N:<=

(1 − wF,)	e
 mgCOD/l (3.49) 
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Where: 
rh = Hydrolysis rate (gCOD/l.d) 
SProduct= Daily COD production of product (methane/sulphide) 
YAD = Yield coefficient of acidogen biomass 
R = Sludge age 

 
Table 3. 7: Observed hydrolysis rate adapted from Sötemann et al. (2005) 

 
 

With rh calculated, and Sbp and ZAD determined from the influent fractionation, the value of KM 

was calculated. As mentioned, a KS value of 7.98 gCOD/l, was used for the saturation kinetics 

of PSS. 

 

OG =
K) x

7E4
vF,

y

KT + x
7E4
vF,

y
vF, 

gCOD/(l.d)(3.50) 

 
Where: 
KM  = Kinetic constant (gCOD organics / gCOD biomass.d) 
KS = Kinetic constant (gCOD/l) 
Sbp = Residual biodegradable organics (gCOD/l) 
ZAD = Acidogen biomass concentration (gCOD/l) 

 

Table 3.8 shows a range of KM for the treatment of primary sludge adapted from the three-

phase plant-wide model of Ikumi et al. (2015). 

R rh
d g/(l.d)
7 2.871

10 2.064
12 1.663
15 1.548
20 1.204

Izzett et al. (1992) 7 to 20 d retention 
time (R) anaerobic digester observed 

hydrolysis rate (rh)
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Table 3. 8: KM and KS values adapted from Ikumi et al. (2015) 

 
 

3.10.4 Composition Determination 

 

The concentrations of the products released into the SSPAD bulk liquid by the influent PSS 

are dependent on the elemental composition and VSS mass of the biodegradable organics 

present in the PSS, the flowrates in/out of the SSPAD and the liquid volume of the SSPAD. 

The organic groups present in the PSS were divided into four main categories (BSO, BPO, 

USO and UPO). The PWM_SA_AD model included an additional group, a shared composition 

for the biomass. The compositions of these organics needed to be estimated based on literature 

values, as well as the measured effluent concentrations. Therefore, the model needed to assign 

a unique composition to each of the following groups: 

 

1. UPO 

2. Biomass 

3. BPO and BSO 

4. USO 

 

3.10.4.1 UPO 

 

The elemental composition of the UPO was determined using mass ratio values from the 

literature. The mass ratios for UPO have been used for decades in activated sludge models 

KM KS

PS 1.796 7.962

PS-MLE 1.919 7.723

MLE 1 1.603 5.387

MLE 2 1.524 4.838

NDBEPR 1.951 9.109

PS (1) 5.27 7.98

PS (2) 2.047 0.263

PS (3) 11.2 13

Saturation Kinetics

PS (2) is from Sötemann et al. (2005a), determined using data from O’Rourke (1968).

PS (1) is from Sötemann et al. (2005a), determined using data from Izzett et al. (1992).

Where:

PS (3) is from Ristow et al. (2004).
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since the steady-state model of Marais and Ekama (1976), but there is evidence that it may 

need revision (Wentzel et al., 2006). Nevertheless, the values were used to determine the 

composition of the UPO and may lead to some error.  

 
Table 3. 9: Mass fractions for UPO 

fCV 1.481 

fC 0.515 

fN 0.1 

fP 0.025 

 

With 4 of the 5 mass fractions known and assuming 100% mass balance, the unknown mass 

fractions for fH and fO were calculated using the equations from Section 3.9.2. Therefore, the 

UPO elemental composition of the influent PSS was calculated to be C1H1.571O0.426N0.166P0.019. 

 

3.10.4.2 Biomass 

 

The composition of the biomass was assumed to be C5H7O2N, a typical biomass composition 

used in AS and AD modelling initially measured by Porges and Hoover (1952). This 

composition was adjusted to the correct format using Section 3.9.2. The result was a biomass 

composition of C1H1.4O0.4N0.2 

 

3.10.4.3 BPO and BSO 

 

Identifying the composition of the BPO in the influent PSS for the SSPADs required some trial 

and error, as literature stated values for the BPO in the PSS were scarce and did not match the 

measured SSPAD effluent concentrations sufficiently well. Therefore, an approximate 

composition of the BPO was determined from the laboratory measurements on the SSPAD by 

accepting COD, C, N and P mass balances over the system like Sötemann et al. (2005) did. 

This was possible because the COD of the methane gas, the C in the methane, CO2 and H2CO3 

alk, and the FSA and OP in the effluent originated from the COD, C, N and P of the degraded 

BPOs. A small proportion (<3%) of the COD, C, N and P are taken up into AD biomass growth, 

but this can be taken into account if required.  
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The BPO and BSO were grouped as one component, effectively becoming the total 

biodegradable organics (Sbi), excluding the VFA contribution (which was accounted for 

separately), which simplified the elemental composition, as four fewer parameters were 

required for modelling the SSPAD when accepting a single composition for the biodegradable 

organics. This is shown in the organic compositions for the biodegradable organics in Table 

4.13 in Section 4.2.3.4. Grouping both the BSO and BPO together was justified as the BPO 

contributed more than 95% of the biodegradable organic COD present in the PSS.  

 

The BPO composition was estimated based on the observed change in concentrations of the 

constituents between the influent and effluent. The difference between the VSS entering and 

exiting the SSPAD gave a reasonable estimate of VSS concentration utilised by the SSPAD. 

Therefore, the BPO CHONP composition was adjusted until the desired SSPAD effluent 

concentrations were achieved. 

 

3.10.4.4 USO 

 

Identifying the composition of the USO was difficult as it is inert with no measurable mass 

concentration. The USO also has no interaction with the bioprocesses and aqueous phase, other 

than adding a small concentration of unbiodegradable dissolved COD and nitrogen to the bulk 

liquid. Furthermore, the USO has no P content. From many years of research on EBPR 

activated sludge systems, an unbiodegradable effluent OrgP has not been detected. Usually, 

the filtered effluent TP and OP are almost equal. Therefore, the composition of the USO was 

estimated based on the observed SSPAD soluble effluent COD concentration and some 

assumed mass ratios after the compositions of the other groups had been determined.  

 

3.10.5 Modelled SSPAD evaluation  

 

The PWM_SA_AD model for the methanogenic and sulphidogenic SSPADs were run under 

steady-state conditions for 300 days and 150 days, respectively. The models made use of all 

the required parameters and variables determined above, i.e. the hydrolysis rates and elemental 

compositions of the organics in the PSS substrate. The modelled SSPAD effluent was 

compared to the observed SSPAD effluent using relative error (percentage error), as described 

in Section 3.7.6.1. The relative error was calculated using Equation 3.51 below: 
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%2OOQO	 = 	
(CQP2NN2P	X3NR2	 − 	QSF2OX2P	X3NR2)

QSF2OX2P	X3NR2
	× 	100 

% (3.51) 

 

The parameters for the SSPAD were adjusted in an attempt to get the relative error measured 

on each constituent to lower than 10%. However, this was not always possible, and in these 

cases, the parameters were adjusted to get a best-fit. The active biomass concentration present 

in the SSPAD effluent was then used as the inoculum for the modelled AugBMP and AugBSP 

experiment reactors, after the appropriate seeding dilutions had been applied.  

 

3.10.6 Modelled methanogenic SSPAD 

 

The modelled methanogenic SSPAD was run using measurements performed on both the 

influent and effluent streams. The main focus of the model was to as accurately as possible 

replicate the laboratory observations on the methanogenic SSPAD. The motivation for 

replicating the SSPAD as accurately as possible was to estimate the concentrations of the four 

different active organism groups present in the effluent stream, that would be used to inoculate 

the AugBMP experiment reactors. The active biomass in the methanogenic SSPAD was 

separated into four main groups of organisms: 

 

1. Acidogens 

2. Acetogens 

3. Acetoclastic Methanogens 

4. Hydrogenotrophic Methanogens 

 

3.10.7 Modelled Sulphidogenic SSPAD 

 

The sulphidogenic SSPAD was virtually replicated using the same model library that was used 

to model the methanogenic SSPAD, i.e. PWM_SA_AD model (Ikumi et al., 2015). This could 

be done as the model was extended further by Ghoor et al. (2020) to include biological sulphate 

reduction (BSR). The model contains the identical stoichiometry for the hydrolysis reaction of 

the influent organics, but differs after the formation of glucose, splitting into two distinct 

pathways of either methanogenesis or sulphidogenesis. 
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As with the methanogenic SSPAD, the active biomass in the sulphiodogenic SSPAD was 

separated into four main groups of organisms: 

 

1. Acidogens 

2. Sulphidogenic Acetogens 

3. Acetoclastic Sulphidogens 

4. Hydrogenotrophic Sulphidogens 

 

3.10.7.1 Sulphide steady-state model modification 

 

The PWM_SA_AD model extended by Ghoor et al. (2020) has been coded in such a way that 

all of the sulphide remains dissolved in solution, i.e. there is no sulphide evolution from the 

liquid phase into the gas phase. The model was developed for simulating the AugBSP 

experiment, which takes place in a completely sealed reactor with no headspace, and 

subsequently, all the sulphide remains dissolved in the reactor liquid.  

 

The missing sulphide evolution was problematic when modelling the sulphidogenic SSPAD, 

as the laboratory scale SSPAD had a headspace into which H2S could evolve, and was 

additionally sparged with nitrogen during feeding and wasting, causing H2S to evolve into the 

headspace. The model developed by Ghoor et al. (2020) needed to be modified to account for 

the H2S evolution in the SSPAD. This modification only applied to the steady-state model, as 

the AugBSP experiments would use the extended PWM_SA_AD model in its intended form.  

 

The only modification to the model developed by Ghoor et al. (2020) was allowing for H2S to 

evolve from the liquid phase. The modification was made purely for establishing the required 

SSPAD dissolved sulphide (Sds) concentration and pH. It is important to note that the 

modification was not intended as a realistic permanent fix for sulphide evolution inside the 

model, but rather as a way to remove the H2S at a constant rate from the SSPAD liquid phase.  

 

The modification was implemented without introducing a gaseous H2S term to the model, but 

rather by using two existing model components: the dissolved HS- concentration and the H+ 

concentration. A new adjustable parameter was added to the model: the H2S_molrate. This new 

parameter allowed the user to adjust the rate at which H2S evolved from the solution. This rate 
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was applied to both HS- and H+, such that they were removed from the solution in equal parts, 

simulating the effect that a constant sulphide evolution rate would impose on the SSPAD, as 

shown by Equation 3.52. 

 

HS7 	+ 	H1 	= 	6(7 mol (3.52) 

 

3.11 Modelling the augmented batch experiments 

3.11.1 Overview 

 

The anaerobic digestion model used throughout this project was the PWM_SA_AD model 

(Ikumi et al., 2015). The augmented batch experiments were modelled as AD batch reactors, 

as shown in Figure 3.22. Therefore, an influent generator was not necessary, as the selected 

feeding mode was once-off batch fed. Subsequently, the starting mass of each component was 

entered directly (as starting mass of the virtual reactor in the simulated experimental 

environment) into the PWM_SA_AD model in WESTÒ. The starting liquid volume of the 

augmented batch experiments were fixed at 5l and 6l for the AugBMP and AugBSP reactors, 

respectively. Therefore, the modelled AugBMP and AugBSP reactors had a starting liquid 

volume of 5l and 6l, respectively. 

 

The starting constituent concentrations for the modelled augmented batch reactors were set to 

the observed starting constituent concentrations by adjusting the mass of each component in 

the PWM_SA_AD model, as the starting volume in each reactor was fixed. The concentrations 

that were adjusted to that of the observed starting concentrations were the FSA, OP, VFA, 

H2CO3 Alk and H+ (pH). Therefore, where possible, the starting concentrations for the 

modelled augmented batch experiments began at the same concentrations to that of the 

observed augmented batch experiments. The PE function was used to determine the COD and 

VSS concentrations of the BPOs (above that of the unbiodegradable material), as the starting 

COD concentration was directly influenced by the BPOs composition and mass.  

 



 117 

 
Figure 3. 22: Virtual augmented batch test layout 

 

3.11.2 Control reactors 

 

The augmented batch control reactors were used to identify the residual biodegradable material 

present in the SSPAD effluent. Therefore, the control reactors set the baseline for the test 

reactors, which contained the organic substrate in question. As discussed in Section 3.8.4.2, 

the control reactors contained residual biodegradable organics, VFAs, biomass, USO and UPO. 

In the PWM_SA_AD model, the biomass and biodegradable particulate material (BPO) are 

represented as two separate components. 

 

The PWM_SA_AD model required a unique composition for both the biomass and the 

biodegradable organic material. The composition of the biomass was set to C1H1.4O0.4N0.2, as 

shown in Section 3.10.4.2. Therefore, the release of inorganics (such as FSA and OP) into the 

reactor liquid, as well as the generation of AD products (methane/sulphide), was directly 

influenced by the chosen biomass composition, the mass of biomass present in the batch reactor 

at the start of the experiment and the death rates of the biomass. Furthermore, the composition 

of the biomass was fixed. Therefore, the concentration of products released into the reactor 

liquid above that of the concentrations released due to the cellular oxidation of the biomass 

was due to the BPO present in the SSPAD effluent (with the VFAs accounted for separately). 
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However, for the sulphidogenic AugBSP reactors, the residual biodegradable organics present 

in the sulphidogenic SSPAD effluent was taken to be negligible. Therefore, the change in 

concentration of the specific components was due entirely to the biomass decay. Subsequently, 

the AugBSP control reactor was relatively straight forward to model and did not require PE to 

identify the composition of the biodegradable organics.  

 

3.11.2.1 AugBMP Control Reactor Parameter Estimation 

 

The fractionation procedure used to determine the specific organic groups was discussed in 

Section 3.8.4.2. The parameter estimation (PE) procedure required for coding of the 

PWM_SA_AD model to specify the biomass and biodegradable organics as two separate 

model component groups. With this in place, the PE was used to identify the composition of 

the BPO that was present in the methanogenic SSPAD effluent. To initiate this process, it was 

required to quantify the three organic groups of USO, BSO and UPO in order to identify the 

BPO group present.  The steps to this process are listed below: 

 

1. The USO concentration present in the AugBMP control reactor was quantified using 

the filtered (soluble) COD concentration that remained in the control reactor at the end 

of the experiment. The filtered COD concentration at the end of the experiment 

quantified the soluble material that did not degrade throughout the experiment, i.e 

unbiodegradable soluble. Therefore, the mass (in the simulated reactor) of USO was 

adjusted until the modelled filtered COD concentration at the end of the experiment 

reflected the observed filtered COD concentration. 

 

2. The concentration of the BSO present in the AugBMP control reactor was quantified 

using the difference between the starting and ending filtered COD concentrations 

(excluding the VFAs present). The filtered COD concentration at the end of the 

experiment quantified the unbiodegradable soluble material. Therefore, the difference 

between the starting and ending filtered COD concentrations quantified the 

biodegradable soluble COD that was utilised throughout the experiment. Therefore, the 

mass of BSO in the modelled AugBMP control reactor was adjusted to reflect this 

starting concentration.  
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3. The composition of the UPO was fixed at C1H1.571O0.426N0.166P0.019, as shown in Section 

3.10.4.1. Furthermore, the COD and VSS concentrations of the UPO were related by 

an fCV value of 1.48. This relationship fixed the COD concentration relative to the VSS 

concentration remaining at the end of the experiment. The COD and VSS concentration 

at the end of the experiment quantified the particulate material that did not degrade over 

the duration of the experiment (i.e unbiodegradable particulate), but also included the 

COD and VSS concentration of the biomass at the end of the experiment due to the low 

organism death rates. Therefore, the mass of UPO (which affects both the COD and 

VSS concentrations) was used as an unknown parameter in the PE. The PE took into 

account the mass of biomass that grew and degraded throughout the experiment and 

assigned the remaining mass (at the end of the batch reactor experiment) to the UPO, 

such that the observed COD and VSS concentrations at the end of the modelled 

experiment reflected the observed concentrations.  

 

4. The concentration of biomass at the start of the experiment was determined using the 

modelled SSPAD effluent concentrations.  

 

With four of the organic groups identified, as well as the presence of VFAs taken into account 

(the concentration of the VFAs at the start of the virtual experiment were entered as a direct 

input), the influence of the biodegradable organics present in the AugBMP control reactor was 

determined using the PE function. The PE estimation adjusted the BPO composition and mass 

by completing hundreds of iterations until the error across the prediction of measurements were 

minimised. The following measurements affected how the composition and mass of the BPO 

were determined.  

 

1. The COD and VSS concentrations at the start of the AugBMP control were used as the 

objective values, which were associated with the BPOs, as the concentrations of the 

COD and VSS relating to the UPO and biomass were taken into consideration of values 

quantified (as shown in (3) and (4) above). Therefore, (with VFA COD accounted for 

separately) the COD and VSS concentrations present at the start of the experiment, 

above that of the UPO and biomass, were due to the BPOs.  
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2. The release of FSA and OP into the bulk liquid of the AugBMP control reactor, above 

that of the concentrations released due to biomass decay, quantified the N and P content 

of the BPO, respectively.  

 

3. The release of alkalinity and the change in reactor pH, above that of the influence 

caused by biomass decay, were a result of the products released into the reactor due to 

the breakdown of the BPO.  

 

In addition to identifying the composition and mass of the BPO, the PE was used to identify 

the hydrolysis rate of the BPO, the substrate uptake rate of the acetoclastic methanogens and 

the half-saturation coefficient of the acetoclastic methanogens. Table 3.10 shows the target 

parameters used in the modelled AugBMP control reactor for the PE. The best solution was 

achieved by the PE through multiple iterations. The iterations adjusted the selected parameters 

until the lowest objective value was achieved. This process is explained in detail in Section 

2.7.2. 

 
Table 3. 10: AugBMP PE parameters 

PWM_SA Parameter Description 

i_H_XBInf_mol_perC The H content of the BPO (y) 

i_O_XBInf_mol_perC The O content of the BPO (z) 

i_N_XBInf_mol_perC The N content of the BPO (a) 

i_P_XBInf_mol_perC The P content of the BPO (b) 

M(X_B_Inf) The mass of the BPO 

M(X_U_Inf) The mass of the UPO 

kM_BInf_AD_hyd The saturation hydrolysis constant for BPO breakdown. 

mu_AM The growth rate of the acetoclastic methanogens 

KS_AM The half-saturation coefficient of the acetoclastic methanogens 

 

The composition and mass of the BPO identified using the PE function was then used as the 

baseline for the modelled AugBMP test reactor, above which the release of products into the 

reactor liquid was a direct result of chosen the biodegradable substrate (either PSS or casein). 
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3.11.3 Test reactors 

 

The augmented batch test reactors were used to identify the composition of the biodegradable 

organic material present in a chosen substrate. For this project, both a soluble and a particulate 

substrate were selected: 

 

1. The soluble substrate used was a powdered casein hydrolysate, which was dissolved 

into an aqueous solution. 

 

2. The particulate substrate used was the biodegradable material present in the PSS, which 

was mostly (>95%) in the particulate form.  

 

The properties of the biodegradable organic (soluble or particulate) had a significant effect on 

how the augmented batch test reactors were modelled, as well as the parameters used for the 

PE. The augmented batch test reactors used the same model as the control reactors. Therefore, 

the same biomass and UPO compositions from Section 3.11.2.1 were present in the test 

reactors. Furthermore, the organic groups present in the AugBMP/AugBSP test reactors were 

determined using the fractionation principles described in Section 3.8.4.2.  

 

The mass and composition of the BPO present in the AugBMP control reactors was identified 

using PE and was subsequently entered into the model for the AugBMP test reactor (with the 

correct dilution applied). Furthermore, the composition of the biomass was fixed at 

C1H1.4O0.4N0.2. Therefore, the mass, and subsequently, the concentration of active biomass 

present in the AugBMP test reactor inoculum was determined using the modelled SSPAD and 

was entered into the model for the AugBMP test reactor (with the correct dilution applied). The 

release of products above the entered BPO and biomass mass in the modelled AugBMP test 

reactor was due to the biodegradable organics present in the selected substrate. 

 

The AugBSP reactor contained negligible BPOs, and the subsequent release of products into 

the bulk liquid of the AugBSP control reactor was due entirely to the biomass decay. For the 

modelled AugBSP test reactor, the composition of the biomass was fixed at C1H1.4O0.4N0.2. The 

mass, and subsequently, the concentration of active biomass present in the AugBSP test reactor 

inoculum was determined using the modelled SSPAD and was entered into the model for the 

AugBSP test reactor (with the correct dilution applied). 
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3.11.3.1 Identifying the Soluble Substrate using Parameter Estimation 

 

The soluble substrate selected was casein hydrolysate, an organic compound with a well-

documented composition. Casein was selected with the primary aim of comparing the 

compositions identified by the AugBMP and AugBSP experiments. This comparison was 

possible as a laboratory-grade casein was utilised, and subsequently, the compositions 

identified by each of the augmented batch reactors (AugBMP/AugBSP) should be similar. The 

biodegradable organic present in PSS varies depending on the time of collection, and 

subsequently, was not ideal for comparing the compositions identified by each of the 

augmented batch experiments. 

 

As previously mentioned, the PWM_SA_AD model comprises of different components. For 

instance, the USO, BSO, UPO, BPO and biomass are separated, and each given a unique 

composition and starting mass. The augmented batch control reactor was used to determine the 

concentration of the BPOs present in the inoculum. Therefore, the composition and mass of 

the BPOs determined using the modelled augmented batch control reactors were entered 

directly into the modelled augmented batch test reactors (as inputs in the modelling 

environment).  

 

For this particular type of substrate (soluble), the composition of the BSO in the influent was 

unknown. However, the remaining organic groups were determined using a similar approach 

to Section 3.11.2.1.  

 

1. The concentration of USO in the augmented test reactors were determined by the 

filtered COD concentration remaining at the end of the experiment. 

 

2. The concentration of the BSO was the difference between the starting and ending 

filtered COD concentration. 

 

3. The composition of the UPOs were fixed at C1H1.571O0.426N0.166P0.019. The COD and 

VSS concentration at the end of the experiment quantified the particulate material that 

did not degrade throughout the experiment. 
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4. The composition and concentration of the BPOs present in the inoculum were taken 

from the control reactor (negligible for AugBSP). The BPO concentration was diluted 

accordingly based on the starting mixtures for the augmented batch experiments.  

 

5. The VSS at the end of the experiment represented the UPOs and active biomass, as a 

soluble substrate was utilised. 

 

The soluble substrate chosen presented some challenges to the modelling procedure as casein 

hydrolysate is a micelle. As explained in Section 2.6, a micelle is a colloidal particle, which 

contains a hydrophobic head and a hydrophilic tail. Subsequently, casein hydrolysate has 

difficulty dissolving in water as it tends to be hydrophobic. For this reason, it was believed 

that, although the best efforts were made to completely dissolve the casein into solution, a 

fraction of the casein remained in its particulate form and did not hydrolyse during the 

experiment. To compensate for this property of casein, an additional term was added to both 

the AugBMP and AugBSP models, f_S_F_dis, which took into account the fraction of casein 

that dissolved in solution. The f_S_F_dis term only applied to the PE done for casein and was 

not present in the models used to determine the composition of the BPO in PSS.  

 

The mass of BSO present in the augmented batch test reactors at the start of the experiment 

was determined by the dry mass of the casein hydrolysate powder that was added to water to 

form the feed solution. Therefore, the BSO mass was fixed at the start of the modelled 

experiment as it depended on the mass entered into the model. The mass of BSO that was 

hydrolysed and used throughout the modelled experiment was depended on the f_S_F_dis 

term. The remaining casein hydrolysate that did not dissolve into solution became UPO. The 

f_S_F_dis term, as well as the BSO composition was adjusted using multiple iterations by the 

PE until the observed COD, VSS, FSA, OP, alkalinity and pH was achieved by the model. The 

parameters adjusted by the PE for the casein experiment are shown in Table 3.11. 
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Table 3. 11: AugBMP/AugBSP test PE parameters for casein 

PWM_SA Parameter Description 

i_H_SF_mol_perC The H content of the BSO (y) 

i_O_SF_mol_perC The O content of the BSO (z) 

i_N_SF_mol_perC The N content of the BSO (a) 

i_P_SF_mol_perC The P content of the BSO (b) 

f_S_F_dis The fraction of casein hydrolysate that dissolved into solution 

M(X_U_Inf) The mass of the UPO 

K_H_f The saturation hydrolysis constant for BSO breakdown. 

mu_AM/mu_AS The growth rate of the aceticlastic organisms (either methanogenic or 

sulphidogenic) 

Ks_AM/Ks_AS The half saturation coefficient of the aceticlastic organisms (either 

methanogenic or sulphidogenic) 

 

3.11.3.2 Identifying the Particulate Substrate using Parameter Estimation in the modelled 

AugBMP test experiment 

 

The particulate substrate chosen for this project was the biodegradable organics present in PSS, 

which was taken from Potsdam Wastewater Treatment Plant. The fractionation procedure used 

to determine the specific organic groups was discussed in Section 3.8.4.2. The PWM_SA_AD 

model specifies the biomass and biodegradable organics as two separate groups. The AugBMP 

control reactor was used to identify the composition of the residual biodegradable particulate 

organics in the methanogenic SSPAD effluent. The composition of the biomass, as well as the 

composition of the biodegradable organics, were fixed (to be the same as for the control 

AugBMP) for the duration of the modelled AugBMP test experiment.  

 

The fixed BPO composition for the residual biodegradable organics in the SSPAD effluent 

presented a problem when running a PE for the AugBMP test reactor, as the composition of 

the biodegradable particulates in the PSS could not be isolated. Therefore, in order to identify 

the composition of the biodegradable particulate organics present in the PSS, an additional 

component was added to the PWM_SA_AD model. The additional component, named PSS 

particulate organics (X_B_PSS), was identical to the biodegradable particulate component 

(X_B_Inf), already in the model, in every way, i.e. it used the same stoichiometric and kinetic 

equations. The new PSS particulate component allowed for the composition of the 
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biodegradable particulate organics in the PSS (X_B_PSS) to be identified above that of the 

residual particulate organics (X_B_Inf) present in the modelled SSPAD inoculum. 

 

Therefore, PE was used to identify the composition of the biodegradable particulate organics 

in the PSS. In order to identify the biodegradable particulate organics in the PSS, the other 

three organic groups, USO, BSO and UPO, needed to be quantified.  

 

1. The concentration of the USO present in the AugBMP test reactor was determined 

using the filtered COD concentration that remained in the test reactor at the end of the 

experiment, which quantified the soluble material that did not degrade throughout the 

experiment, i.e unbiodegradable soluble. Therefore, the mass of USO was adjusted until 

the modelled soluble COD concentration at the end of the experiment reflected the 

observed soluble COD concentration. 

 

2. The concentration of the BSO present in the AugBMP test reactor was quantified using 

the difference between the starting and ending soluble COD concentrations (excluding 

the VFAs present). The soluble COD concentration at the end of the experiment 

quantified the unbiodegradable soluble material. Therefore, the difference between the 

starting and ending soluble COD concentrations quantified the biodegradable soluble 

COD that was utilised throughout the experiment. Therefore, the mass of BSO in the 

modelled AugBMP test reactor was adjusted to reflect this starting concentration.  

 

3. The composition of the UPO was fixed at C1H1.571O0.426N0.166P0.019. Therefore, the COD 

and VSS concentrations of the UPO were related by an fCV value of 1.48. This 

relationship fixed the COD concentration relative to the VSS concentration remaining 

at the end of the experiment. The COD and VSS concentration at the end of the 

experiment quantified the particulate material that did not degrade throughout the 

experiment (i.e unbiodegradable particulate), but also included the COD and VSS 

concentration of the biomass at the end of the experiment due to the low organism death 

rates. Therefore, the mass of UPO was used as an unknown parameter in the PE. The 

PE took into account the mass of biomass that grew and degraded throughout the 

experiment and assigned the remaining mass to the UPO, such that the observed COD 

and VSS concentrations at the end of the modelled experiment reflected the observed 

concentrations.  
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4. The concentration and composition of the BPO present in the SSPAD inoculum was 

identified using the modelled AugBMP control experiment.  

 

5. The concentration of biomass at the start of the experiment was determined using the 

modelled SSPAD effluent concentrations.  

 

With five of the organic groups identified as well as the presence of VFAs taken into account, 

the influence of the biodegradable particulate organics in the PSS was determined using the PE 

function. The following measurements affected how the composition and mass of the 

biodegradable particulate organics in the PSS was determined using the same approach as 

described in Section 3.11.2.1 The parameters used to determine the X_B_PSS characteristics 

(including its elemental composition and kinetics of hydrolysis) are listed in Table 3.12.  

 
Table 3. 12: AugBMP test PE parameters for PSS 

PWM_SA Parameter Description 

i_H_XBPSS_mol_perC The H content of the particulate organics in the PSS (y) 

i_O_XBPSS_mol_perC The O content of the particulate organics in the PSS (z) 

i_N_XBPSS_mol_perC The N content of the particulate organics in the PSS (a) 

i_P_XBPSS_mol_perC The P content of the particulate organics in the PSS (b) 

M(X_B_PSS) The mass of the particulate organics in the PSS 

M(X_U_Inf) The mass of the UPO 

kM_BPSS_AD_hyd The saturation hydrolysis constant for particulate organics in the 

PSS breakdown. 

mu_AM The growth rate of the acetoclastic methanogens 

KS_AM The half-saturation coefficient of the acetoclastic methanogens 
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3.11.3.3 Identifying the Particulate Substrate using Parameter Estimation in the modelled 

AugBSP test experiment 

 

The AugBSP test PE used the same alterations made to the PWM_SA_AD model, such that 

the particulate organics in the PSS were represented by (X_B_PSS). However, the AugBSP 

experiment did not have any residual biodegradable organics present in the inoculum. 

Therefore, the BPO component in the PWM_SA_AD model could have been used to represent 

the particulate organics in the PSS; however, (X_B_PSS) was used for consistency. The 

procedure for identifying the composition of the particulate organics in the PSS was identical 

to that of the AugBMP test, as described in Section 3.11.3.2. The only exception was that the 

mass of BPO was set to zero. 

 

The parameters used to determine the X_B_PSS composition were the same as listed in Table 

3.12, however, the growth rate and half-saturation coefficient for acetoclastic sulphidogenesis 

was used instead, as shown in Table 3.13.  

 
Table 3. 13: AugBSP test PE parameters for PSS 

PWM_SA Parameter Description 

i_H_XBPSS_mol_perC The H content of the particulate organics in the PSS (y) 

i_O_XBPSS_mol_perC The O content of the particulate organics in the PSS (z) 

i_N_XBPSS_mol_perC The N content of the particulate organics in the PSS (a) 

i_P_XBPSS_mol_perC The P content of the particulate organics in the PSS (b) 

M(X_B_PSS) The mass of the particulate organics in the PSS 

M(X_U_Inf) The mass of the UPO 

kM_BPSS_AD_hyd The saturation hydrolysis constant for particulate organics in the 

PSS breakdown. 

mu_AS The growth rate of the acetoclastic sulphidogens 

KS_AS The half-saturation coefficient of the acetoclastic sulphidogens 
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Chapter 4: Steady-state parent anaerobic digester results 

and modelling 

4.1 Introduction 

The identification of the composition of the biodegradable organics present in the selected 

substrates, casein and PSS, was explained over three chapters (Chapter 4, 5 and 6). Chapter 4 

presents the analysis of results obtained from both the methanogenic and sulphidogenic 

SSPADs, Chapter 5 identifies the composition of residual BPOs present in the inoculum using 

the augmented batch control reactors, and Chapter 6 identifies the composition of the 

biodegradable organics present in the chosen substrates using the augmented batch test 

reactors.  

 

This Chapter 4 presents the analysis of the results for the methanogenic and sulphidogenic 

SSPADs used to provide the inoculum for the AugBMP and AugBSP experiments, 

respectively. This included the data collected, the data evaluation using mass balances 

performed and the modelling results. This chapter was important for establishing that the 

SSPADs were running at steady state, as well as confirming that mass was conserved 

throughout the system, using the mass balance checks.  

 

Further, to determine the concentrations of the active biomass (which is represented by a 

separate and unique composition to that of the substrate) that were used for the modelled 

augmented batch experiments, steady state models were applied to the data generated by the 

SSPADs. 

 

This chapter has been separated into two main sections. Each section described the results, 

mass balances and modelling for the SSPADs used to grow the inoculum for the AugBMP and 

AugBSP experiments.  

 

4.2 The methanogenic SSPAD 

4.3 The sulphidogenic SSPAD 
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Both the AugBMP and the AugBSP experiments required a stable inoculum, which was grown 

using SSPADs for each respective system, i.e. A methanogenic SSPAD and a sulphidogenic 

SSPAD. Each respective system was fed the same organic substrate, in this case, stored PSS 

from Potsdam Wastewater Treatment Facility in the Western Cape. 

 

Both the AugBMP and the AugBSP experiments were repeated four times each. One of the 

experiments was used to identify the composition of the organics in the soluble substrate, 

casein, and the remaining three experiments were used to identify the composition of the 

organics in the particulate substrate, PSS. The same respective SSPAD, either methanogenic 

or sulphidogenic, was used throughout the experiments conducted to provide the inoculum 

required, however, the dates at which the experiments were conducted differed. Therefore, an 

inoculum was required for each of the AugBMP and AugBSP experiments conducted on the 

casein, labelled MC1 and SC1, as well as the experiments conducted on the PSS, labelled MP1, 

MP2, MP3, and SP1, SP2, SP3, respectively. 

 
Table 4. 1: Experiment Periods 

Label Type of Experiment Date of Experiment 

MC1 Methanogenic Casein February – March 2019 

MP1 Methanogenic PSS February – March 2018 

MP2 Methanogenic PSS May-June 2018 

MP3 Methanogenic PSS December 2018 

SC1 Sulphidogenic Casein March 2019 

SP1 Sulphidogenic PSS November 2018 

SP2 Sulphidogenic PSS January – February 2019 

SP3 Sulphidogenic PSS April 2019 

 

The procedure used to analyse and model the methanogenic SSPAD for each experiment 

period, MC1, MP1, MP2, and MP3 was the same. Likewise, the procedure used to analyse and 

model the sulphidogenic SSPAD for each experiment period, SC1, SP1, SP2, and SP3 was the 

same. 
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4.2 Methanogenic SSPAD 

As previously mentioned, the same methanogenic SSPAD was used throughout the 

experiments conducted, however, the dates at which the experiments were conducted differed. 

The operation of the methanogenic SSPAD is given in Section 3.2.1. The measured constituent 

concentrations present in the influent PSS feed and the effluent from the methanogenic SSPAD 

during the MC1, MP1, MP2 and MP3 experiments are summarised in Table 4.2. The details 

for the preparation of the influent PSS are given in Section 3.3.1. The concentrations presented 

in Table 4.2 for the influent PSS accounted for the dilution that occurred when adding warm 

tap water to the PSS before feeding the digester.  

 

Table 4.2 illustrates the aqueous concentrations for a range of constituents present in the 

influent and effluent streams of the SSPAD during the four experiment periods, from which 

the inoculum for each AugBMP reactor experiment was taken. The values listed in the table 

are the averaged values determined from conducting multiple measurements over at least four 

consecutive days. The analytical procedures used to measure each constituent is given in 

Section 3.6. 
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Table 4. 2: Methanogenic SSPAD results 

 
 

Constituent Unit Influent Effluent Change (△) Influent Effluent Change (△) Influent Effluent Change (△) Influent Effluent Change (△)
COD

Total mgCOD/l 37916 20107 -17809 49749 18423 -31326 52093 16854 -35239 58519 23957 -34562
Soluble mgCOD/l 5291 4409 -882 6593 4947 -1646 6470 3006 -3464 7220 4626 -2594
Particulate mgCOD/l 32625 15698 -16927 43155 13476 -29680 45623 13848 -31776 51299 19330 -31969

Nitrogen
TKN mgTKN-N/l 924 999 75 1066 1251 185 1327 1254 -73 938 1019 81
FSA mgFSA-N/l 228 508 280 74 536 463 218 660 443 174 602 428

Phosphate
TP mgTP-P/l 119 126 7 145 186 40 152 186 34 198 185 -14
OP mgOP-P/l 29 26 -3 84 24 -60 41 13 -29 61 41 -20

Solids
TSS mgTSS/l 20742 12169 -8573 26415 12984 -13432 27238 10488 -16751 34268 15275 -18992
VSS mgVSS/l 16783 9154 -7629 21579 9670 -11909 24058 8028 -16030 27817 11921 -15897
ISS mgISS/l 3958 3015 -943 4836 3313 -1523 4251 2460 -1791 6090 3355 -2735

pH
pH 5.45 6.96 1.51 5.50 7.00 1.50 5.39 7.09 1.70 5.06 7.11 2.05

Alkalinty
Carbonate + H2O mg/l as CaCO3 59 2352 2293 2.1 2001 1999 108 2681 2574 71 2501 2430
Ammonia mg/l as CaCO3 0 10 10 0 13 13 0 17 17 0 16 16
Phospahte mg/l as CaCO3 1.3 22.3 21.0 3.5 23 20 0.5 14 14 0.3 49 48
Sulphide mg/l as CaCO3 0 0 0 0 0 0 0 0 0 0 0 0
VFA mg/l as CaCO3 383 234 -150 957 8 -949 1 2 1 1 2 1
Total mg/l as CaCO3 443 2618 2175 962 2045 1083 109 2715 2605 74 2568 2494
Species Concentration

CT mg/l as C 109 674 565 0.4 553 553 409 727 318 535 683 148
VFA mg/l as acetate 542 282 -260 1328 9 -1319 2 2 1 2 3 1

MC1 MP3Methanogenic SSPAD MP1 MP2
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The total influent COD concentration differed between 37916± 2700 and 58519± 3351 

mgCOD/l, a range of 20603mgCOD/l. The soluble influent COD concentration differed from 

5291± 585 to 7220± 254 mgCOD/l, a range of 1390mgCOD/l. The concentration of the influent 

soluble COD was low relative to the total COD concentration (12.3 – 14%), indicating that the 

particulate material present in the PSS had a significant impact on the total COD concentration. 

However, different batches of PSS were collected from Potsdam WWTP throughout the year, 

subsequently affecting the PSS characteristics at different experiment periods. The influent 

PSS concentrations for MC1 suggested that the PSS was more dilute than during the remaining 

three experiment periods. 

 

The total effluent COD concentration fluctuated between 16854± 2215 and 23957± 1177 

mgCOD/l, a range of 7103 mgCOD/l. The soluble effluent COD concentration had a range of 

1941mgCOD/l. It was assumed that all of the biodegradable soluble COD was utilised by the 

methanogenic SSPAD over the 20-day sludge age; therefore, the soluble COD exiting the 

SSPAD consisted of unbiodegradable soluble COD and some VFA. The biodegradable soluble 

COD concentration was calculated using the change in soluble COD concentration between 

the influent and effluent streams. Subsequently, the biodegradable soluble COD in the PSS 

varied between 882 and 3464 mgCOD/l. This fluctuation indicated a change in the 

biodegradable soluble COD entering the WWTP, which may have been caused by dilution 

during wet weather. 

 

Interestingly, the concentration of particulate COD utilised by the SSPAD remained relatively 

constant for the MP1, MP2 and MP3 experiment periods. The particulate COD concentration 

was calculated as the difference between the total and soluble COD concentrations. The 

particulate COD concentration used by the digester for the experiments MP1, MP2 and MP3 

were 29680, 31776 and 31969 mgCOD/l respectively. This indicated a range of 2289mgCOD/l, 

which suggested that the biodegradability of the PSS remained relatively consistent, with 

varying unbiodegradable constituents. 

 

Constituents such as TKN and TP were relatively consistent for all four experiments, while the 

influent FSA concentration in the PSS differed significantly. However, the concentration of 

FSA released into the SSPAD during the breakdown of the biodegradable organics for the 
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MP1, MP2 and MP3 experiments were consistent at 463, 443 and 428 mgFSA-N/l, 

respectively.  

 

The OP concentration decreased from the influent to the effluent stream, the reason for this is 

not known; however, it may be caused by chemical processes such as struvite precipitation. 

The implications of struvite precipitation are not considered for this project as it was highly 

unlikely that struvite precipitation occurred in the AugBMP experiment reactors, as the reactors 

contained very low OP and metals, as shown in Table 4.2. PSS has been known to have low 

phosphate and metal concentrations, making struvite precipitation unlikely. Furthermore, the 

influence of OP on the system was negligible in comparison to the other weak acid/bases 

present, as the concentration of OP entering the AugBMP reactors in the inoculum was less 

than 18mgOP-P/l. However, a parallel project by Maake et al. (2020), is exploring the influence 

of high phosphate concentrations on the AugBMP test method. 

 

The TSS and VSS concentrations of the influent PSS also differed significantly between the 

four experimental periods. The change in the VSS concentration between the influent and 

effluent streams highlighted the fluctuation of the biodegradable particulate organics present 

in the PSS. This observation emphasises the varying nature of PSS and the importance of 

correct substrate characterisation in modelling WRRFs.  

 

The pH of the influent PSS remained relatively constant at a value between 5 - 5.5. 

Interestingly, the PSS collected for MC1 and MP1 appears to have undergone fermentation 

during storage, as a high concentration of VFA, 542± 102 and 1328± 218 mg/l as acetate 

respectively, was present in the influent stream, compared to both MP2 and MP3. This 

fermentation did not significantly affect the pH of the influent PSS as it remained around 5.31± 

0.2 for all four experiments.  

 

4.2.1 Gas Chromatography 
 

The partial pressure of methane inside the digester headspace was an important parameter 

necessary for determining COD flux balances. The reactor headspace consists of an array of 

different gases, of which the most prominent are methane and carbon dioxide, along with 

negligible quantities of hydrogen, hydrogen sulphide and water vapour. The partial pressure of 
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the methane present in the digester headspace was especially important for the COD balance, 

as methane is the only gas that has a COD (assuming negligible hydrogen sulphide production).  

 

Therefore, to close the COD balance, the volume and equivalent COD of the methane produced 

by the reaction was calculated. The calculation required that the partial pressure of methane be 

known. The partial pressure of methane in the headspace was determined using a gas 

chromatograph, fitted with a methane column, as described in Section 3.6.10. The equipment 

was not directly available to the Water Research Lab and needed to be accessed through an 

agreement with the Chemical Engineering Department at UCT. For this reason, the data 

regarding the partial pressure of methane in the headspace was limited. Nevertheless, the 

headspaces for the methanogenic SSPAD, the AugBMP control reactors and the AugBMP test 

reactors were analysed when possible. Table 4.3 shows the average methane partial pressures 

for the testing periods when the equipment was available.  

 

Table 4. 3: Gas chromatography results 

 

 

4.2.2 Mass Balances 

 

Conservation of mass states that, at steady state, the flux of material entering the AD should 

equal the flux of material exiting the AD. Methanogenic anaerobic digestion requires organic 

and inorganic compounds for biochemical processes, such as catabolism and anabolism. The 

uptake and release of these compounds can be traced throughout the system by measuring the 

component concentrations entering and exiting the AD. For instance, the conversion of COD 

from the influent organic substrate produces biogas, consisting of methane and carbon dioxide, 

as well as some particulate biomass, as a by-product. The influent and effluent flowrates for 

the methanogenic SSPAD were both 0.8l/d. The COD fluxes were calculated using Equations 

3.7, 3.8 and 3.9 from Section 3.7.3.1. 

 

 

Experiment Type Unit MP2 MP3
Methanogenic SSPAD % Methane 59.2± 1.7 57.2± 2.7
AugBMP Control % Methane 57.5± 9 50.3± 8.7
AugBMP Test % Methane 62.8± 6.5 54.7± 4.5

Period
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The remaining COD required for the balance was that of the methane gas produced by the 

methanogenic bio-process. The difference in COD flux between the influent and liquid effluent 

should be that of the methane gas, assuming a 100% COD balance, and is illustrated in Figure 

4.1 below for the methanogenic SSPAD MC1 experiment.  

 

 
Figure 4. 1: Methanogenic SSPAD mass flux MC1 SSPAD 

 

The daily methane production was measured using a wet-tip gas meter, which is further 

explained in Section 3.2.1. Therefore, the daily recorded gas tips were converted to the 

equivalent daily methane production. The number of gas tips varied daily. The reason for this 

was most likely due to the nature of the PSS substrate, as a homogenous mixture was difficult 

to achieve. Therefore, the COD balance was conducted by taking the COD value required for 

a 100% balance and then calculating the number of gas tips required to achieve it.  

 

The partial pressure of the methane gas in the MC1 SSPAD headspace was taken to be 60%, a 

value close to that of the MP2 and MP3 SSPADs. Therefore, assuming that the majority of the 

headspace gas was made up of CH4 and CO2, the total expected biogas production, for the MC1 

SSPAD, over a 24-hour cycle was 9.32 l/d. The wet-tip gas meter was calibrated to measure 

45ml of gas per tip. Therefore, assuming a 100% COD balance, the expected number of tips 

per day was 207. The observed gas tips for a 24hour cycle varied between 180-220 depending 

on the AD feeding time, as well as the homogeneity of the PSS. Therefore, the COD balances 

varied from 94% to 103%. This calculation was then repeated for the remaining experiments, 

MP1, MP2 and MP3. The results are summarised in Table 4.4. However, a COD balance could 

not be conducted for MP3, as the wet-tip gas meter was undergoing repairs. 

 

Effluent Mass Unfiltered 
COD (mgCOD) 14247
TKN (mgTKN-N) 0
TP (mgTP-P) 0

Influent Mass Unfiltered Effluent Mass Unfiltered 
COD (mgCOD) 30333 COD (mgCOD) 16085
TKN (mgTKN-N) 739 TKN (mgTKN-N) 799
TP (mgTP-P) 95 TP (mgTP-P) 101

Qin Qout

Qgas

Methanogenic 
Anearobic Digester
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The methane gas production by MC1, MP1, MP2 and MP3 was 184, 247, 266 and 232 

mlCH4/gCOD. O’Rourke (1967) identified a methane gas production of 330 mlCH4/gCOD 

when treating primary and humus sludge at a retention time of 15 days, and Izzett et al. (1992) 

identified a gas production of 371 mlCH4/gCOD when treating a mixture of primary and humus 

sludge at a retention time of 20 days. The difference in methane gas production between MC1, 

MP1, MP2 and MP3 and the literature values is due to the variability of the biodegradable 

organics present in the primary sludge. The primary sludge consists of both biodegradable and 

unbiodegradable COD. Therefore, the characteristics of the sludge, such as the ratio of 

biodegradable organics to unbiodegradable organics and the composition of these organics, 

influence the potential biogas production. 

 

Table 4. 4: Methanogenic SSPAD COD balance 

 

 

Consequently, it was accepted with certainty that a good COD balance was achieved over the 

methanogenic SSPAD for the MC1 and MP1 experiments, as the balances were within 10%, 

as explained in Section 3.7.2. The COD balance for the MP2 experiment was significantly high, 

between 118-160%. The reason for the high observation of methane gas produced during the 

COD Balance MC1 MP1 MP2 MP3

Average Influent COD Flux (mgCOD) 30333 39799 41674 46815

Average Effluent COD Flux (mgCOD) 16085 14738 13483 19165
Methane COD (mgCOD) 14247 25061 28191 27650
Total COD 30333 39799 41674 46815
COD Balance (%) 100 100 100 100

Gaseous CH4 COD (mgCOD) 14247 25061 28191 27650

Mol CH4 (mol) 0.223 0.392 0.440 0.432

Volume Methane (l) 5.6 9.8 11.1 10.9

Volume Methane (ml) 5592 9837 11066 10853

Partial Pressure 0.60 0.60 0.59 0.57

Total Gas Volume (ml) 9321 16395 18692 18974

Volume of Tip (ml) 45 45 45 45

Gas Tips 207 364 415 422

Gas Production (ml CH4/gCOD) 184 247 266 232

Observed Tips 180 - 220 381 - 409 490 - 666 -
Observed Gaseous COD (mgCOD) 12381-15133 26207-28133 33255-45200 -
COD Balance Range (%) 94-103 105 - 112 118-160 -

COD In

COD Out

Gas Volume Equivilent

Observed
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MP2 experiment was unclear, as the expected gas production agreed well with the MP1 

experiment.  

 

The mass flux of other constituents present in the entering and exiting streams such as the TKN 

and TP were also checked using the mass balanced approach. The total mass of these two 

constituents should remain constant throughout the experiment. The TKN and TP mass fluxes 

were calculated using Equation 3.14 from Section 3.7.5. The TKN and TP balances are shown 

in Table 4.5. 

 

Table 4. 5: Methanogenic SSPAD TKN/TP balance 

 

 

A TKN balance for the SSPAD for the MC1, MP2 and MP3 experiments was accepted, as the 

balances were within 10%, as explained in Section 3.7.2. The TKN balance from the MP1 

experiment was high at 117%, indicating that more material was present in the effluent than 

the influent. The discrepancy for the MP1 TKN balance was most likely caused by 

measurement error.  

 

A TP balance for the MC1 and MP3 experiments was accepted. However, the TP balances 

from the MP1 and MP2 experiments were high at 128% and 122%, indicating that more 

material was present in the effluent than the influent. The discrepancy was most likely due to 

the spectrophotometry method, as described in Section 3.6.5, which highlighted a variance 

MC1 MP1 MP2 MP3

Influent Average (mgTKN-N) 739 853 1062 750

Effluent Average (mgTKN-N) 799 1001 1003 815
Balance (%) 108 117 94 109

Influent Average (mgTP-P) 95 116 122 159

Effluent Average (mgTP-P) 101 149 149 148
Balance (%) 106 128 122 93

TP out

TP In
TP Balance

TKN out

TKN In
TKN Balance
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among the collected phosphate results. The variance was most likely caused by the set dilution 

intervals of the discrete analyser used.  

 

4.2.3 Modelling the Methanogenic SSPAD  
 

The methanogenic SSPAD was modelled using the PWM_SA_AD model coded into WESTÒ 

wastewater software (Vanhooren et al., 2003). Correctly modelling the SSPAD allowed for the 

mass of active biomass present in the SSPAD effluent to be estimated. The methanogenic 

SSPAD effluent was used as the inoculum in both the AugBMP control and test reactors. 

However, modelling the SSPAD was not required for identifying the biodegradable 

composition using the stoichiometric method explained in Section 3.9.2. 

 

The main focus of the modelled SSPAD was to, as accurately as possible, replicate the 

laboratory observations on the methanogenic SSPAD. By accurately replicating the observed 

SSPAD, the concentrations of each active biomass group were estimated. The active biomass 

groups considered by the PWM_SA_AD model were the acidogens, acetogens, acetoclastic 

methanogens and hydrogenotrophic methanogens. The active biomass estimation was achieved 

by characterising the influent PSS and then adjusting the model parameters such that the 

effluent concentrations of the modelled SSPAD replicated the observed SSPAD effluent 

concentrations. 

 

4.2.3.1 Influent Fractionation 

 

In order to run the model, it was necessary to characterise the influent COD of the PSS into the 

correct COD fractions. The organic groups present in the influent PSS were BSO, consisting 

of FSBO and VFA, BPO, USO and UPO. The influent fractionation procedure used to 

characterise the influent PSS is thoroughly explained in Section 3.8.1. and Section 3.8.2. 

 

A crucial characteristic of the methanogenic system was that it contained residual 

biodegradable organics (Sbp), as well as active biomass (ZAD), in the effluent stream. In 

contrast, the sulphidogenic system contained negligible Sbp, and only active ZAD in the effluent 

stream. Equations 3.20 to 3.35 in Section 3.8.2.1 were used to characterise the influent PSS.  
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The ZAD concentration was determined using the steady-state equations of Sötemann et al. 

(2005). Sötemann et al. (2005) stated that the acidogens have the highest yield coefficient (YAD 

= 0.089 gCOD biomass/ gCOD substrate). However, the acetoclastic methanogens also 

contribute significantly to the concentration of biomass present. Therefore, determining the 

concentration of biomass present can be simplified by increasing the YAD from 0.089 to 0.113. 

This increase of YAD takes into account the formation of the other organism groups. 

Furthermore, this simplification is acceptable as the death rates for these two organisms 

(acidogen and aceticlastic methanogens; bAD = 0.041/d, and bAC = 0.037/d) are similar. 

Therefore, the YAD value was increased to 0.129 based on the standard yield coefficients (YAD 

= 0.0895, and YAC = 0.039) used by the PWM_SA_AD model.  

 

Equation 3.29 in Section 3.8.2.1 was used to determine the ZAD concentration based on the 

daily methane production. The daily methane production was calculated as the difference 

between the total influent COD and total effluent COD concentrations. Equation 3.29 has been 

structured such that only the daily COD production of methane, the yield coefficient, the 

collective biomass death rate and the sludge age of the reactor is required. The calculated 

biomass concentrations are summarised in Table 4.6.  

 

Table 4. 6: Calculated methanogenic SSPAD biomass COD concentration 

 

 

With the ZAD COD concentration determined, the change in COD observed in the AugBMP 

control reactors was calculated. The change in COD concentration (excluding the VFA) 

indicated the residual biodegradable material present in the SSPAD effluent, as the AugBMP 

control reactor allowed for extended digestion of the SSPAD effluent to occur. The 

biodegradable organics present in the SSPAD effluent comprised of three main groups: The 

residual biodegradable organics (Sbp), the active biomass (ZAD) and the VFAs. The total change 

COD Unit MC1 MP1 MP2 MP3
Unfiltered Influent mgCOD/l 37916 49749 52093 58519
Unfiltered Effluent mgCOD/l 20107 18423 16854 23957
Daily Methane Production (Sm) mgCOD/l 17809 31326 35239 34562

Constants
YAD 0.129 0.129 0.129 0.129
bAD /d 0.041 0.041 0.041 0.041
R days 20 20 20 20

Biomass 
ZAD mgCOD/l 1446 2544 2861 2806
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in COD was calculated using Equation 3.30 from Section 3.8.2.1. The change in COD 

concentration in the AugBMP control reactor, as shown in Table 4.7, was due to both the 

breakdown of Sbp and biomass decay.  

 

It was difficult to estimate the concentration of ZAD COD that was lost due to biomass decay 

during the AugBMP control experiment, as it is a slow process. A good approximation was 

achieved by modelling the AugBMP control experiment at different ZAD COD losses. The 

process of determining the ZAD COD loss involved multiple iterations, which required the 

influent PSS characterisation process to be repeated, as the change in Sbp affected the UPO 

COD concentration. The ZAD COD loss was determined using the modelled AugBMP control 

reactor, as the substrate uptake, as well as the biomass growth and decay reactions are 

calculated for each timestep in the model. The dilution of the SSPAD effluent due to the 

AugBMP control starting mixture was accounted for in the model. 

 

Table 4. 7: Total COD change in AugBMP control reactors 

 

 

Once the estimation of the ZAD COD loss was confirmed by the modelled AugBMP control 

reactor, the Sbp COD concentration was calculated as the difference between the total COD 

change (excluding VFA) and the ZAD COD loss, as shown in Equation 3.31 in Section 3.8.2.1. 

AugBMP Control Reactors Unit Start End Change (△)

Time days 0 28 28
Total COD mgCOD/l 10401 8333 2068
VFA COD mgCOD/l 206 0 206
Total COD (excluding VFA) mgCOD/l 10196 8333 1862

Time days 0 28 28
Total COD mgCOD/l 8730 6308 2422
VFA COD mgCOD/l 1 5 -4
Total COD (excluding VFA) mgCOD/l 8729 6303 2426

Time days 0 22 22
Total COD mgCOD/l 9545 8907 638
VFA COD mgCOD/l 38 0 38
Total COD (Excluding VFA) mgCOD/l 9507 8907 600

Time days 0 19 19
Total COD mgCOD/l 13306 11493 1813
VFA COD mgCOD/l 89 150 -61
Total COD (Excluding VFA) mgCOD/l 13218 11343 1875

MC1

MP3

MP1

MP2
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The outcome of the ZAD loss approximation and Sbp COD concentrations is summarised in 

Table 4.8.  

 

The ZAD COD loss differed due to the duration of the AugBMP experiment. The AugBMP 

experiment for MC1, MP1, MP2 and MP3 were run for 19, 29, 24 and 19 days, respectively. 

Table 4.8 shows that the estimate of 25%, 50% and 35% ZAD COD loss for MC1, MP1 and 

MP3, respectively, closely matched that of the model. The Sbp value determined in Table 4.8 

was then multiplied by 2 to account for the dilution when characterising the influent PSS. 

 

Table 4. 8: Methanogenic SSPAD residual biodegradable organics 

 

 

The estimated ZAD COD loss was well represented by the model, except for the MP2 

experiment. Table 4.8 shows that the total change in COD for MP2 was lower than the other 

experiments, at 600mgCOD/l. Therefore, it was initially assumed that the ZAD COD loss was 

low, at 35%. However, in the modelled AugBMP control for MP2, it was observed that 48% 

Observed Experiment Unit ZAD Sbp Change (△) ZAD Sbp Change (△)
Starting Value mgCOD/l 723 1682 - 1272 1790 -
Ending Value mgCOD/l 542 0 - 636 0 -
Observed COD Change mgCOD/l 181 1682 1862 636 1790 2426
COD loss % 25 100 - 50 100 -

Modelled ZAD Sbp Total ZAD Sbp Total

Starting Value mgCOD/l 729 1734 - 1439 1619 -
Ending Value mgCOD/l 544 2 - 697 0 -
Model COD Change mgCOD/l 185 1732 1918 741 1618 2360
COD loss % 25 100 - 52 100 -

Observed Experiment Unit ZAD Sbp Change (△) ZAD Sbp Change (△)
Starting Value mgCOD/l 1431 99 - 1403 1383 -
Ending Value mgCOD/l 930 0 - 912 0 -
Observed COD Change mgCOD/l 501 99 600 491 1383 1875
COD loss % 35 100 - 35 100 -

Modelled ZAD Sbp Total ZAD Sbp Total
Starting Value mgCOD/l 1556 697 - 1658 1380 -
Ending Value mgCOD/l 802 3 - 1064 416 -
Model COD Change mgCOD/l 753 693 1447 595 964 1559
COD loss % 48 100 - 36 70 -

MP1

MP2 MP3

50% ZAD COD Loss

35% ZAD COD Loss 35% ZAD COD Loss

MC1
25% ZAD COD Loss
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of the biomass concentration was degraded. However, if the ZAD loss was set to 50% for the 

observed results, the Sbp value became negative, which was not possible. Therefore, the ZAD 

COD loss was set to 35% to allow for a low concentration (99mgCOD/l) of Sbp to be present 

in the AugBMP control reactor. This low concentration of Sbp allowed for a PE to be conducted 

on the BPO present in the AugBMP control reactor at the beginning of the MP2 experiment. 

However, it was later shown in Section 5.2 that the MP2 experiment contained inconsistencies 

between the observed experimental data and the modelled data. The Sbp COD concentration, 

and consequently, the total COD concentration change was increased by the PE from 

600mgCOD/l to 1447mgCOD/l to minimise the error on the methane gas measurements for 

the AugBMP control MP2 experiment. 

 

With the concentration of the residual biodegradable particulate COD (Sbp) determined, the 

concentration of the unbiodegradable particulate COD was calculated by subtracting the 

biomass COD and residual biodegradable particulate COD concentrations from the total 

particulate COD concentration in the effluent, as shown in Equation 3.32 in Section 3.8.2.1. 

With the COD concentration of UPO determined, the influent wastewater was then 

fractionated. The fractionation for the SSPAD for each experiment is summarised in Table 4.9. 

 

Table 4. 9: Methanogenic SSPAD influent fractionation 

 

 

However, it was observed that the VSS concentration in the effluent was not well represented 

by the modelled SSPAD using the fractionated influent in Table 4.9. The discrepancy was most 

likely caused by the UPO composition used, as it was previously stated that the UPO 

composition needs revision. However, it was not in the scope of this investigation to change 

the UPO composition, as the project focused on the biodegradable organic composition. 

Constituent Unit MC1 MP1 MP2 MP3
VFA mgCOD/l 578 1417 2 2
FSBO mgCOD/l 604 239 3464 2594
Total BSO mgCOD/l 1182 1656 3466 2597
USO mgCOD/l 4108 4937 3004 4624
Total Soluble mgCOD/l 5291 6593 6470 7220
BPO mgCOD/l 21736 35804 36036 37542
UPO mgCOD/l 10889 7351 9588 13757
Total Particulate mgCOD/l 32625 43155 45623 51299
Total COD mgCOD/l 37916 49749 52093 58519
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However, changing the composition of the UPOs is discussed in the recommendations. Instead, 

the UPO concentrations were adjusted to align the modelled SSPAD effluent VSS 

concentration to that of the observed effluent VSS concentration.  

 

Consequently, adjusting the UPO concentration affected the BPO concentration, as the sum of 

UPO and BPO equated to the total particulate COD in the influent. However, the composition 

of the BPO was also adjusted to account for this. Therefore, the BPO composition determined 

for the modelled SSPAD was the best fit for the observed values. However, this did not affect 

the identification of the biodegradable organics in the AugBMP control and test reactors, as 

the modelled SSPAD was only used to estimate the active biomass concentrations in the 

inoculum. The adjusted UPO COD concentrations are shown in Table 4.10.  

 

Table 4. 10: Adjusted methanogenic SSPAD influent fractionation 

 

 

The VSS concentrations for the unbiodegradable and biodegradable particulates was then 

calculated using Equations 3.34 and 3.35 in Section 3.8.2.1. The UPO VSS concentration was 

calculated with a COD/VSS ratio (fCV) of 1.481 gCOD/gVSS. This ratio for UPO has been 

used for decades in activated sludge models since the steady-state model of Marais and Ekama 

(1976) but there is evidence that it may need revision (Wentzel et al., 2006). Nevertheless, this 

UPO COD/VSS ratio was adopted for this research and based on this ratio, the fCV ratio of the 

BPO was determined using the BPO COD concentration and the remaining measured VSS 

concentration. The fCV mass ratios determined are summarised in Table 4.11. 

 

Constituent Unit MC1 MP1 MP2 MP3
VFA mgCOD/l 578 1417 2 2
FSBO mgCOD/l 604 239 3464 2594
Total BSO mgCOD/l 1182 1656 3466 2597
USO mgCOD/l 4108 4937 3004 4624
Total Soluble mgCOD/l 5291 6593 6470 7220
BPO mgCOD/l 23146 35804 37923 39299
UPO mgCOD/l 9479 7351 7700 12000
Total Particulate mgCOD/l 32625 43155 45623 51299
Total COD mgCOD/l 37916 49749 52093 58519
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Table 4. 11: Methanogenic SSPAD influent COD/VSS fractions 

 

 

Therefore, the fCV ratio of the BPOs in the influent PSS from Potsdam remained relatively 

consistent, around 2.1 ± 0.1 gCOD/gVSS. 

4.2.3.2 Hydrolysis Kinetics 

 

The PWM_SA_AD model required specific kinetic constants as inputs, of which the value of 

KM (mu_AD) was the most important. KM is the kinetic constant that affects the hydrolysis rate 

of the biodegradable organics by the acidogen biomass, which subsequently influences the 

concentration of Sbp in the SSPAD. KM was calculated using Equation 3.49 from Section 

3.10.3, using a KS value of 7.98 gCOD/l, a value supported by Sötemann et al. (2005) for the 

hydrolysis of PSS using saturation kinetics. Table 4.12 summarises the KM values determined 

for the methanogenic SSPAD. 

 

Table 4. 12: Methanogenic SSPAD hydrolysis rate constants 

 

 

The daily methane production of MC1 was significantly low relative to the remaining three 

experiments. The lower methane production of MC1 was due to a lower concentration of 

Constituent Unit MC1 MP1 MP2 MP3
UPO COD mgCOD/l 9479 7351 7700 12000
UPO VSS mgVSS/l 6405 4967 5203 8108
UPO fcv mgCOD/mgVSS 1.48 1.48 1.48 1.48
BPO COD mgCOD/l 23146 35804 37923 39299
BPO VSS mgVSS/l 10383 16615 18859 19715
BPO fcv mgCOD/mgVSS 2.23 2.15 2.01 1.99

COD Unit MC1 MP1 MP2 MP3
Daily Methane Production (Sm) mgCOD/l 17809 31326 35239 34562
Residual Biodegradable Organics (Sbp) mgCOD/l 3363 3581 1394 2767
Biomass (ZAD) mgCOD/l 1446 2544 2861 2806

Hydrolysis Rate
rh mgCOD/(l .d) 1022 1798 2022 1983

Constants
YAD 0.129 0.129 0.129 0.129
bAD /d 0.041 0.041 0.041 0.041

R days 20 20 20 20
KS gCOD/l 7.98 7.98 7.98 7.98

gCOD organics/

gCOD biomass.d
6.4312.244.713.13KM
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biodegradable COD available in the influent PSS, which subsequently resulted in a lower 

concentration of ZAD. The KM values calculated highlight the relationship between the Sbp and 

ZAD concentrations. Table 4.12 shows that MC1 and MP1 had similar Sbp concentrations, but 

the concentration of ZAD for each differed. The higher ZAD concentration in MP1 was due to 

more biodegradable organics being utilised, however, the resulting Sbp was the same for each. 

Therefore, the KM rate in MP1 was greater than in MC1, as more biodegradable organics were 

used over the same sludge age (R, 20 days). Table 4.12 shows that the MP2 and MP3 

experiments had similar ZAD concentrations, but the concentration of Sbp differed. The KM 

value determined for MP2 was high, at 12.24 gCOD/gCOD.d as the Sbp concentration was low, 

and therefore, a significant concentration of Sbp was utilised over the 20 day sludge age. The 

rh and KM values obtained in Table 4.12 differ from the values obtained by Sötemann et al. 

(2005) as shown in Table 3.7 and Ikumi et al (2015), as shown in Table 3.8 in Section 3.10.3. 

The kinetic parameters are substrate-specific and depend on the characteristics of the substrate. 

Therefore, the kinetic parameters differ for each substrate as different organics degrade at 

different rates. Furthermore, given the variability of the biodegradable particulates present in 

the PSS, the kinetic parameters for each experiment were expected to differ. 

 

4.2.3.3 Model Influent 

 

The organic groups determined in Table 4.10, as well as the required inorganics (FSA, OP) 

were then converted into the correct format for the PWM_SA_AD model and entered into the 

WESTÒ influent generator. The WESTÒ influent generator ensures that the correct mass of 

each component in the influent PSS stream was added to the modelled SSPAD daily. An 

example of the required conversions is given in Table 3.6 and Figure 3.21 in Section 3.10.2.  

 

4.2.3.4 Composition Determination  

 

In the PWM_SA_AD model, the concentration of constituents released into the bulk liquid of 

the digester is dependent on the elemental composition, and the mass of the organics present 

in the influent substrate. Therefore, an elemental composition for each group of organics was 

required. There are five groups of organics, and subsequently, the model requires five separate 

elemental compositions, i.e one each for BSO, BPO, USO, UPO and Biomass. The 
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composition determination for each specific organic was described in Section 3.10.4. Table 

4.13 shows the compositions used for the methanogenic SSPAD model.  

 

Table 4. 13: Methanogenic SSPAD organic compositions 

Group MC1 MP1 

BSO: C1H2.5O0.361N0.08P0 C1H1.5O0.148N0.055P0 

BPO: C1H2.5O0.361N0.08P0 C1H1.5O0.148N0.055P0 

USO: C1H1.3O0.6N0.01P0 C1H1.3O0.6N0.01P0 

UPO: C1H1.571O0.426N0.166P0.019 C1H1.571O0.426N0.166P0.019 

Biomass: C1H1.4O0.4N0.2 C1H1.4O0.4N0.2 

Group MP2 MP3 

BSO: C1H2.5O0.361N0.064P0 C1H2.5O0.348N0.064P0 

BPO: C1H2.5O0.361N0.064P0 C1H2.5O0.348N0.064P0 

USO: C1H1.3O0.6N0.01P0 C1H1.3O0.6N0.01P0 

UPO: C1H1.571O0.426N0.166P0.019 C1H1.571O0.426N0.166P0.019 

Biomass: C1H1.4O0.4N0.2 C1H1.4O0.4N0.2 
 

 

4.2.3.5 Modelled SSPAD and observed SSPAD comparison  

 

The PWM_SA_AD model was run under steady-state conditions using the parameters and 

variables determined above, i.e. the hydrolysis rates and elemental compositions of the 

organics in the PSS substrate. The modelled data was compared to the observed data and 

evaluated using relative error. Therefore, the closer the value of error was to zero, the more 

accurate the modelled results. The relative error (percentage error) for each of the SSPAD 

variables was calculated using Equation 3.51 from Section 3.10.5.  

 

Table 4.14 shows that a low relative error was achieved for the modelled COD groups when 

compared to the observed COD groups, as the relative error for each group was lower than 

10%. However, the modelled biomass concentrations for MP1, MP2 and MP3 were higher than 

the observed (calculated) concentrations. As mentioned, the YAD value for the biomass was 

increased to 0.129 based on the standard yield coefficients (YAD = 0.0895, and YAC = 0.039) 

used by the PWM_SA_AD model. Therefore, increasing the YAD value when calculating the 

biomass concentrations using the equations by Sötemann et al. (2005) aimed to account for the 
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combined biomass COD concentration (i.e. the COD concentration of all four groups). The 

ZAD concentrations in the model may have been higher as the PWM_SA_AD model assigns 

individual yield coefficients to each organism group. The sum of the yield coefficients in the 

PWM_SA_AD model for all four groups is greater than the sum of YAD and YAC. Therefore, 

the ZAD COD concentration calculated using the equations by Sötemann et al. (2005) may have 

underpredicted the ZAD COD concentration present in the modelled methanogenic SSPAD. 

The COD and VSS concentrations were well represented by the modelled SSPAD, which 

increased the validity of the ZAD concentrations determined by the model.  

 

The rate of daily methane gas production in the MP1, MP2 and MP3 experiments was higher 

than observed. However, the total gas production rate for all four experimental periods was 

lower in the modelled SSPAD than was observed. The lower gas production rate may have 

been due to the CO2 evolution in the model, as well as the selected compositions of each 

component. The modelled CT concentrations in MC1, MP2 and MP3 were lower than was 

observed, and the rate of total daily gas production was low. However, in MP1, the modelled 

CT concentration was higher than observed, which may have caused more CO2 to evolve in the 

model, increasing the total gas production. Table 4.13 shows that more C was present in the 

composition of the MP1 BPO relative to the other elements. 
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Table 4. 14: Modelled methanogenic SSPAD results 

 
 

Methanogenic SSPAD
COD (mgCOD/l) Observed Modelled % error Observed Modelled % error Observed Modelled % error Observed Modelled % error

Total 20107 18885 -6.1 18423 19396 5.3 16854 16110 -4.4 23957 23464 -2.1
Soluble 4409 4349 -1.4 4947 4981 0.7 3006 3019 0.4 4626 4638 0.2
USO 4108 4094 -0.4 4937 4961 0.5 3004 2999 -0.2 4624 4616 -0.2
RFSO 0 0 - 0 0 - 0 0 - 0 0 -
UPO 9479 9490 0.1 7351 7422 1.0 7700 7724 0.3 12000 12037 0.3
BPO 3363 3298 -2.0 3581 3542 -1.1 1399 1378 -1.5 2767 2814 1.7
Biomass (ZAD) 1446 1459 0.9 2544 2877 13.1 2861 3327 16.3 2806 3317 18.2

Gas Molrate (mol/d)
Methane Gas Molrate  0.223 0.221 -0.9 0.392 0.439 12.2 0.440 0.496 12.5 0.432 0.494 14.4
Total Gas Molrate 0.371 0.287 -22.6 0.653 0.638 -2.2 0.747 0.661 -11.5 0.758 0.661 -12.8

Nitrogen (mgN/l)
TKN 999 1454 45.5 1251 1377 10.1 1254 1631 30.1 1019 1877 84.2
FSA 508 558 9.9 536 485 -9.5 660 720 9.0 602 643 6.9

Phosphate (mgP/l)
TP 126 190 50.3 186 210 13.1 186 172 -7.6 185 264 43.1
OP 26 29 15.2 24 85 259.9 13 41 226.2 41 61 50.8

Acetate (mg/l as acetate)
VFA 282 217 -23.0 9 1 -93.4 2 1 -74.4 3 2 -27.2

Alkalinity (mg/l as CaCO3)
Carbonate + H2O 2352 1542 -34.4 2001 2693 34.6 2681 1941 -27.6 2501 1813 -27.5
Total 2618 1796 -31.4 2045 2901 41.8 2715 2045 -24.7 2568 1962 -23.6
Species Concentration (mg/l)
CT 674 441 -34.7 553 743 34.4 727 543 -25.3 683 514 -24.8

Solids (mgVSS/l)
VSS 9154 9246 1 9670 8919 -8 8028 8693 8 11921 12256 3

pH
pH 6.96 6.94 -3.8 7.00 7.04 8.5 7.09 6.99 -24.0 7.11 6.96 -40.2

MC1 MP1 MP2 MP3
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The TKN and TP concentrations were significantly higher in the modelled SSPAD than in the 

observed SSPAD. The reason for this was due to the chosen UPO composition. The FSA 

concentrations released into the modelled SSPAD agreed well with the observed SSPAD FSA 

concentrations. Furthermore, the FSA concentration was adjusted accordingly, by either 

increasing or decreasing the concentration, such that the error on the H2CO3 alkalinity 

improved. The H2CO3 alkalinity and the FSA concentrations are related as the increase in FSA 

in the reactor liquid increases the alkalinity of the system. The organic N stored in the BPO is 

released into the bulk liquid as NH3. However, due to the pH of the reactor (~7), the NH3 (pka 

~ 9) cannot exist in this form and subsequently picks up a proton from the aqueous solution to 

form NH4+. The proton taken from the water results in the formation of HCO3-, which increases 

the carbonate alkalinity. However, the low carbonate alkalinity in MC1, MP2 and MP3 was 

most likely caused by the C content of the BPO organic, which affected the CT concentration. 

 

The OP concentration released was higher in the modelled SSPAD than in the SSPAD, even 

with the biodegradable organic P composition set to 0. As previously mentioned, the decrease 

in OP concentration from the influent to the effluent stream may be caused by chemical 

processes such as struvite precipitation. However, the implications of struvite precipitation are 

not considered for this project as it was highly unlikely that struvite precipitation occurred in 

the AugBMP experiment reactors. 

 

The residual concentration of VFAs in the modelled SSPAD represented the observed VFA 

concentrations. Furthermore, in an attempt to achieve the high residual VFA concentration in 

the MC1 effluent, the half-saturation coefficient of the acetoclastic methanogens (KS_AM) 

was increased from 0.013 to 180 mg/l. 

 

The operating pH of the modelled SSPAD reactor for MC1 and MP1 was well represented by 

the model. However, the operating pH of MP2 and MP3 was lower for the modelled SSPAD. 

The modelled SSPAD had an operating pH close to 7 for all four experiments. However, the 

lower operating pH of the modelled SSPAD for MP2 and MP3 may have been due to the low 

alkalinity generated by the modelled SSPAD compared to the observed SSPAD. Finally, the 

effluent VSS concentration in the modelled SSPAD agreed well with the observed effluent 

VSS concentration.  
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In general, the results for the observed SSPAD were challenging to replicate using the modelled 

SSPAD. The reason that replicating the observed SSPAD results was challenging to do 

accurately, was due entirely to the difficulty of adjusting the fractionation of the organic groups 

in the model. It was not possible to use the PE function for characterising the influent in the 

modelled SSPAD as the fractionated groups were passed into the model using a text file. The 

values of the input components required by the model were determined using a separate pre-

processor spreadsheet, which converted the laboratory measurements into a text file containing 

the equivalent model component masses. The text file was then loaded into the influent 

generator and passed into the PWM_SA_AD model. The text file could not be altered by PE.  

 

Therefore, the equations in Section 3.8.2 were developed to fractionate the organic groups as 

accurately as possible. However, for every additional adjustment made, the organic groups 

needed to be re-fractionated and then passed through the pre-processor to get a new text file 

that was then passed into the model. This made modelling the SSPADs tedious and required 

trial and error. The accuracy of the modelled SSPAD can be greatly improved by modifying 

the way in which the influent is passed into the PWM_SA_AD model. However, these changes 

were too significant for the scope of this project and are discussed in the recommendations.  

 

Therefore, the results obtained in the modelled SSPAD were focused towards accurately 

representing the active biomass concentrations that were used as inputs for the modelled 

AugBMP control and test reactors. 

 

4.2.3.6 Active Biomass present in the inoculum  

 

The SSPAD was modelled to estimate the concentrations of active biomass present in the 

SSPAD effluent as accurately as possible. The concentrations for each group of active biomass 

present in the inoculum for MC1, MP1 MP2 and MP3 is summarised in Table 4.15 below.  

 
Table 4. 15: Methanogenic SSPAD active biomass concentrations 

  

COD (mgCOD/l) MC1 MP1 MP2 MP3
Acidogens (X_AD) 975 1911 2235 2228
Acetogens (X_AC) 4 8 10 9
Acetoclastic Methanogens (X_AM) 279 565 622 620
Hydrogenotrophic Methanogens (X_HM) 201 394 460 459
Total Biomass Concentration 1459 2877 3327 3317
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4.3 Sulphidogenic SSPAD 

As previously mentioned, the same sulphidogenic SSPAD was used throughout the 

experiments conducted, however, the dates at which the experiments were conducted differed. 

The operation of the sulphidogenic SSPAD is described in Section 3.2.2. The measured 

constituent concentrations present in the influent feed solution and the effluent from the 

sulphidogenic SSPAD during the SC1, SP1, SP2 and SP3 experiments are summarised in Table 

4.16. The details for the preparation of the influent feed solution are given in Section 3.3.2.  

 

Table 4.16 illustrates the aqueous concentrations for a range of constituents present in the 

influent and effluent streams of the sulphidogenic SSPAD during the four experiments, from 

which the inoculum for each AugBSP reactor experiment was taken. The values listed in the 

table are the averaged measured values for the measurements performed on the SSPAD during 

each experiment. The analytical procedures used to measure each constituent is given in 

Section 3.6. 

 

The total influent COD concentrations for SP1, SP2 and SP3 were relatively consistent at 

values of 1441± 48, 1643± 116 and 1543± 43 mgCOD/l. The desired total COD concentration 

in the influent was 1500mg COD/l, for a sulphate concentration of 1500mgSO4/l. It was 

assumed that the biodegradable organics made up approximately 2/3 of the total COD in the 

PSS. Therefore, the COD and sulphate influent solutions were prepared such that a COD/SO42- 

ratio of 0.67 was maintained. However, the COD concentration for the SC1 experiment was 

lower than the other experiments. The low COD concentration coincides with the low COD 

concentration of the PSS feed experienced during the MC1 experiment, as shown in Table 4.2 

in Section 4.2. The PSS used in both the SC1 and MC1 experiments was the same batch 

collected from the Potsdam WWTP in February 2019.  

 

The concentration of the influent soluble COD was low relative to the total COD concentration 

(6 – 8%), indicating that the particulate material present in the PSS had a significant impact on 

the total COD concentration. The percentage of soluble COD concentration relative to the total 

COD agreed with the values obtained for the PSS fed to the methanogenic SSPAD (12-14%), 

as shown in Table 4.2 in Section 4.2. 
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Table 4. 16: Sulphidogenic SSPAD results 

 
 

Constituent Unit Influent Effluent Change (△) Influent Effluent Change (△) Influent Effluent Change (△) Influent Effluent Change (△)

COD
Total mgCOD/l 646 748 102 1441 1782 341 1643 1705 61 1543 936 -606

Soluble mgCOD/l 54 466 411 113 691 577 143 796 653 91 411 320

Organic mgCOD/l - 109 - - 66 - - 112 - - 102 -

Sulphide mgCOD/l - 357 - - 625 - - 684 - - 309 -

Sulphate
Total mgSO4/l 1500 617 -883 1500 97 -1403 1500 129 -1371 1500 624 -876

Nitrogen
TKN mgTKN-N/l 22 22 1 46 48 2 29 33 4 38 24 -13

FSA mgFSA-N/l 3 7 4 3 14 12 4 16 12 4 8 4

Phosphate
TP mgTP-P/l 3 4 1 7 8 0 5 7 2 6 4 -2

OP mgOP-P/l 0 2 2 3 4 1 2 4 2 1 3 1

Solids
TSS mgTSS/l 468 364 -104 849 778 -71 883 494 -389 1027 448 -579

VSS mgVSS/l 390 211 -179 773 547 -226 776 342 -434 841 246 -595

ISS mgISS/l 79 153 75 84 231 147 118 152 34 186 202 16

pH
pH 2.60 7.21 5 2.68 7.24 5 2.30 7.24 5 2.79 7.04 4

Alkalinty
Carbonate mg/l as CaCO3 0 605 605 0.0 925 925 0 947 947 0 606 606

Ammonia mg/l as CaCO3 0 0 0 0 1 1 0 1 1 0 0 0

Phosphate mg/l as CaCO3 -0.1 2.6 3 -0.8 4 5 -1.2 4 5 -0.3 2 3

Sulphide mg/l as CaCO3 0 192 192 0 326 326 0 335 335 0 138 138

VFA mg/l as CaCO3 0 0 0 0 0 0 0 139 139 0 0 0

H20 mg/l as CaCO3 1971 0 -1971 1679 0 -1679 4573 0 -4573 1252 0 -1252

Total mg/l as CaCO3 1971 800 -1171 1678 1256 -422 4572 1426 -3146 1252 746 -505

Species Concentration
CT mg/l as C 10 158 148 11.3 243 232 8 254 246 16 167 151

VFA mg/l as acetate 0 0 0 24 0 -24 37 167 130 21 0 -21

Sulphidogenic SSPAD SC1 SP1 SP2 SP3
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For the SC1, SP1 and SP2 experiments, the total COD concentration in the effluent was higher 

than the total COD concentration in the influent. Therefore, additional COD was generated 

inside the SSPAD. A portion of sulphide COD was removed from the reactor headspace during 

feeding, as nitrogen gas was sparged into the reactor. Consequently, the total COD 

concentration should have decreased as sulphide COD was removed from the SSPAD. 

However, the source of the error was not identified, but suggested that a measurement error 

occurred. The removal of sulphide COD did not occur during the AugBSP experiments, as a 

completely sealed reactor with zero headspace was utilised. Therefore, in future, it was 

recommended that the sulphidogenic SSPAD should be run with zero headspace, which would 

retain all the COD in the system.  

 

The soluble COD concentration increased between the influent and effluent streams due to the 

generation of hydrogen sulphide by the SRB bioprocess. The particulate organics present in 

the influent PSS feed were broken down to produce soluble sulphide in the digester liquid. The 

organic and sulphide COD present in the digester effluent was identified using the COD 

method proposed by Poinapen et al. (2009), as described in Section 3.6.3.  

 

The sulphate utilised by the sulphidogenic SSPAD differed between 883 to 1403mgSO42-/l. 

The concentration of sulphate utilised by the reaction was related to the concentration of 

sulphide produced by the bioprocess. Therefore, the greater the sulphide concentration 

produced, the greater the sulphate concentration utilised, which was expected as S was 

conserved in the system.  

 

The TKN and the TP concentrations differed for all four experiments. However, the TKN 

concentration change between the influent and effluent streams of SC1, SP1 and SP2 was low. 

The low TKN concentration change indicated that a good N balance over the SSPAD was 

achieved. Similarly, the change in TP concentration between the influent and effluent streams 

for all four experimental periods was low. The low TP concentration change indicated that a 

good P balance over the SSPAD was achieved. The release of FSA into the sulphidogenic 

SSPAD was low (4-12mgN/l). Similarly, the release of OP into the sulphidogenic SSPAD was 

low (1-2mgP/l) 
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The change between the influent and effluent TSS and VSS concentrations differed 

significantly between the four experimental periods. The change in the VSS concentration 

between the influent and effluent streams highlighted the fluctuation of the biodegradable 

particulate organics present in the PSS. This observation emphasises the varying nature of PSS 

and the importance of correctly characterising the substrate. 

 

The pH of the prepared feed solution remained relatively constant at a value between 2.3 – 

2.79. The low feed pH was due to the addition of sulphuric acid, as described in Section 3.3.2. 

However, even with a low feed pH, the sulphidogenic SSPAD maintained a neutral operating 

pH of 7.04 – 7.24. This pH change highlights the sulphidogenic system’s ability to treat acidic 

wastewater streams containing sulphate, as the SRB process is efficient at generating alkalinity 

within the digester. The alkalinity of the feed solution was adjusted to reflect the low pH 

conditions. This adjustment was calculated by performing the 5-point titration on the diluted 

PSS feed mixture without the addition of acid, and then recalculating the alkalinity of each 

reference species based on the dropped pH value of the feed solution pH, due to the addition 

of the sulphuric acid. It was observed that at a low pH of 2.5, the alkalinity was represented 

entirely by the buffer capacity of the water. The CT concentration present in the feed solution 

was determined using the 5-point titration method for the diluted PSS feed mixture before the 

addition of the sulphuric acid and was then diluted accordingly.  

 

4.3.1 Mass Balances 
 

Conservation of mass states that, at steady state, the flux of material entering the AD should 

equal the flux of material exiting the AD. Completing a COD balance over the sulphidogenic 

SSPAD was difficult as the sulphide gas that evolved into the SSPAD headspace was 

challenging to measure accurately. Unlike the methanogenic SSPAD, in which the volume of 

biogas was measured using a wet-tip gas meter, the sulphidogenic SSPAD required a ferric 

chloride gas trap to capture the sulphide leaving the digester via the gas port. Additionally, the 

SSPAD headspace was sparged with nitrogen daily during feeding and wasting to ensure that 

the required anaerobic conditions were maintained. Therefore, measuring the amount of 

sulphide exiting the system daily was challenging to do accurately. If a complete sulphur 

balance is an important objective in the sulphidogenic SSPAD, it is advised that a digester 

without a headspace be used in future. 
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Therefore, an S balance was conducted based on the observed influent and effluent SO42- 

concentration, as it was assumed that all of the SO42- was taken up for H2S production. It was 

also important to note that concentration could be used for the balances instead of mass flux, 

as all measurements for the sulphidogenic SSPAD, apart from the H2S gas, were taken in the 

liquid phase. Subsequently, the concentration of each constituent could be used instead of flux, 

unlike the methanogenic SSPAD, in which the CH4 gas produced was measured as COD flux 

(mgCOD/d).  

 

The S balance was performed using the daily aqueous sulphide COD concentration produced, 

and the sulphate concentration utilised, by the sulphidogenic SSPAD. As explained in Section 

3.7.4.3, sulphide can donate 2 gCOD/gS, and subsequently, the S present in the sulphide was 

determined by dividing the sulphide COD concentration by 2. Furthermore, the S present in 

the sulphate was determined by dividing the sulphate concentration utilised by the reaction by 

3. The results for the COD and S balances for SC1, SP1, SP2 and SP3 are given in Table 4.17. 

 
Table 4. 17: Sulphidogenic SSPAD Sulphur Balance 

 
 

As previously observed, the effluent COD concentrations were higher than the influent COD 

concentrations for SC1, SP1, and SP2, and consequently, the COD balances were greater than 

100%. However, the COD balance for SP3 was lower than 100%, which was expected as H2S 

COD was lost from the aqueous solution and was present in the headspace of the digester.  

 

SC1 SP1 SP2 SP3

Average COD influent concentration mgCOD/l 646 1441 1643 1543

Average COD effluent concentration mgCOD/l 748 1782 1705 936
COD balance % 116 124 104 61

Influent sulphate concentration mgSO4/l 1500 1500 1500 1500

Average sulphate effluent concentration mgSO4/l 617 97 129 624

Sulphate utilised by reactor mgSO4/l 883 1403 1371 876
Sulphur equivilant of sulphate utilised mgSO4-S/l 294 468 457 292

Average sulphide COD in effluent mgCOD/l 357 625 684 309
Sulphur equivilant from sulphide COD effluent mgCOD-S/l 178 312 342 154
Sulphur balance % 61 67 75 53

Sulphur lost in headspace and sparging mgH2S-S/l 116 155 115 138
COD of sulphur lost mgCOD/l 232 310 230 276

Total Sulphide COD produced mgCOD/l 588 935 914 584

Assuming 100% Sulphur Balance

Sulphur Balance

COD Balance
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In contrast to the COD balances, Table 4.17 shows that a significant concentration of H2S 

evolved from the SSPAD liquid into the digester headspace. The concentration of sulphur lost 

by evolution into the headspace, as well as from sparging the reactor with nitrogen gas was 

calculated as the difference between the S equivalent of sulphate utilised and the S equivalent 

from the sulphide COD in the SSPAD effluent stream. The sulphur lost was then converted to 

the COD equivalent by multiplying by 2. The total sulphide produced by the SSPAD was then 

calculated as the sum of the measured aqueous sulphide COD, and the H2S COD lost in the 

headspace. 

 

The mass flux of other constituents present in the entering and exiting streams such as the TKN 

and TP were also checked using the mass balanced approach. The total mass of these two 

constituents should remain constant throughout the experiment. The TKN and TP mass fluxes 

were calculated using Equations 3.14, as described in Section 3.7.5. 

 

Table 4.18 shows that a TKN balance for the SC1 and SP1 experiments was accepted, as the 

balances were within 10%. The TKN balance from the SP2 testing period was high at 113%, 

indicating that more material was present in the effluent than the influent. Furthermore, the 

TKN balance from the SP3 testing period was low at 65%, indicating that less material was 

present in the effluent than the influent. The discrepancy was most likely caused by 

measurement error.  

 
Table 4. 18: Sulphidogenic SSPAD TKN/TP Balance 

 
 

Finally, Table 4.18 highlighted that the TP balance showed fluctuations between the 

concentrations of the influent and effluent streams. However, the concentration of TP in the 

SSPAD was low. Therefore, the error was most likely inflated due to the resolution and 

SC1 SP1 SP2 SP3

Average TKN influent concentration mgTKN-N/l 21.6 46.0 28.8 37.5
Average TKN effleunt concentration mgTKN-N/l 22.3 48.2 32.7 24.5
Nitrogen balance % 103 105 113 65

Average TP influent concentration mgTP-P/l 2.8 7.2 5.3 6.4
Average TP effleunt concentration mgTP-P/l 3.9 7.6 7.3 4.5
Phosphorus balance % 139 105 138 70

Nitrogen Balance

Phosphorus Balance
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accuracy of the analytical procedure, such as the set dilution intervals of the spectrophotometer 

(discrete analyser) used.  

 

4.3.2 Modelling the Sulphidogenic SSPAD  
 

The sulphidogenic SSPAD was virtually replicated using the same model library that was used 

to model the methanogenic SSPAD, i.e. PWM_SA_AD model (Ikumi et al., 2015). The model 

was extended further by Ghoor et al. (2020) to include biological sulphate reduction (BSR) 

and includes a switching function that allows the user to select either a methanogenic or 

sulphidogenic bioprocess. The model contains the identical stoichiometry for the hydrolysis 

reaction of the influent organics, but differs after the formation of glucose, splitting into two 

distinct pathways of either methanogenesis or sulphidogenesis.  

 

Modelling the sulphidogenic SSPAD allowed for the mass, and therefore, the concentration of 

active biomass present in the SSPAD effluent to be correctly estimated. The Sulphidogenic 

SSPAD effluent was used as the inoculum in both the AugBSP control and test reactors. As 

with the methanogenic SSPAD, modelling the sulphidogenic SSPAD was not required for 

identifying the biodegradable composition using the stoichiometric method explained in 

Section 3.9.2.  

 

The main focus of the modelled SSPAD was to, as accurately as possible, replicate the 

laboratory observations on the sulphidogenic SSPAD. The active biomass considered by the 

PWM_SA_AD model were the acidogens, sulphidogenic acetogens, acetoclastic sulphidogens 

and hydrogenotrophic sulphidogens, as discussed in Section 3.10.7. The active biomass 

estimation was achieved by characterising the influent PSS and then adjusting the model 

parameters such that the effluent concentrations of the modelled SSPAD replicated the 

observed SSPAD effluent concentrations. 

 

4.3.2.1 Influent Fractionation 

 

In order to run the model, it was necessary to characterise the influent COD of the diluted PSS 

into the correct COD fractions. The organic groups present in the influent PSS were BSO, 
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consisting of FSBO and VFA, BPO, USO and UPO. The influent fractionation procedure used 

to characterise the influent PSS is thoroughly explained in Section 3.8.1. and Section 3.8.3. 

 

The sulphidogenic system contained negligible Sbp in the effluent stream. Subsequently, the 

particulates present in the SSPAD effluent were either UPO or ZAD. This simplification allowed 

for both the influent fractionation and sulphidogenic SSPAD modelling to be relatively straight 

forward, compared to that of the methanogenic SSPAD. The characterisation of the influent 

PSS was performed using Equations 3.20 to 3.23 in Section 3.8.2.1 and Equations 3.37 to 3.42 

in Section 3.8.3.1. 

 

As explained in Section 3.10.7.1, the PWM_SA_AD model extended by Ghoor et al. (2020) 

was coded in such a way that all of the sulphide produced by the SRB bioprocess remained in 

solution. This model characteristic was useful when modelling the AugBSP reactors, as all 

sulphide remained in the aqueous solution; however, for the sulphidogenic SSPAD, H2S gas 

evolved from the liquid phase to the gas phase. This evolution of H2S gas from the liquid phase 

was illustrated in Table 4.17, as the S balances were below 100%. Therefore, the model was 

modified to account for the H2S that evolved from the SSPAD liquid. This modification was 

done without introducing a new gaseous H2S term to the model, but instead using the dissolved 

HS- concentration and the H+ concentration. The removal of HS- and H from solution was 

controlled by an adjustable parameter added to the model, the H2S_molrate. Therefore, both 

HS- and H+ were removed from solution in equal parts.  

 

The removal of HS- allowed for the sulphide to evolve from the aqueous solution. Furthermore, 

the removal of H+ from the aqueous solution affected the pH of the system, which subsequently 

increased. The pH increase was comparable to an acid being removed from the aqueous phase, 

driving the solution pH up. However, it is critical to note that the removal of H2S gas from the 

aqueous phase did not affect the total alkalinity of the system. Consequently, the total system 

alkalinity is a latent parameter influenced by the composition of the organic, as well as the BSR 

process. Therefore, as the organic degrades due to the bioprocess, organic and inorganic 

material is released into the aqueous solution. The release of this material into the solution, as 

well as the sulphide produced, increases the system alkalinity. However, the evolution of 

subspecies such as CO2 or H2S from the aqueous solution does not change the total alkalinity 

of the system, only the species that represent it. Therefore, the total alkalinity of the system can 
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be used as an objective value for validating the chosen organic composition of the BPO in the 

sulphidogenic SSPAD. 

 

This concept was imperative to understand when modelling the sulphidogenic SSPAD, as 

removing H2S from the liquid phase affected the solution pH. Therefore, in some cases it was 

observed that, if a significant amount of H2S evolved into the digester headspace, the pH in the 

modelled SSPAD exceeded a value of 8. This observation occurred in both SC1 and SP1, as 

the modelled SSPAD pH was significantly high when the H2S COD, as calculated using the S 

balance in Table 4.17, was removed. Therefore, to rectify the modelled SSPAD pH for SC1 

and SP1, the BPO composition, as well as the H2S evolution (via the daily sulphide production) 

was adjusted such that the pH and the total alkalinity in the modelled SSPAD agreed with the 

observed SSPAD values. The adjustment was based on trial and error, using multiple iterations 

until the desired solution pH was achieved. The adjusted H2S concentrations are summarised 

in Table 4.19.  

 
Table 4. 19: Sulphidogenic SSPAD sulphide concentrations 

 
 

The ZAD concentration was calculated using the steady-state equations of Sötemann et al. 

(2005), as shown in Equation 3.38 in Section 3.8.3.1. Furthermore, ZAD was determined using 

the same assumptions as stated in Section 4.2.3.1, which simplified the calculation by 

increasing the YAD, from 0.089 to 0.113, to account for the formation of the other organism 

groups. The ZAD concentration was calculated based on the daily sulphide production, which 

was adjusted for SC1 and SP1, as shown in Table 4.19. The biomass concentrations calculated 

using Equation 3.38 are summarised in Table 4.20.  

 

SC1 SP1 SP2 SP3

Soluble Sulphide (Sds) mgCOD/l 357 625 684 309
Headspace Sulphide (Sgs) mgCOD/l 232 310 230 276
Daily Sulphide Production (Sts) mgCOD/l 588 935 914 584

Soluble Sulphide (Sds) mgCOD/l 357 625 684 309
Headspace Sulphide (Sgs) mgCOD/l 149 123 230 276
Daily Sulphide Production (Sts) mgCOD/l 506 748 914 584
Percentage of original % 86 80 100 100

Adjusted

Calculated 
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Table 4. 20: Calculated sulphidogenic SSPAD biomass COD concentration 

 
 

With the ZAD concentration determined, the UPO concentration was calculated as the 

difference between the particulate COD concentration in the effluent and the ZAD COD 

concentration, as shown in Equation 3.39 in Section 3.8.3.1. With the concentration of UPO 

determined, the diluted influent PSS was then fractionated. The summary of this fractionation 

for the SSPAD for each experiment is given in Table 4.21  

 
Table 4. 21: Sulphidogenic SSPAD influent fractionation 

 
 

However, as seen in the methanogenic SSPAD in Section 4.2.3.1, the observed VSS 

concentration in the SSPAD effluent was not well represented in the modelled SSPAD using 

the fractionated influent in Table 4.21. The discrepancy was caused by the UPO composition. 

Therefore, for the modelled SSPAD reactor to better reflect the VSS concentrations present in 

the observed SSPAD effluent, the UPO concentrations were adjusted, such that the modelled 

SSPAD VSS concentration effluent replicated the observed VSS concentration. The change in 

COD Unit SC1 SP1 SP2 SP3
Soluble Sulphide (Sds) mgCOD/l 357 625 684 309

Headspace Sulphide (Sgs) mgCOD/l 149 123 230 276

Daily Sulphide Production (Sts) mgCOD/l 506 748 914 584

Constants
YAD 0.129 0.129 0.129 0.129

bAD /d 0.041 0.041 0.041 0.041

R days 19 19 19 19

Biomass 
ZAD mgCOD/l 42 62 76 49

Constituent Unit SC1 SP1 SP2 SP3
VFA mgCOD/l 0 25 31 0
FSBO mgCOD/l 0 22 0 0
Total BSO mgCOD/l 0 48 31 0
USO mgCOD/l 109 66 112 102
Total Soluble mgCOD/l 109 113 143 102
BPO mgCOD/l 351 299 667 975
UPO mgCOD/l 241 1029 833 477
Total Particulate mgCOD/l 592 1328 1500 1452
Total COD mgCOD/l 701 1441 1643 1554
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UPO concentration affected the BPO concentration. Therefore, the BPO composition 

determined for the modelled SSPAD was the best fit for the observed values. However, this 

did not affect the identification of the biodegradable organics in the AugBSP control and test 

reactors, as the SSPAD was only used to estimate the biomass concentrations in the inoculum. 

The adjusted UPO COD concentrations are shown in Table 4.22.  

 
Table 4. 22: Adjusted sulphidogenic SSPAD influent fractionation 

 
 

The mass of the unbiodegradable and biodegradable particulates was then calculated using 

Equations 3.41 and 3.42 in Section 3.8.3.1 and are shown in Table 4.23. The UPO VSS 

concentration was calculated with a COD/VSS ratio (fCV) of 1.481 gCOD/gVSS. This ratio for 

UPO has been used for decades in activated sludge models since the steady-state model of 

Marais and Ekama (1976) but there is evidence that it may need revision (Wentzel et al., 2006). 

 
Table 4. 23: Sulphidogenic SSPAD influent COD/VSS fractions 

 
 

 

 

Constituent Unit SC1 SP1 SP2 SP3
VFA mgCOD/l 0 25 31 0
FSBO mgCOD/l 0 22 0 0
Total BSO mgCOD/l 0 48 31 0
USO mgCOD/l 109 66 112 102
Total Soluble mgCOD/l 109 113 143 102
BPO mgCOD/l 351 636 1040 1113
UPO mgCOD/l 241 692 460 339
Total Particulate mgCOD/l 592 1328 1500 1452
Total COD mgCOD/l 701 1441 1643 1554

Constituent Unit SC1 SP1 SP2 SP3
UPO COD mgCOD/l 241 692 460 339
UPO VSS mgVSS/l 162 467 311 229
UPO fcv mgCOD/mgVSS 1.48 1.48 1.48 1.48
BPO COD mgCOD/l 351 636 1040 1113
BPO VSS mgVSS/l 227 306 466 612
BPO fcv mgCOD/mgVSS 1.55 2.08 2.23 1.82
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4.3.2.2 Hydrolysis Kinetics 

 

The kinetics used in the sulphidogenic SSPAD were calculated just as they were in the 

methanogenic SSPAD, using the steady-state calculations used by Sötemann et al. (2005), as 

shown in Section 3.10.3. However, the Sbp in the sulphidogenic SSPAD was negligible. 

Consequently, the value of KM needed to be sufficiently high, such that all the biodegradable 

organics were completely utilised by the SSPAD. Therefore, the value of KM was set high for 

all four experiments (>150 gCOD organics/gCOD biomass.d). Additionally, a KS value of 7.98 

gCOD/l was used, a value supported by Sötemann et al. (2005) for the hydrolysis of PSS using 

saturation kinetics. 

 

4.3.2.3 Model Influent 

 

The organic groups determined in Table 4.22 above, as well as the required inorganics (FSA, 

OP) were then converted into the correct format for the PWM_SA_AD model and entered into 

the WESTÒ influent generator, which ensured that the correct mass of each component in the 

influent PSS stream was added to the SSPAD daily. An example of the required conversions 

is given in Table 3.6 and Figure 3.21 in Section 3.10.2.  

 

4.3.2.4 Composition Determination  

 

In the PWM_SA_AD model, the release of constituents into the bulk liquid of the digester is 

dependent on the elemental composition and mass of the organics present in the influent 

substrate. Therefore, an elemental composition for each group of organics was required. There 

are five groups of organics, and subsequently, the model requires five separate elemental 

compositions, i.e. one each for BSO, BPO, USO, UPO and Biomass. The composition 

determination for each specific organic was described in Section 3.10.4. Table 4.24 shows the 

compositions used for the modelled sulphidogenic SSPAD.  
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Table 4. 24: Sulphidogenic SSPAD influent organic compositions 

Group SC1 SP1 

BSO: C1H1.211O0.073N0.046P0.004 C1H1.2O0.07N0.064P0.002 

BPO: C1H1.211O0.729N0.046P0.004 C1H1.2O0.07N0.064P0.002 

USO: C1H1.3O0.6N0.01P0 C1H1.3O0.6N0.01P0 

UPO: C1H1.571O0.426N0.166P0.019 C1H1.571O0.426N0.166P0.019 

Biomass: C1H1.4O0.4N0.2 C1H1.4O0.4N0.2 

Group SP2 SP3 

BSO: C1H1.4O0.23N0.058P0.002 C1H2.2O0.98N0.035P0.002 

BPO: C1H1.4O0.23N0.058P0.002 C1H2.2O0.98N0.035P0.002 

USO: C1H1.3O0.6N0.01P0 C1H1.3O0.6N0.01P0 

UPO: C1H1.571O0.426N0.166P0.019 C1H1.571O0.426N0.166P0.019 

Biomass: C1H1.4O0.4N0.2 C1H1.4O0.4N0.2 
 

 

4.3.2.5 Modelled SSPAD and observed SSPAD comparison  

 

The PWM_SA_AD model was run under steady-state conditions using the parameters and 

variables determined above, i.e. the hydrolysis rates and elemental compositions of the 

organics in the PSS substrate. The modelled data was compared to the observed data and 

evaluated using relative error. Therefore, the closer the value of error was to zero, the more 

accurate the modelled results were, when compared to that of the observed results. The relative 

error for each of the SSPAD variables was calculated using Equation 3.51 from Section 3.10.5.  

 

Table 4.25 shows that the total COD concentrations in the modelled SSPAD were lower than 

the observed total COD concentrations. The inconsistency was previously highlighted in Table 

4.17, which showed that the COD balances were greater than 100%, indicating that more 

material was leaving the SSPAD via the effluent than entering via the influent. Therefore, the 

modelled SSPAD did not reflect the high total COD concentration in the observed SSPAD 

effluent, as the PWM_SA model was mass balanced.  
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     Table 4. 25: Modelled sulphidogenic SSPAD results 

 

Sulphidogenic SSPAD
COD (mgCOD/l) Observed Modelled % error Observed Modelled % error Observed Modelled % error Observed Modelled % error

Total 748 791 5.7 1782 1473 -17.4 1705 1383 -18.9 936 841 -10.2

Soluble 466 492 5.8 691 698 1.1 796 822 3.3 411 435 5.9

USO 109 108 -0.6 66 65 -0.6 112 111 -0.6 102 102 -0.6

BSO 0 0 - 0 0 - 0 0 - 0 0 -

UPO 241 240 -0.1 692 691 -0.1 460 460 -0.1 339 339 -0.1

BPO 0 1 - 0 2 - 0 2 - 0 2 -

Biomass (Zad) 42 47 12.0 62 66 7.0 76 81 6.8 49 54 11.0

Dissolved Sulphide 357 360 0.8 625 612 -2.1 684 690 0.9 309 313 1.4

Headspace Sulphide 232 147 -36.7 310 127 -59.0 230 214 -6.8 276 286 3.6
Total Sulphide 588 506 -14.0 935 739 -21.0 914 904 -1.0 584 598 2.4

Sulphate (mgSO4/l)
SO4 remaining 617 734 18.9 97 390 301.4 129 138 6.7 624 598 -4.1

SO4 Utilised 883 766 -13.2 1403 1110 -20.9 1371 1362 -0.6 876 902 2.9

Sulphide Evolution (mol/d)
H2S molrate - 0.0024 - - 0.002 - - 0.0034 - - 0.0045 -

Nitrogen (mgN/l)
TKN 22 28 24.5 48 66 37.6 33 54 64.6 24 36 45.7

FSA 7 7 1.5 14 14 0.9 16 16 2.6 8 8 0.5

Phosphate (mgP/l)
TP 4 6 59.8 8 15 102.6 7 12 58.6 4 8 83.6

OP 2 2 -2.3 4 4 -3.4 4 4 1.3 3 2 -2.9

Acetate (mg/l as acetate)
VFA 0 5 - 0 1 - 167 1 - 0 1 -

Alkalinity (mg/l as CaCO3)
Carbonate + H2O 605 598 -1.2 925 872 -6 947 1088 15 606 817 35
Total 800 809 1.1 1256 1216 -3.2 1426 1488 4.3 746 967 29.6

Species Concentration (mg/l)
CT 158 159 0.5 243 234 -3.9 254 289 13.6 167 232 39.2

Solids (mgVSS/l)
VSS 211 191 -9.2 547 508 -7.2 342 360 5.3 246 263 7.1

pH
pH 7.21 7.21 0.0 7.24 7.17 15.8 7.24 7.22 3.4 7.04 6.96 20.0

SP3SC1 SP1 SP2
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The USO, BSO, UPO and BPO COD concentrations of the modelled SSPAD agreed well with 

the observed values. The ZAD COD concentration for all four of the modelled SSPAD 

experiments was higher than the observed SSPAD concentrations. As previously mentioned in 

Section 4.2.3.1, the YAD value for the biomass was increased to 0.129 based on the standard 

yield coefficients used by the PWM_SA_AD model, as recommended by Sötemann et al. 

(2005). Therefore, the measured biomass concentration represented the four active biomass 

groups present in the SSPAD. As explained for the methanogenic SSPAD, the ZAD 

concentrations in the model may have been higher as the PWM_SA_AD model assigns 

individual yield coefficients to each organism group. Consequently, the modelled ZAD COD 

concentrations were accepted as a good approximation of the active biomass present in the 

SSPAD effluent.  

 

As shown in Table 4.19, the total daily sulphide production in the SSPAD was adjusted for 

SC1 and SP1 such that the modelled SSPAD total alkalinity reflected the observed total 

alkalinity. Consequently, the modelled SSPAD for SC1 and SP1 produced a lower total 

sulphide concentration, with less H2S gas evolving into the digester headspace. However, the 

observed dissolved (aqueous) sulphide COD concentration for all experiments was well 

represented by the modelled SSPAD. 

 

The sulphate utilised in the SSPAD reflected the total sulphide concentration produced by the 

bioprocess. Therefore, the sulphate utilised by the modelled SSPAD for SC1 and SP1 was 

lower than what was observed. However, for SP2 and SP3, the sulphate concentration utilised 

by the modelled SSPAD had lower error relative to the observed SSPAD. The lower error was 

expected as the total sulphide concentration produced by the SSPAD for SP2 and SP3 was 

calculated using the utilised sulphate concentration. As previously mentioned, the removal of 

HS
-
 and H

+
 from solution was controlled by an adjustable parameter added to the model, the 

H2S_molrate. 

 

The TKN and TP concentrations were significantly higher in the modelled SSPAD than in the 

observed SSPAD. The reason for this was due to the UPO composition. It was previously 

mentioned that the mass fractions used to calculate the UPO composition in Section 3.10.4.1 

might need revision. However, determining the UPO composition was not in the scope of this 

project. 
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Both the FSA and OP concentrations in the observed SSPAD effluent were well represented 

by the modelled SSPAD, indicating that the BPO and BSO compositions were accurate in 

representing the observed influent organics. The total alkalinity in the observed SC1, SP1 and 

SP2 experiments were well replicated by the modelled SSPAD. However, the total alkalinity 

in the modelled SSPAD for SP3 was greater than the observed total alkalinity. The total 

alkalinity concentration in SP3 was challenging to replicate as the correct concentration of 

sulphide was produced by the model. Furthermore, the correct sulphide evolution was achieved 

by the model. However, the modelled SSPAD pH was low, even with a high alkalinity. 

 

Therefore, the issue may have come from the modelled CT concentration, which was 39% 

higher than was observed. The additional CT increased the carbonate alkalinity, which 

subsequently increased the total alkalinity in the modelled SSPAD. However, changing the C 

term in the BPO was challenging as the convention used in the PWM_SA model to represent 

the biodegrade organic composition sets the C term equal to 1. Therefore, the remaining terms 

(HONP) need to be adjusted accordingly. However, adjusting the other terms resulted in errors 

occurring elsewhere in the modelled SSPAD, such as the FSA and OP concentrations. Finally, 

the observed VSS concentration, as well as the digester pH, was well represented by the 

modelled SSPAD. 

 

4.3.2.6 Active Biomass present in the inoculum  

 

The SSPAD was modelled to estimate the concentrations of active biomass present in the 

SSPAD effluent as accurately as possible. The concentrations for each group of active biomass 

present in the inoculum for SC1, SP1 SP2 and SP3 is summarised in Table 4.26.  

 

Table 4. 26: Sulphidogenic SSPAD active biomass concentrations 

 

 

COD (mgCOD/l) SC1 SP1 SP2 SP3
Acidogens (X_AD) 30 42 51 34
Acetogens (X_ACS) 0 0 0 0
Acetoclastic Sulphidogens (X_AS) 11 16 20 13
Hydrogenotrophic Sulphidogens (X_HS) 6 8 10 7
Total Biomass Concentration 47 66 81 54



 167 

4.4 Conclusions 

The effluent from the methanogenic SSPAD was used as an inoculum for the AugBMP control 

and test reactors. However, in order to understand the impact that the biodegradable organics 

present in the inoculum had on the modelled AugBMP control and test reactors, the SSPAD 

needed to be modelled. As previously mentioned, understanding the source of the inoculum 

was not required when determining the composition of the organics using the stoichiometric 

calculation in Section 3.9.2. However, in order to correctly model the AugBMP experiment 

using the PWM_SA_AD model, understanding the SSPAD was important.  

 

The PWM_SA_AD model separates the biomass and biodegradable organics into two groups, 

each with their unique composition. Furthermore, the breakdown and decay of these two 

organic groups are represented using different rates and stoichiometry in the model. Therefore, 

while it was possible to group all of the biodegradable material in the AugBMP control 

(biomass) and test (substrate) reactors into one, collective composition and mass for each when 

using the stoichiometric composition calculation of Section 3.9.2, it was not possible to do so 

with the PWM_SA_AD model. The model is specific regarding the rates and stoichiometry of 

the growth and decay of the components present. Furthermore, the composition of the biomass 

and UPO groups were ‘fixed’ in the model used for this investigation. This does not imply that 

they are always fixed, as they can be adjusted freely. However, the number of unknowns 

increased significantly to a point where solving the parameters of each group was not possible 

within the boundaries of this thesis.  

 

Therefore, determining the concentrations of the residual biodegradable organics (Sbp) and the 

biomass (ZAD) was crucial for determining the composition of the selected substrates in the 

modelled AugBMP control and test reactors, as the model required the mass of these two 

groups as an input. Furthermore, the procedure for modelling the sulphidogenic SSPAD 

differed from that of the methanogenic SSPAD. The most crucial differences were the 

negligible Sbp concentration and the evolution of H2S gas from the liquid phase of the digester. 

However, in both the modelled methanogenic and sulphidogenic SSPADs, the compositions of 

the UPO, USO and biomass were fixed. Therefore, the SSPADs were modelled as accurately 

as possible within the scope of the investigation. 
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However, accurately modelling the SSPAD was complex and time consuming to do based on 

the current method of passing the influent feed component masses into the PWM_SA_AD 

model. As mentioned, making any adjustments to the influent characteristics of the steady-state 

model was tedious and required trial and error. Ideally, the active biomass concentrations 

should be determined using the PE function, instead of trial and error. The influent generator 

requires a text file containing the measured concentrations of each component as an input, 

which subsequently generates the organic load onto the anaerobic digester. This configuration 

makes PE challenging as the variables cannot be changed within the optimisation simulation. 

The accuracy of the modelled SSPAD can be greatly improved by modifying the way in which 

the influent is passed into the PWM_SA_AD model. However, these changes were too 

significant for the scope of this project and are discussed in the recommendations. 

 

Currently, the biomass and the biodegradable organics are separated into two unique 

compositions in the PWM_SA_AD model, as the rates at which the organisms grow and decay 

within the digester need to be represented separately to that of the biodegradable organics. 

However, for the purpose of conducting an augmented batch test experiment, merging the 

composition of the biomass and biodegradable organics into one grouped composition may be 

useful as the biological activity present in the control reactor will be represented by one group 

instead of two. This merger of compositions follows the same principles as the stoichiometric 

composition determination explained in Section 3.9.2. Furthermore, determining the 

concentration of active biomass present in the AugBMP control reactor using PE will be easier 

to do accurately, as fewer unknown parameters will be present.  

 

If the primary aim of the investigation is to identify the composition of the biodegradable 

organics, a steady inoculum is not critical. The augmented batch control reactor accounts for 

the products released due to the residual organics present in the inoculum, setting the baseline 

for the test reactor. However, the experiment should be run for an extended period of time (>30 

days) to ensure that all biodegradable organics are utilized regardless of the hydrolysis rates. 
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Chapter 5: Augmented batch control reactor results and 
modelling 

5.1 Introduction 

The augmented batch control reactors were used for establishing the baseline that quantified 

the products released due to the breakdown of biodegradable organics present in the SSPAD 

effluent, which was used as the inoculum. The products released above this baseline inside the 

augmented batch test reactors were due to the chosen organic substrate (casein and PSS), the 

composition of which could then be identified, using methods shown in Section 3.9. 

Establishing the baseline included analysing mass balances and identifying the composition of 

residual BPO present in the inoculum, using the stoichiometric calculation, as well as the 

modelled control reactors, which used the PE function. 

 

As previously mentioned, both the AugBMP and the AugBSP experiments required a stable 

inoculum, which was grown using steady-state parent anaerobic digesters (SSPAD) for each 

respective system, i.e. a methanogenic SSPAD and a sulphidogenic SSPAD. The details for 

the operation and testing of these systems is given in Section 3.2 and Section 3.6, and the results 

and their modelling in Chapter 4. The modelled SSPADs (using mass balanced steady state 

equations as shown in Section 3.8.2 and Section 3.8.3) allow for the mass, and therefore, the 

concentration of the active biomass groups to be estimated, which were used as inputs (of 

biomass concentrations) for the modelled AugBMP and AugBSP experiment reactors. 

 

As described in Chapter 4, both the AugBMP and the AugBSP experiments were repeated four 

times each. Therefore, the four augmented batch control experiments corresponded to the four 

SSPAD experiments described in Chapter 4. The experiment in which the AugBMP and 

AugBSP control reactors were used as the baseline for identifying the casein composition were 

labelled MC1 and SC1, respectively. Furthermore, the experiments in which the AugBMP and 

AugBSP control reactors were used as the baseline for identifying the PSS composition were 

labelled MP1, MP2, MP3, and SP1, SP2, SP3, respectively. This is summarised in Table 5.1.  
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Table 5. 1: Experiment Periods 

Label Type of Experiment Date of Experiment 

MC1 Methanogenic Casein February – March 2019 

MP1 Methanogenic PSS February – March 2018 

MP2 Methanogenic PSS May-June 2018 

MP3 Methanogenic PSS December 2018 

SC1 Sulphidogenic Casein March 2019 

SP1 Sulphidogenic PSS November 2018 

SP2 Sulphidogenic PSS January – February 2019 

SP3 Sulphidogenic PSS April 2019 

 

5.2 AugBMP Control Reactors 

The AugBMP control experiments were conducted as specified in Section 3.4. In order to 

achieve reliable results, the experiment was conducted in triplicate, using three control reactors. 

The control reactors were labelled C1, C2, and C3 for all four experiments (i.e., MC1, MP1, 

MP2 and MP3). 

 

The AugBMP control reactors were seeded with inoculum, taken directly from the SSPAD, 

and tap water (the seeding procedure is described in Section 3.4.3). The tap water was added 

such that the inoculum from the methanogenic SSPAD was diluted to half the original 

concentration. The dilution was required, as the SSPAD waste volume was not sufficient to 

conduct the AugBMP control and AugBMP test experiments in triplicate. The starting mix for 

the AugBMP control experiment is given in Table 3.1 in Section 3.4.3. 

 

The concentration of each constituent in the AugBMP control reactor was measured using the 

analytical procedures described in Section 3.6. The measured values in each of the AugBMP 

control reactors (C1, C2 and C3) were then combined into one value by calculating the average 

constituent value between the reactors. Table 5.2 summarises the combined averaged 

measurements, taken at the start and end of the experiment, for the AugBMP control reactor 

for the MC1, MP1, MP2 and MP3 experiments. 
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Table 5. 2: AugBMP control results 

 
 

Unit Start End Change (△) Start End Change (△) Start End Change (△) Start End Change (△)
Time hours 0 456 456 0 695 695 0 576 576 0 452 452
Total COD mgCOD/l 10401 8333 -2068 8730 6308 -2422 9545 8907 -638 13306 11493 -1813
Soluble COD mgCOD/l 1084 1104 20 2078 1116 -962 831 1027 195 1834 1333 -501
VFA COD mgCOD/l 206 0 -206 1 5 4 38 0 -38 89 150 61
TKN mgN/l 581 532 -48 533 537 4 604 618 13 649 676 28
FSA mgN/l 235 217 -18 172 256 85 254 297 42 273 330 57
TP mgP/l 87 99 12 84 72 -12 101 111 10 117 113 -4
OP mgP/l 13 23 10 14 19 5 5 14 8 13 23 11
VSS mgVSS/l 4476 4497 21 5019 3987 -1032 5634 4530 -1104 5911 5299 -612
pH pH 7.31 7.20 -0.11 7.27 7.16 -0.11 7.38 7.31 -0.07 7.38 7.18 -0.19
Carbonate Alk mg/l as CaCo3 1113 1428 315 1139 1353 214 1339 1674 335 1225 1526 301
Total Alk mg/l as CaCo3 1297 1462 165 1166 1386 220 1388 1704 316 1323 1678 355
CT mgC /l 296 378 83 299 363 64 347 439 92 317 410 93
CH4 COD mgCOD 0 2816 2816 0 2205 2205 0 6916 6916 0 4697 4697
Carbon in Gas mgC 0 880 880 0 719 719 0 2255 2255 0 1751 1751

MP1 MP2MC1 MP3
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The total COD concentration change for MC1, MP1 and MP3 ranged between 1813mgCOD/l 

to 2422mgCOD/l, a difference of 609mgCOD/l. The total COD concentration change in the 

MP2 experiment was low at 638mgCOD/l. The low change in total COD of 638mgCOD/l for 

MP2 indicated a low concentration of biodegradable organics present in the inoculum. The 

soluble COD concentration present at the start of all four experiments varied significantly. This 

variance was due to the USO concentration in the inoculum (as all the BSO was deemed to 

have been utilised within the 20d sludge age of the methanogenic SSPAD). 

 

The concentration of VFA present in the inoculum varied between the experiments. The VFA 

concentration at the end of the MC1, MP1 and MP2 experimental periods was low (0± 0, 5± 8 

and 0± 0 mgCOD/l, respectively), indicating that the VFAs were utilised by the acetoclastic 

methanogens throughout the AugBMP control experiment. However, the VFA concentration 

at the end of the MP3 AugBMP control experiment was higher (150± 11 mgCOD/l) than at the 

start (89± 20 mgCOD/l). 

 

The change in TKN and TP throughout the experiment was not significant in all four 

experiments. The FSA and OP in MP1, MP2 and MP3 increased over the duration of the 

experiment, indicating the breakdown of organics, which subsequently released inorganics into 

the AugBMP control reactor liquid. However, the FSA change in MC1 was negative, indicating 

that FSA was taken up during the experiment. The uptake of FSA was possible, however very 

unlikely for the augmented batch experiments. The decrease in FSA during the MC1 AugBMP 

experiment was most likely due to measurement error. The expected FSA release for MC1 is 

shown in Figure 5.13 in Section 5.2.6.3.  

 

The VSS concentration for the MP1, MP2 and MP3 experimental periods decreased throughout 

the AugBMP control experiment. The decrease in VSS throughout the experiment was a good 

indicator of the biodegradable particulate material present in the inoculum. However, in the 

MP2 experiment, the total change in COD concentration was significantly low compared to 

the VSS concentration utilised, with a fCV (COD/VSS) ratio of 0.58. This discrepancy in MP2 

suggested that one of the measurements, either the COD or the VSS was inaccurate. In addition 

to the error experienced in MP2, the VSS in MC1 increased throughout the experiment. 

However, when analysing the entire data set, it was observed that a decrease in VSS throughout 
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the experiment occurred, and the source of the error was due to the observed starting VSS 

concentration, as shown in Figure 5.29 in Section 5.2.6.7. 

 

The cumulative CH4 COD produced by the experiment, which was measured using the inverted 

columns, as explained in Section 3.4.5, varied significantly between the four experiments. This 

was a good example of the gas measurement error experienced by the BMP test, and 

consequently, the AugBMP experiment. A COD balance was performed using the modelled 

AugBMP control reactor to determine the error associated with the gas measurement, as the 

model was mass balanced. The total carbon in the gas was calculated using the total volume of 

gas produced, as the gas composition was assumed to be made up of CO2 and CH4. The total 

carbon in the gas was used to determine the BPO composition using the stoichiometric method 

explained in Section 3.9.2. 

 

5.2.1 Gas Measurement 

 

The gas produced by the AugBMP control experiment was captured inside of an inverted water 

column. The setup and specifications of the water columns are given in Section 3.4.2. The gas 

produced by the AugBMP control reactor was quantified by the volume of water displaced in 

the column. The water from the bath was sucked into the gas column using a vacuum pump. 

However, as the water level in the column was above the water level in the bath, the partial 

pressure in the column was less than atmospheric.  

 

Consequently, the gas occupied a larger volume in the column than at atmosphere. However, 

this additional volume was accounted for using the universal gas law, as explained in Section 

3.4.5. The volume of methane present in the biogas was calculated using the methane partial 

pressure, which was determined using gas chromatography, as explained in Section 3.6.10. The 

molar equivalent of methane produced was then calculated using the universal gas law. Finally, 

the COD contained in the methane was calculated by multiplying the number of moles by 

64gCOD/mol, as explained in Equation 3.10 in Section 3.7.3.1. The cumulative methane COD 

for MC1, MP1, MP2 and MP3 are shown in Figures 5.1, 5.2, 5.3 and 5.4. 

 

In Figure 5.2 for MP1, two of the AugBMP control reactors, C2 and C3, had a significantly 

larger amount of COD collected in the inverted column compared to C1, indicating a possible 
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gas leak. Furthermore, the gas data for all four experiments indicated that the control reactor 

C1 had a lower cumulative CH4 COD than C2 and C3.  

 

 
Figure 5. 1: MC1 AugBMP control CH4 COD 

 
Figure 5. 2: MP1 AugBMP control CH4 COD 

 
Figure 5. 3: MP2 AugBMP control CH4 COD 

 
Figure 5. 4: MP3 AugBMP control CH4 COD 

 

5.2.2 Mass Balances 

 

The mass of material entering the AugBMP control reactor should equate to the mass of 

material leaving the reactor, as mass was conserved within the system, and the AugBMP 

control reactor was completely sealed for the duration of the experiment. Furthermore, the gas 

produced throughout the experiment was captured by the inverted water column. The COD 
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entering the AugBMP reactor was contained inside the inoculum, which was taken from the 

methanogenic SSPAD effluent, and the COD leaving the reactor was either in the liquid 

effluent stream or in the methane gas produced.  

 

Therefore, the starting COD in the reactor must equate to the sum of COD removed from the 

reactor during sampling, the methane COD in the inverted column, and the remaining COD in 

the reactor at the end of the experiment. This is shown in Equation 3.12, and summarised in 

Figure 3.12, in Section 3.7.3.2.  

 

The methane partial pressure in the AugBMP control reactor for MP2 and MP3 was measured 

using a gas chromatograph. However, due to limited data availability, the average methane 

partial pressures obtained for the AugBMP control reactors were used to calculate the COD 

mass of methane present in the inverted columns (the data for which can be found in Appendix 

A). The summarised data obtained from the GC is shown in Table 5.3 below.  

 

Table 5. 3: Gas chromatography results 

 

 

The methane partial pressure present in MC1 and MP1 was not available, however, based on 

the data available for MP2 and MP3, the partial pressure of MC1 was set to 60% and MP1 set 

to 57.5% methane. Therefore, the methane partial pressure for the AugBMP control reactors 

for experiments MC1, MP1, MP2 and MP3 were 60%, 57.5%, 57.5% and 50.3%, respectively. 

With the partial pressure of methane determined, a COD balance was performed to check if the 

COD entering the system equated to the COD exiting the system.  

 

The COD flux in the AugBMP control reactor was calculated using Equation 3.12 in Section 

3.7.3.2. The COD in the influent was equal to the starting COD concentration multiplied by 

the total liquid volume in the reactor. The total COD leaving the reactor was equivalent to the 

cumulative COD in the methane gas (collected by the inverted columns), the cumulation of 

COD present in the daily sample, which was calculated by summing the COD concentration 

Experiment Type Unit MP2 MP3
Methanogenic SSPAD % Methane 59.2± 1.7 57.2± 2.7
AugBMP Control % Methane 57.5± 9 50.3± 8.7
AugBMP Test % Methane 62.8± 6.5 54.7± 4.5

Period
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multiplied by the volume of the sample, for each sample drawn, and the COD concentration 

remaining in the reactor at the end of the experiment multiplied by the volume remaining. 

 

5.2.2.1 MC1 COD Balance 

 

Based on Equation 3.12 in Section 3.7.3.2, the COD balances for the AugBMP control reactors 

for the MC1 experiment are shown in Table 5.4. 

 

Table 5. 4: MC1 AugBMP control COD balance 

 

 

Table 5.4 indicated that a poor COD balance in the AugBMP control reactor for MC1 was 

achieved, as the balances for C1, C2 and C3 were 87%, 85% and 90%. The COD balances lay 

outside of the 10% tolerance required for a good balance, as explained in Section 3.7.2. As 

previously mentioned, the partial pressure of methane for MC1 was not analysed, and 

subsequently the methane partial pressure was set to 60%. Therefore, in an attempt to identify 

the cause of the low COD balance, the methane partial pressure was adjusted to the highest 

possible value of 100%. The results for 100% methane partial pressure is shown in Table 5.5. 

 

Table 5. 5: Adjusted MC1 AugBMP control COD balance 

 

 

However, even with the methane partial pressure set to the highest possible value, the COD 

balance did not improve significantly. Therefore, it was concluded that the low COD balance 

was not a result of the methane partial pressure, but rather a gas measurement error. 

 

Starting Mass Mass Removed Remaining Mass Gas Mass Total Effluent Balance
Unit mgCOD mgCOD mgCOD mgCOD mgCOD %
C1 49397 12361 28308 2208 42877 86.8
C2 53915 13185 29809 2980 45974 85.3
C3 52710 13402 30881 3259 47543 90.2

MC1 AugBMP Control Mass Balance (60% Methane Partial Pressure)

Starting Mass Mass Removed Remaining Mass Gas Mass Total Effluent Balance
Unit mgCOD mgCOD mgCOD mgCOD mgCOD %
C1 49397 12361 28308 3679 44349 89.8
C2 53915 13185 29809 4966 47961 89.0
C3 52710 13402 30881 5432 49716 94.3

MC1 AugBMP Control Mass Balance (100% Methane Partial Pressure)
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5.2.2.2 MP1 COD Balance 

 

The COD balances for the AugBMP control reactors for the MP1 experiment was calculated 

using Equation 3.12 from Section 3.7.3.2. The COD balance is summarised in Table 5.6. 

 

Table 5. 6: MP1 AugBMP control COD balance 

 

 

Table 5.6 indicated that a poor COD balance in the AugBMP control reactor for MP1 was 

achieved, as the balances for C1, C2 and C3 were 74%, 87% and 86%. The COD balances lay 

outside of the 10% tolerance required for a good balance, as explained in Section 3.7.2. As for 

MC1, in an attempt to identify the cause of the poor COD balance, the methane partial pressure 

was set to 100%. The results for 100% methane partial pressure is shown in Table 5.7. 

 

Table 5. 7: Adjusted MP1 AugBMP control COD balance 

 

 

However, even when the partial pressure of the methane in the column was increased to 100%, 

the COD in the reactor did not balance. This was a repeat of the result in MC1 above and was 

a strong indication that measuring gas was tedious and lead to measurement error.  

 

5.2.2.3 MP2 COD Balance 

 

The same procedure that was used to check the COD balances in MC1 and MP1 was used in 

MP2. The partial pressure of the reactor was measured using the GC. Table 5.8 shows that the 

COD balance exceeded 100%. A balance over 100% indicated that more COD was remaining 

Starting Mass Mass Removed Remaining Mass Gas Mass Total Effluent Balance
Unit mgCOD mgCOD mgCOD mgCOD mgCOD %
C1 46552 16440 17920 239 34599 74.3
C2 43718 16964 18852 2374 38191 87.4
C3 40682 16347 16677 2036 35059 86.2

MP1 AugBMP Control Mass Balance (57.5% Methane Partial Pressure)

Starting Mass Mass Removed Remaining Mass Gas Mass Total Effluent Balance
Unit mgCOD mgCOD mgCOD mgCOD mgCOD %
C1 46552 16440 17920 416 34776 74.7
C2 43718 16964 18852 4129 39945 91.4
C3 40682 16347 16677 3540 36564 89.9

MP1 AugBMP Control Mass Balance (100% Methane Partial Pressure)
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at the end of the experiment than at the start of the experiment. This observation was 

challenging to explain as poor balances for MC1 and MP1 were achieved, and suggested gas 

measurement error. However, the balances for C1 and C2 were 107% and 107%, respectively, 

which lay within the 10% error tolerance for a good balance. However, the COD balance for 

C3 was high at 120% and suggested aqueous COD measurement error. 

 

Table 5. 8: MP2 AugBMP control COD balance 

 

 

5.2.2.4 MP3 COD Balance 

 

The same procedure that was used to check the COD balances in the first three experiments 

was used in MP3, as shown in Table 5.9. The partial pressure of methane in the reactor 

headspace was measured as 50.3%. Consequently, C1, C2 and C3 had COD balances of 96%, 

97% and 94%, which all lay within 10%, indicating that the majority of COD was tracked 

through the system. This COD balance was the most accurate of the four AugBMP control 

reactor experiments and indicated that the gas measurement error in the experiment was 

reduced as much as possible.  

 

Table 5. 9: MP3 AugBMP control COD balance 

 

 

5.2.2.5 TKN and TP Balance 

 

The mass flux of other constituents present in the entering and exiting streams such as the TKN 

and TP were also checked using the mass balanced approach. The total mass of these two 

Starting Mass Mass Removed Remaining Mass Gas Mass Total Effluent Balance

Unit mgCOD mgCOD mgCOD mgCOD mgCOD %

C1 46586 16821 27350 5506 49677 106.6

C2 49999 17413 28829 7470 53712 107.4

C3 46586 18158 29814 7773 55746 119.7

MP2 AugBMP Control Mass Balance (57.5% Methane Partial Pressure)

Starting Mass Mass Removed Remaining Mass Gas Mass Total Effluent Balance
Unit mgCOD mgCOD mgCOD mgCOD mgCOD %
C1 66264 20496 39043 3983 63522 95.9
C2 67067 21567 38246 5290 65104 97.1
C3 66264 20530 37184 4818 62532 94.4

M3 AugBMP Control Mass Balance (50.3% Methane Partial Pressure)
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constituents should remain constant throughout the experiment. The TKN and TP mass fluxes 

were calculated using Equation 3.14, as described in Section 3.7.5. 

 

Table 5.10 confirms that, in general, good mass balances for TKN and TP were achieved for 

the four experiments. However, there were also some outliers. For instance, the TKN balance 

for C1 during MC1 was low, as the starting concentration of C1 was higher than both C2 and 

C3. The remaining outliers followed the same pattern, that is, either the starting or ending 

concentrations differed from the other reactors’ concentrations, resulting in a poor TKN or TP 

balance.  

 

Table 5. 10: AugBMP control TKN/TP balance 

 

 

5.2.3 Stoichiometric Composition Identification  
 

The composition of the biodegradable organics was identified by calculating the change in 

elemental concentrations, together with COD and VSS between the end and the start of the 

augmented batch experiments. The calculation involves mass ratios for each element (fCV, fC, 

TKN in TKN out Balance TP in TP out Balance
Reactor % %

C1 643 542 84 78 90 115
C2 554 489 88 105 94 90
C3 563 552 98 78 112 143

C1 490 562 115 83 72 87
C2 523 534 102 86 71 83
C3 586 516 88 83 73 88

C1 606 603 100 99 113 114
C2 595 616 104 101 108 107
C3 612 633 103 103 113 110

C1 647 685 106 120 119 99
C2 659 672 102 115 114 99
C3 640 671 105 117 106 91

mgTKN-N/l mgTP-P/l

MP3

MP2

MP1

MC1
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fN and fP), which allow for fO and fH to be calculated. The calculation is explained in detail in 

Section 3.9.2. 

 

Therefore, the change in COD, C, N, P and VSS throughout the experiment was required. The 

change in the required components was previously shown in Table 5.2. The stoichiometric 

identification of the biodegradable composition for the AugBMP control experiments is shown 

in Table 5.11, which illustrates how the composition of the biodegradable organics was 

identified using the stoichiometric calculation described in Section 3.9.2. The change between 

the ending and starting concentrations of each constituent quantified the material contained in 

the biodegradable organics. The total COD concentration decreased throughout all four 

experiments. The total COD concentration change quantified the COD available in the 

biodegradable organic material including the BPO, BSO and VFA COD concentrations. 

Therefore, the BPO COD concentration available in the organics of the AugBMP control 

reactor was calculated as the difference between the total COD and the VFA COD 

concentration changes. The contribution of VFAs towards the total methane production must 

be included for systems in which the COD in the biogas was conserved. However, due to 

inaccuracies in the measured methane volume, the methane COD produced by the experiment 

was not used in the calculation, instead the total COD change was used to identify the available 

COD in the biodegradable organics.  
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Table 5. 11: AugBMP control stoichiometric composition determination as explained in Section 3.9. The compositions were 
identified stoichiometrically using the measured variables. The composition identified is based on an elemental mass 
balance between the reactants and products. 

 

 

The total carbon change in the system was the sum of the carbon in the gas and the carbon in 

the aqueous solution. The mass of carbon in the gas was calculated by multiplying the 

cumulative mols of biogas produced, measured using the inverted columns, by 12gC/mol. This 

conversion from mol to carbon was based on CO2 and CH4 (which were assumed to make up 

the majority of biogas) both having 1 mol of carbon. The total concentration of carbon in the 

gas was then determined by taking this calculated mass of carbon in the gas (mgC) and dividing 

MC1 MP1 MP2 MP3
Measured Unit Change (△) Change (△) Change (△) Change (△)
Total COD mgCOD/l -2068 -2422 -638 -1813
VFA COD mgCOD/l -206 4 -38 61
FSA mgN/l -18 85 42 57
OP mgP/l 10 5 8 11
VSS mgVSS/l 21 -1032 -1104 -612
Carbonate Alk mg/l as CaCo3 315 214 335 301
CH4 COD mgCOD 2816 2205 6916 4697
C in Gas mgC 880 719 2255 1751
COD Change
Biodegradable COD mgCOD/l 1862 2422 600 1813
COD in Methane mgCOD/l 563 441 1383 939
Carbon Change
C in Gas mgC/l 176 144 451 350
C in H2CO3 Alk mgC/l 76 51 81 72
Total C mgC/l 252 195 532 422
VSS Change
Biodegradable VSS mgVSS/l -21 1032 1104 612
Mass Ratio Unit g/g g/g g/g g/g
fCV gCOD/gVSS -90.116 2.347 0.544 2.962
fC gC/gVSS -12.177 0.189 0.482 0.690
fN gN/gVSS 0.894 0.082 0.038 0.093
fP gP/gVSS -0.471 0.005 0.007 0.017
fH gH/gVSS -4.750 0.300 -0.023 0.162
fO gO/gVSS 17.504 0.424 0.496 0.037
Compostion Unit mol mol mol mol
C - 1 1 1 1
H - 4.681 19.059 -0.585 2.816
O - -1.078 1.681 0.773 0.040
N - -0.063 0.373 0.068 0.116
P - 0.015 0.010 0.006 0.010
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it by the starting reactor volume (5l). However, due to the inaccuracies experienced relating to 

the biogas measurement, the total carbon in the gas had a high level of error. The change in 

carbon in the aqueous phase was quantified by the change in H2CO3 alkalinity, which was 

calculated by taking the change in measured H2CO3 alkalinity and dividing by 50 (alkalinity 

was measured in mg/l as CaCO3, which has an equivalence of 50mg CaCO3/mol). The mols of 

alkalinity were then multiplied by 12gC/mol to get the carbon equivalent. 

 

The VSS change was determined as the change in the VSS concentration between the end and 

the start of the experiment. As seen in MC1, the VSS concentration change was positive 

between the end and the start of the experiment. This indicated that the VSS increased, which 

was unlikely as the total COD decreased, and the AugBMP control reactor contained negligible 

soluble COD. The change in VSS concentration quantified the biodegradable VSS (which 

changed the sign of the VSS from negative to positive) 

 

The mass ratios were then calculated by taking the change in each respective constituent and 

dividing by the VSS concentration. i.e., the biodegradable COD/VSS (fCV), the total C/VSS 

(fC), the FSA/VSS (fN) and the OP/VSS (fP). The mass ratios for fO and fH were calculated 

using Equations 3.45 and 3.46 in Section 3.9.2.1. Finally, the composition of the biodegradable 

organic present in the AugBMP control reactor was identified using the mass ratios and 

Equations 3.47 and 3.48 in Section 3.9.2.1. 

 

The compositions determined in Table 5.11 suggested that an error occurred in the proposed 

stoichiometric composition calculation. The error was due to the measured starting and ending 

concentrations in the AugBMP control reactor. The measurements are prone to error, and the 

error increases significantly if only two data points are used. Instead, the entire data set 

(containing daily measurements) should be used, as explained in Section 3.9.3.  

 

The use of mathematical models and the PE function introduced a data reconciliation aspect 

into the thesis, as the composition of the biodegradable organics were identified by minimising 

the error across the observed results.  
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5.2.4 Modelling the AugBMP control experiment 
 

The AugBMP control experiment was modelled using the biomass concentrations determined 

in the modelled SSPAD as inputs. The biomass concentrations were previously shown in Table 

4.15 in Section 4.2.3.6. The remaining constituent concentrations such as the FSA, OP, VFA, 

H2CO3 alkalinity, as well as the reactor pH, were adjusted to the averaged observed starting 

values for the AugBMP control reactor. The procedure used for modelling the AugBMP control 

reactor is described in Section 3.11. 

 

The biomass and the UPO compositions used were the same as in the SSPAD, i.e. 

C1H1.4O0.4N0.2 and C1H1.571O0.426N0.166P0.019, respectively. Therefore, the composition of the 

BPO (Sbp) was an unknown parameter. The Sbp COD concentration in the AugBMP control 

reactor was previously calculated in Table 4.8 in Section 4.2.3.1. 

 

The COD and VSS concentrations present in the modelled AugBMP control reactor were 

dependent on the chosen compositions for each of the particulate groups (biomass, UPO and 

BPO), the mass of each group, and the AugBMP reactor liquid volume. Therefore, the 

composition and mass of the BPO directly related to the COD and VSS concentrations utilised 

throughout the modelled AugBMP control experiment.  

 

The composition and mass of the UPO, as well as the biomass, affected the COD and VSS 

concentrations remaining at the end of the AugBMP control experiment. The composition and 

mass of the biomass influenced the uptake and release of material into the reactor’s liquid and 

gas phases due to growth and decay.  

 

The composition of the BPO, as well as the mass of the BPO and the UPO, were used in the 

PE as unknown parameters. Additionally, the saturation hydrolysis constant for the breakdown 

of the BPO (kM_BInf_AD_hyd), the growth rate of the acetoclastic methanogens (mu_AM), 

and the half-saturation coefficient of the acetoclastic methanogens (Ks_AM) were adjusted by 

the PE. The PE conducted hundreds of iterations until the lowest error across the observed 

measurements was achieved. The parameters used by the PE for determining the composition 

of the BPO are summarised in Table 3.10 in Section 3.11.2.1  
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The concentration of constituents released, such as the FSA, OP, H2CO3 alkalinity, as well as 

the reactor pH, were dependent on the composition and mass of the BPO degraded during the 

experiment. However, the biomass decay also contributed to the release of these constituents. 

Therefore, the model isolated the BPO group, as the composition and mass of the biomass was 

fixed, and the release of constituents above that of the biomass decay were due to the BPO 

degradation. The measured (observed) variables used by the PE are shown in Table 5.12. 

 

Table 5. 12: Modelled AugBMP control variables 

Variable Description Weighting 
MC1  MP1  MP2  MP3 

Alkalinity The total alkalinity generated 1 1 1 1 

COD_total The unfiltered COD concentration 2 1 1 1 

COD_soluble The filtered COD concentration 1 1 1 1 

COD_(X_B_Inf) The Sbp COD concentration 1 1 5 5 

FSA The Free and Saline Ammonia concentration 1 1 1 1 

H2CO3 alkalinity The carbonate alkalinity generated 1 1 1 2 

OrthoP The Orthophosphate concentration 5 5 5 5 

VFA The Volatile Fatty Acids concentration 3 1 1 5 

VSS The Volatile Suspended Solids concentration 5 5 1 5 

p_H_s The reactor pH 5 1 1 1 

 

The weighting shown in Table 5.12 above was determined using multiple iterations and 

simulations. The PE environment can be run using four different error criteria: absolute, 

absolute squared, relative or relative squared, as explained in Section 2.7.2. The error criteria 

used for this project was absolute squared; although relative squared was also thoroughly 

checked, the most accurate outcome for fitting the modelled data to that of the observed data 

was achieved using absolute squared error. Therefore, the weighting factor for constituents 

with lower concentrations were given a higher weighting factor, such that they were considered 

by the parameter estimation when minimising the error between measurements for the entire 

data set. The weighting of each variable was entered at the start of the PE and the simulation 

was left to run until the error was minimised and an outcome determined. The accuracy of the 

outcome was checked by plotting the modelled data against the observed data, and if required, 

the weighting was adjusted for a specific variable and the PE was run again. This iterative 



 185 

process allowed for the weighting to be carefully adjusted, considering each variable 

individually. 

 

5.2.5 Modelled Composition Identification  
 

The PE ran hundreds of iterations until a combination of parameters, which achieved the 

desired results with the lowest error was determined. The parameters determined by the PE for 

each of the AugBMP experiments are summarised in Table 5.13. The kinetic parameters differ 

for each substrate as different organics degrade at different rates. Consequently, given the 

variability of the biodegradable particulates present in the PSS, the kinetic parameters for each 

experiment were expected to differ. Therefore, the kinetic parameters are substrate-specific and 

depend on the characteristics of the substrate. 

 

Table 5. 13: The modelled AugBMP control composition identification using the PWM_SA_AD model and 
parameter estimation. The compositions were identified by using the entire data set of measurements collected 
and minimising the error between the measurements, such that a best fit was determined. 

Parameter Unit MC1 MP1 

BPO Composition mol C1H2.706O0.239N0.036P0.011 C1H2.959O0.323N0.001P0.008 

kM_BInf_AD_hyd  gCOD/gCOD.d 3 8 

mu_AM gCOD/gCOD.d 0.065 4.93 

KS_AM gCOD/l 0.4 1 

    

Parameter Unit MP2 MP3 

BPO Composition mol C1H3.931O0.062N0.012P0.024 C1H3.273O0.055N0.041P0.02 

kM_BInf_AD_hyd gCOD/gCOD.d 0.619 0.562 

mu_AM gCOD)/gCOD.d 4.39 2.77 

KS_AM gCOD/l 0.013 499 
 

 

5.2.6 Modelled AugBMP Results  

 

The observed (measured) results from the C1, C2 and C3 AugBMP control reactors were 

summarised by averaging the values obtained for each measurement taken. For instance, the 

unfiltered COD measurements were performed in duplicate for each control reactor (C1, C2, 

C3); therefore, 6 COD data points are available each day for the total COD concentration. The 

value used by the modelled AugBMP control PE for the total COD concentration was the 
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average of the 6 unfiltered COD measurements. The values used for the remaining constituents 

were also the averaged measured values. 

 

Table 5.14 and Table 5.15 summarise the results obtained for the starting and ending 

concentrations for each constituent in the modelled AugBMP control experiments. The results 

obtained from the model were then compared to that of the observed results. Furthermore, the 

results have been compared visually in Section 5.2.6.1 (Figure 5.5) to Section 5.2.6.10 (Figure 

5.44). The visual comparison between the modelled and observed results evaluated the 

dynamic parameters established by the PE. As previously mentioned, the parameters with the 

most significant impact on the dynamics of the AugBMP control experiment were the BPO 

hydrolysis rate (kM_BInf_AD_hyd), the uptake rate of the acetoclastic methanogens (mu_AM) 

and the half-saturation coefficient of the acetoclastic methanogens (KS_AM) 

 

Table 5.14 and Table 5.15 both show that the modelled AugBMP control reactor replicated the 

total COD concentration change well for the MC1, MP1 and MP3 experiments. However, the 

total COD concentration change in the MP2 experiment differed to the other experiments. The 

observed total COD change in MP2 was significantly lower, as only 638mgCOD/l was utilised 

during the experiment. However, both the methane production, as well as the VSS 

concentration utilised, suggested that the change in total COD throughout the MP2 experiment 

was higher than measured. Therefore, the concentration of the BPO in MP2 was increased by 

the PE, as the error across the remaining observed measurements was minimised. This 

increased BPO concentration was considered in the methanogenic SSPAD for MP2, as shown 

in Table 4.8 in Section 4.2.3.1. 

 

The soluble COD concentration change in the modelled AugBMP control reactor differed from 

the observed soluble COD concentration change. As previously mentioned, the USO 

concentration in the modelled AugBMP control reactor was adjusted such that the soluble COD 

concentration at the end of the experiment was entirely due to the USO concentration, except 

for MP3, in which the soluble COD at the end of the experiment comprised of USO and VFA. 

Therefore, Table 5.14 and Table 5.15 illustrate that the soluble COD concentration at the end 

of the modelled control experiments replicated the soluble COD concentration at the end of the 

observed control experiments. The discrepancies in the soluble COD concentration is explained 

visually in Section 5.2.6.2 (see Figures 5.9, 5.10, 5.11 and 5.12) 
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   Table 5. 14: Modelled MC1 and MP1 AugBMP control results 

 
 

 

 

 

 

 

COD Unit Observed Modelled Observed Modelled Observed Modelled Observed Modelled Observed Modelled Observed Modelled

Total COD mgCOD/l 10401 9857 8333 7773 -2068 -2084 8730 9274 6308 6843 -2422 -2432
Soluble COD mgCOD/l 1084 1302 1104 1090 20 -213 2078 1260 1116 1164 -962 -97

Gas

Methane mgCOD 0 0 2816 9546 2816 9546 0 0 2205 10882 2205 10882

Nitrogen

FSA mgFSA/l 235 235 217 266 -18 30 172 171 256 240 85 68

Phosphate

OP mgOP/l 13.2 13.2 23.0 24.7 9.7 11.5 14.4 14.4 19.5 22.1 5.1 7.7

Alkalinity

Carbonate mg/l as CaCO3 1113 1139 1428 1384 315 245 1139 1141 1353 1373 214 232

Total mg/l as CaCO3 1297 1337 1462 1446 165 109 1166 1181 1386 1424 220 244

Species

VFA Conc mg/l as acetate 193.0 193.0 0.0 1.9 -193 -191 0.7 0.7 4.9 0.1 4 -1

CT mgC/l 296 296 378 390 83 94 299 299 363 410 64 111

Solids

VSS mgVSS/l 4476 5319 4497 4540 21 -779 5019 5028 3987 3870 -1032 -1158

pH

pH 7.31 7.31 7.20 6.99 -0.11 -0.32 7.27 7.27 7.16 6.84 -0.11 -0.43

MP1 Control Model Results

Start End Change
MC1 Control Model Results

Start End Change
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   Table 5. 15: Modelled MP2 and MP3 AugBMP control results 

 
 

 

 

COD Unit Observed Modelled Observed Modelled Observed Modelled Observed Modelled Observed Modelled Observed Modelled

Total COD mgCOD/l 9545 9632 8907 8215 -638 -1417 13306 11598 11493 9429 -1813 -2169

Soluble COD mgCOD/l 831 1099 1133 1053 302 -47 1834 2015 1333 1350 -501 -665

Gas

Methane mgCOD 0 0 6916 5784 6916 5784 0 0 4697 9464 4697 9464

Nitrogen

FSA mgFSA/l 254 254 297 325 42 71 273 273 330 364 57 90

Phosphate

OP mgOP/l 5.4 5.4 13.6 12.2 8.2 6.8 12.7 12.7 23.4 23.0 10.7 10.3

Alkalinity

Carbonate mg/l as CaCO3 1339 1350 1674 1621 335 270 1225 1235 1526 1533 301 298
Total mg/l as CaCO3 1388 1399 1704 1654 316 254 1323 1343 1678 1666 355 323

Species

VFA Conc mg/l as acetate 35.6 35.5 0.0 0.0 -36 -36 83.0 83.2 140.6 90.7 58 7

CT mgC/l 347 347 439 446 92 100 317 317 410 428 93 111

Solids

VSS mgVSS/l 5634 5554 4530 4832 -1104 -723 5911 6027 5299 5351 -612 -676

pH

pH 7.38 7.38 7.31 7.06 -0.07 -0.33 7.38 7.38 7.18 7.01 -0.19 -0.37

ChangeStart End Change Start End
MP2 Control Model Results MP3 Control Model Results
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The methane produced in the modelled AugBMP control experiments was significantly higher 

than the observed methane produced for MC1, MP1 and MP3. The methane produced by the 

modelled AugBMP control reactor was based on a 100% COD balance, as mass was conserved 

in the model. Therefore, the COD utilised during the experiment was conserved in the methane 

gas produced. The discrepancy between the observed cumulative methane production and the 

methane produced by the model highlights the gas measurement error experienced in the BMP 

test. However, as previously explained, the total COD change in the MP2 experiment was low 

relative to the methane produced and VSS utilised. Therefore, the methane produced in the 

modelled AugBMP control for the MP2 experiment was a best fit by the PE function (which 

considered all of the measurements taken).  

 

The change in FSA, OP, H2CO3 alkalinity, total alkalinity and VSS were replicated well by the 

model for all four experiments. However, the FSA change, as well as the VSS change, in MC1 

differed significantly between the modelled AugBMP control and the observed control. The 

discrepancy in the MC1 FSA and VSS values are explained visually in Section 5.2.6.3 (Figure 

5.13) and Section 5.2.6.7 (Figure 5.29), respectively. Table 5.16 below shows the various 

issues associated with the measured data and explains how the issues were overcome such that 

the research objectives were still achieved. 

 
Table 5. 16: Measurement error associated with data set and manner in which error was handled for modelling 

Data set Measurement Error Solution to error 
MC1 FSA (Figure 5.13). Drop in FSA concentration. Lower FSA concentration values ignored 

by simulation and trajectory maintained 

from first 5 points. 

MC1 FSA (Figure 5.29). Low starting VSS 

concentration. 
Starting VSS concentration determined 

by PE to fit remaining data set. 

Soluble COD 

concentration in all four 

reactors (Figures 5.9 to 

5.12). 

High variance in soluble COD 

concentrations between start 

and end. 

Soluble COD concentration at end of 

experiment determined using USO 

concentration and PE used to determine 

soluble COD fluctuation based on 

observed data. 
Methane COD in all four 

reactors (Figures 5.41 to 

5.44). 

Mismatch between observed 

methane production and 

modelled methane production. 

Change in COD used to determine 

methane gas production as 

PWM_SA_AD model is mass balanced. 
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5.2.6.1 Total COD 

 

The total COD concentration change in the modelled AugBMP control reactor for the MC1, 

MP1 and MP2 experiments (Figures 5.5, 5.6 and 5.7) replicated the total COD change in the 

observed AugBMP control reactor well. However, for the MP3 experiment (Figure 5.8), the 

total COD concentration in the model started lower than what was observed. The low starting 

COD concentration in the modelled MP3 experiment was due to the low starting value of the 

UPO COD and VSS concentrations (determined based on the fixed UPO composition). 

However, Figure 5.32 in Section 5.2.6.7 shows that the VSS concentration in the modelled 

MP3 experiment agreed well with the observed VSS concentration. Hence, the low starting 

total COD concentration was noted to be a consequence of the fixed UPO elemental 

composition, which subsequently affected the VSS and COD concentrations. 

 

 
Figure 5. 5: MC1 AugBMP control total COD 

 
Figure 5. 6: MP1 AugBMP control total COD 
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Figure 5. 7: MP2 AugBMP control total COD 

 
Figure 5. 8: MP3 AugBMP control total COD 

 

5.2.6.2 Soluble COD 

 

The soluble COD concentration comprises of BSO, USO and VFA. The FBSO and VFA is 

deemed to all be used by the end of the AugBMP experiment. However, some VFA is generated 

as an intermediate product of the AD environment, which results in small concentrations of 

VFA at the effluent generated from the AD system. However, the soluble COD concentration 

at the end of the observed AugBMP control experiments was used to set the USO COD 

concentration in the modelled control reactor (since the USO is deemed not to degrade during 

the AugBMP control experiment). The VFA present in the AugBMP control reactor also 

contributes to the soluble COD concentration – hence the presence of this VFA COD was the 

reason for the mismatch of the soluble COD concentration for the modelled MC1 experiment 

(Figure 5.9), which was higher than observed.  

 

The values used in the modelled AugBMP control were the averaged observed values for all 

three control reactors (C1, C2 and C3). Therefore, the starting soluble COD concentration in 

the MP1 experiment (Figure 5.10) was skewed by an outlier, which consequently raised the 

average starting soluble COD concentration of the observed results. However, this outlier was 

not considered in the modelled MP1 AugBMP control experiment.  
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Figure 5. 9: MC1 AugBMP control soluble COD 

 
Figure 5. 10: MP1 AugBMP control soluble COD 

 
Figure 5. 11: MP2 AugBMP control soluble COD 

 
Figure 5. 12: MP3 AugBMP control soluble COD 
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concentrations observed in the MP1, MP2 and MP3 experiments (Figures 5.14, 5.15 and 5.16) 

well. The rate at which the FSA was released into the aqueous phase was a good indication of 

the BPO hydrolysis rate, as the organic N contained in the BPO was released as FSA during 

the breakdown of the organics.  
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Furthermore, the release of FSA into the bulk liquid also impacted the H2CO3 alkalinity in the 

reactor. The FSA was released into the reactor liquid as NH3. However, due to the operating 

pH of the AugBMP reactor, the NH3 re-speciates into NH4+. Therefore, this re-speciation 

requires an additional H+ ion, which is subsequently taken from the aqueous phase. The uptake 

of the H+ ion from the aqueous solution forms HCO3-, which is carbonate alkalinity. Therefore, 

the PE identified the BPO composition by minimising the error between the observed FSA and 

carbonate alkalinity concentrations.  

 

The MC1 FSA (Figure 5.13) concentration decreased rapidly after the first 100 hours of the 

experiment. However, this rapid decrease in FSA concentration was most likely due to 

measurement error, such as the normality of the reagent used in the analytical procedure 

changing. However, the modelled FSA concentration for the MC1 experiment followed the 

expected trajectory. 

 

 
Figure 5. 13: MC1 AugBMP control FSA 

 
Figure 5. 14: MP1 AugBMP control FSA 
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Figure 5. 15: MP2 AugBMP control FSA 

 
Figure 5. 16: MP3 AugBMP control FSA 

 

5.2.6.4 Orthophosphate (OP) 

 

The release of OP into the AugBMP control reactor liquid for all for experiments was relatively 

low (5 to 11mgOP/l), compared to the other constituents released, which indicated that the 

organic P content in the BPO was low. Furthermore, as with the FSA, the rate at which the OP 

was released into the AugBMP control reactor liquid was a good indication of the hydrolysis 

rate of the BPO. The modelled AugBMP control reactor replicated the OP released into the 

observed AugBMP control reactor for all four experiments well. 
 

 
Figure 5. 17: MC1 AugBMP control OP 

 
Figure 5. 18: MP1 AugBMP control OP 
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Figure 5. 19: MP2 AugBMP control OP 

 
Figure 5. 20: MP3 AugBMP control OP 

 

5.2.6.5 Carbonate Alkalinity 

 

As mentioned for the FSA in Section 5.2.6.3, the increase in carbonate alkalinity in the 
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the release of OP also affected the carbonate alkalinity, as OP was released into the reactor as 

H3PO4, which subsequently re-speciated into H2PO4- and HPO42-. The additional H+ ions 

released into solution due to the re-speciation of H3PO4, decreased the carbonate alkalinity 

concentration, but increased the H3PO4 alkalinity by the same amount. This is explained further 

in Section 5.2.6.6 below. Therefore, the BPO composition determined by the PE minimised 

the error across these measurements. Subsequently, the results obtained from the modelled 

AugBMP control reactors for MC1, MP1, MP2 and MP3 (Figures 5.21, 5.22, 5.23 and 5.24) 

agreed well with the observed results.  
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Figure 5. 21: MC1 AugBMP control carbonate alkalinty 

 
Figure 5. 22: MP1 AugBMP control carbonate alkalinty 

 
Figure 5. 23: MP2 AugBMP control carbonate alkalinty 

 
Figure 5. 24: MP3 AugBMP control carbonate alkalinty 
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system, as H3PO4 is the reference species. The re-speciation of H3PO4, decreases the HCO3- by 

forming H2CO3, which evolves from solution as CO2 gas. However, the decrease in H2CO3 

alkalinity (caused by the decrease in HCO3-) is equal to the increase of H3PO4 alkalinity by the 

increase of H2PO4- and HPO42-. Therefore, the total alkalinity released by the organics remains 

unchanged even though the species that represent it change. The total alkalinity change serves 

as a check to evaluate the chosen BPO composition. However, the total alkalinity change is 

unable to identify individual elements. The modelled AugBMP control reactor replicated the 

change in observed total alkalinity well for MC1, MP1, MP2 and MP3 (Figures 5.25, 5.26, 

5.27 and 5.28), indicating that the compositions determined by the model were a good fit for 

the observed data. 

 

 
Figure 5. 25: MC1 AugBMP control total alkalinty 

 
Figure 5. 26: MP1 AugBMP control total alkalinty 
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Figure 5. 27: MP2 AugBMP control total alkalinty 

 
Figure 5. 28: MP3 AugBMP control total alkalinty 

 

5.2.6.7 Volatile Suspended Solids (VSS) 

 

The change in VSS concentration throughout the AugBMP control experiment was a good 
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Figure 5. 29: MC1 AugBMP control VSS 

 
Figure 5. 30: MP1 AugBMP control VSS 

 
Figure 5. 31: MP2 AugBMP control VSS 

 
Figure 5. 32: MP3 AugBMP control VSS 
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such as VFA only influence the kinetics of the experiment and not the identification of the 

composition of the biodegradable particulate organics.  

 

 
Figure 5. 33: MC1 AugBMP control VFA 

 
Figure 5. 34: MP1 AugBMP control VFA 

 
Figure 5. 35: MP2 AugBMP control VFA 

 
Figure 5. 36: MP3 AugBMP control VFA 
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CO2, (as either dissolved HCO3-, or gaseous CO2). Consequently, the evolution of CO2 from 

the reactor liquid increased the pCO2 in the reactor headspace, which decreased the aqueous 

phase pH. The change in pH for the MC1, MP2 and MP3 experimental periods (Figure 5.37, 

5.39 and 5.40), was well represented by the modelled AugBMP control reactor. However, the 

pH in the modelled MP1 (Figure 5.38) experiment dropped below the observed pH, which 

suggested that the composition determined by the PE was not entirely correct. However, the 

determined composition accurately replicated the other aqueous constituents. 

 

 
Figure 5. 37: MC1 AugBMP control pH 

 
Figure 5. 38: MP1 AugBMP control pH 

 
Figure 5. 39: MP2 AugBMP control pH 

 
Figure 5. 40: MP3 AugBMP control pH 
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5.2.6.10 Methane 

 

The methane produced by the modelled AugBMP control for the MC1, MP1 and MP3 

experiments (Figures 5.41, 5.42 and 5.44) significantly exceeded the observed methane 

production. As previously mentioned, the modelled AugBMP control experiment was mass 

balanced. Therefore, the COD of the biodegradable organics utilised throughout the modelled 

AugBMP control experiment were conserved in either the biomass or the methane gas 

produced. 

 

It was shown in Section 5.2.2, that the COD balances for MC1, MP1 and MP3 were below 

100%. The low COD balances indicated that the COD flux through the system was not 

conserved, as more COD entered the AugBMP reactor than was accounted for in the liquid 

effluent and methane gas. The inverted water column was used to measure the total gas 

produced during the reaction; however, the result suggested that this method of biogas 

measurement was inaccurate. Therefore, in order to explore this further, COD balances were 

performed on the modelled AugBMP control reactor, which are explained in Section 5.2.6.11 

below. 

 

The methane produced by the modelled MP2 experiment (Figure 5.43) was lower than the 

observed methane. However, it was previously shown in Table 5.2, that the total COD change 

for the MP2 experiment was low relative to the methane produced and the VSS consumed. 

Therefore, the methane produced by the modelled MP2 experiment was dependent on the 

composition determined by the PE, which minimised the error across all of the measurements 

taken.  



 203 

 
Figure 5. 41: MC1 AugBMP control methane 

 
Figure 5. 42: MP1 AugBMP control methane 

 
Figure 5. 43: MP2 AugBMP control methane 

 
Figure 5. 44: MP3 AugBMP control methane 
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accurate COD balances.  
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Therefore, to account for the COD removed from the modelled AugBMP reactor during 

sampling, the PWM_SA_AD model code was adjusted to allow for 120ml of the sample to be 

removed from the reactor on the days that the laboratory reactor was sampled. An example of 

the sample drawn from the modelled MP2 experiment is shown in Figure 13, 14 and 15 in 

Section 3.7.3.3. 

 

Table 5.17 shows that the modelled AugBMP control reactor for all four experiments had a 

100% COD balance, which was expected as the models are mass balanced. The COD in the 

methane gas for the modelled MC1, MP1 and MP3 experiments was significantly higher than 

the observed methane COD, which was collected using the inverted water columns. The 

significant discrepancy between the observed and the modelled methane gas COD strongly 

suggested that the gas measurements were a substantial source of error for the AugBMP test, 

and consequently, the BMP test. Therefore, the aqueous COD measurements were taken to be 

more accurate than the biogas COD when identifying the composition of the BPO.  

 
Table 5. 17: Modelled AugBMP control COD balance 

 
 

Observed Model %error Observed Model %error
Unit mgCOD mgCOD % mgCOD mgCOD %
Starting 52007 49286 -5 43651 46372 6
Removed 12983 11150 -14 16584 16893 2
Remaining 29666 28603 -4 17816 18609 4
Gas 2816 9546 239 2205 10882 394
Total Effluent 45465 49299 8 36605 46385 27
Unit % % % %
Balance 87 100 - 84 100 -

Observed Model %error Observed Model %error
Unit mgCOD mgCOD % mgCOD mgCOD %
Starting 47723 48158 1 66532 57992 -13
Removed 17464 16103 -8 20864 17250 -17
Remaining 28665 26285 -8 38158 31301 -18
Gas 7622 5784 -24 4697 9464 101
Total Effluent 53750 48172 -10 63719 58015 -9
Unit % % % %
Balance 113 100 - 96 100 -

MC1 MP1

MP2 MP3
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5.3 AugBSP Control Reactors 

The AugBSP control experiment was conducted as specified in Section 3.5. In order to achieve 

reliable results, the experiment was conducted in duplicate, utilising two control reactors. The 

control reactors were labelled C1 and C2 for all four experiments. The inoculum was removed 

from the sulphidogenic SSPAD on the day that the experiment started and was inserted directly 

into the AugBSP reactors. 

 

The seeding procedure is described in Section 3.5.3. The AugBSP control reactors were seeded 

with inoculum only. Therefore, the effluent from the sulphidogenic SSPAD, that was used as 

the inoculum, was not diluted at the start of the AugBSP experiment. Dilution was not 

necessary, as the volume of effluent generated from the two SSPADs was sufficient to provide 

inoculum for both the AugBSP control and AugBSP test experiments, each in duplicate. The 

starting mix for the AugBSP control experiment is given in Table 3.2 in Section 3.5.3. 

 

The concentration of each constituent in the AugBSP control reactor was measured using the 

analytical procedures described in Section 3.6. The measured concentrations for each 

constituent in each of the AugBSP reactors (C1 and C2) were combined into one value by 

taking the average between the reactors. Table 5.18 summarises the combined averaged 

measurements, taken at the start and end of the experiment, for the AugBSP control reactor for 

the SC1, SP1, SP2 and SP3 experiments.  

 

The total COD concentration in the AugBSP control reactor should remain constant as the 

system was completely sealed with zero headspace. The total COD concentration change for 

the SC1, SP2 and SP3 experiments was low (19 to 35mgCOD/l). The total COD concentration 

in SP1 increased throughout the experiment. However, this should not have been possible as 

additional COD was not added to the reactor during the experiment. Therefore, the observed 

change was most likely due to measurement error.  
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Table 5. 18: AugBSP control results 

 
 

Unit Start End Change (△) Start End Change (△) Start End Change (△) Start End Change (△)
Time hours 0 384 384 0 430 430 0 552 552 0 382 382
Total COD mgCOD/l 755 731 -24 1492 1759 267 1194 1229 35 917 936 19
Soluble COD mgCOD/l 418 405 -13 621 700 79 604 684 80 412 396 -16
Soluble Organic COD mgCOD/l 117 91 -26 53 90 38 83 123 40 87 44 -43
Soluble Sulphide COD mgCOD/l 300 313 13 568 609 41 521 560 39 324 351 27
VFA COD mgCOD/l 0 11 11 0 79 79 0 109 109 0 0 0
Sulphate mgSO4/l 686 573 -113 - - -163 324 169 -154 446 416 -30
TKN mgN/l 23 23 0 51 48 -3 29 30 1 24 23 0
FSA mgN/l 8 9 1 15 19 4 14 16 2 7 9 2
TP mgP/l 4 4 0 7 7 0 6 5 -1 5 5 0
OP mgP/l 2.3 2.1 -0.1 3.6 3.9 0.4 3.0 3.4 0.4 2.7 3.8 1.1
VSS mgVSS/l 213 254 41 536 721 185 333 351 18 287 626 339
pH pH 7.55 7.46 -0.09 7.57 7.48 -0.09 7.57 7.55 -0.02 7.50 7.32 -0.18
Carbonate Alk mg/l as CaCo3 502 583 80 875 950 75 897 967 70 573 699 127
Total Alk mg/l as CaCo3 692 779 87 1230 1387 157 1223 1401 177 771 895 123
CT mgC /l 126 149 22 221 242 21 226 245 19 145 182 37

SP1 SP2SC1 SP3AugBSP Control
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The total soluble COD concentration in Table 5.18 increased throughout the SP1 and SP2 

experiments. The total soluble COD contained both the soluble organic COD (i.e. the total 

soluble COD with the sulphide COD removed, as explained in Section 3.6.3) and the soluble 

sulphide COD. The increase in total soluble COD indicated the breakdown of particulate 

organics, which were broken down via hydrolysis and converted to soluble sulphide COD, 

increasing the total soluble COD concentration. Furthermore, influent Sbp was assumed to be 

zero, and subsequently, the particulate organics utilised were the biomass in the inoculum.  

 

The total soluble COD in the AugBSP control reactor should remain constant in the absence 

of particulate COD material, as the soluble organic COD should decrease by the same amount 

as the increase in soluble sulphide COD, keeping the total soluble COD concentration 

unchanged. However, the soluble COD concentration in SC1 and SP3 decreased throughout 

the experiment. This observation was unexpected, as the soluble sulphide COD concentration 

in all four experiments increased.  

 

The VFA COD increased for the SC1, SP1 and SP2 experiments, indicating the accumulation 

of VFA from the hydrolysis step. The sulphate concentration for all four experiments 

decreased, which was expected as sulphide was produced during the experiment. For the SP1 

experiment, the sulphate was completely utilised after 94 hours. Therefore, additional sulphate 

was added to the AugBSP control reactor, which resulted in a total sulphate uptake of 

163mgSO4/l.  

 

The TKN and TP concentrations did not differ significantly between the start and end of the 

AugBSP control experiment, indicating that the N and P were conserved. The change in FSA 

(1 to 4mgFSA-N/l) and the change in OP (0.4 to 1mgOP-P/l) were low for all four experiments, 

indicating a low N and P content in the biomass. The VSS concentration increased between the 

start and end of the AugBSP control experiment in all four experiments. However, this increase 

in VSS was most likely caused by measurement error, as the modelled AugBSP control reactor 

showed a decrease in VSS throughout the experiment. A decrease in VSS was expected as 

biomass decay occurred. The VSS data is represented in Figures 5.77 to 5.80 in Section 5.3.4.9. 

 

The pH of the AugBMP control reactor had a low decrease (0.02 to 0.18) throughout the 

experiment and maintained a neutral pH. (~pH of 7.5). The carbonate and total alkalinity of the 
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AugBSP control reactor increased throughout all four experiments due to the release of FSA 

from the organic N, as well as the production of sulphide.  

 

5.3.1 Mass Balances 
 

The AugBSP control experiment was conducted in a purpose-built reactor with zero headspace. 

The zero headspace should ensure that the products produced by the reaction remain in the 

aqueous phase. Therefore, unlike the methanogenic AugBMP experiment, the mass of the 

products is conserved within the aqueous solution, as no gas evolution occurs. Table 5.19 

shows the mass balances achieved for the four AugBSP control experiments. The S balance 

was explained in Equation 3.13 in Section 3.7.4.3. The sulphur-in was the S equivalent 

concentration of sulphate used, and the sulphur-out was the S equivalent concentration of 

sulphide produced. 

 
Table 5. 19: AugBSP control mass balance 

 
 

Table 5.19 illustrates that the S was not conserved by the AugBSP control reactor. It was 

observed that in all of the AugBSP control reactors for all four of the experiments, with the 

exception of SP3 C2, that more S was utilised by the uptake of sulphate than the S produced 

by the formation of sulphide. The source of this discrepancy was difficult to identify, as the 

measured decrease in sulphate may have been overpredicted by the discrete analyser. 

Alternatively, sulphide may have escaped the sample during the analytical testing procedure. 

AugBSP S in S out Balance TKN in TKN out Balance TP in TP out Balance
Control % % %

C1 27 9 34 23 22 99 3.8 4.1 107
C2 54 4 7 23 24 102 3.8 3.5 91

C1 52 12 24 51 49 97 6.5 6.7 104
C2 49 29 59 51 47 93 6.7 6.8 103

C1 55 28 52 36 37 103 7.1 5.1 71
C2 51 11 22 39 37 94 4.6 4.6 100

C1 17 9 52 27 29 110 4.9 4.9 99
C2 7 18 270 29 31 106 5.2 5.0 96

SP1

SC1
mgS/l mgTKN-N/l mgTP-P/l

SP3

SP2



 209 

The loss of sulphide during the COD test was minimised by raising the pH of the sample above 

10 using NaOH, as recommended by Poinapen et al. (2009). Another possible explanation was 

the formation of other compounds containing S, such as thiosulphate (S2O32-), which were not 

measured, as they were not expected to form in the AugBSP reactors. Additionally, some 

volatile inorganic salts are also lost at 500°C (ex: ammonium carbonate), which may 

overestimate the organics. 

 

The TKN and TP balances for all four experiments were within 10%, except for the TP balance 

of SP2 C1. The TKN and TP mass balances illustrate that the N and P were conserved 

throughout the experiment. 

 

5.3.2 Stoichiometric Composition Identification  
 

The composition of the biodegradable organics was identified by calculating the change in 

elemental concentrations between two measured data points. The data points required were the 

ending and the starting concentrations of the augmented batch experiments. The calculation is 

explained in detail in Section 3.9.2. The mass ratios for each element (fCV, fC, fN and fP) needed 

to be determined in order to calculate the unknown mass ratios (fO and fH).  

 

Therefore, the change in COD, C, N, P and VSS throughout the experiment was required. The 

change in the required components was previously shown in Table 5.18. The identification of 

the biodegradable composition for the AugBMP control experiments is shown in Table 5.20. 

Table 5.20 illustrates how the composition of the biodegradable organics was identified using 

the stoichiometric calculation described in Section 3.9.2. The change between the ending and 

starting concentrations of each constituent quantified the material released by the 

biodegradable organics.  
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Table 5. 20: AugBSP control stoichiometric composition determination 

 
 

The sulphide COD produced by the reaction quantified the concentration of COD available in 

the biodegradable organics. The Sbp in the AugBSP control reactor was taken to be negligible 

and the sulphide COD produced in the reaction was due to the biomass decay. The influence 

of the VFAs on the total sulphide COD concentration produced should be taken into account 

in the calculation. However, in the SC1, SP1 and SP2 AugBSP control experiments, the 

concentration of VFA COD increased between the start and end of the experiment. Therefore, 

the total available COD in the biodegradable organics was the sum of the COD used to produce 

sulphide, and the COD used to produce VFAs. 

 

SC1 SP1 SP2 SP3
Measured Unit Change (△) Change (△) Change (△) Change (△)
Soluble Sulphide COD mgCOD/l 13 41 39 27
VFA COD mgCOD/l 11 79 109 0
FSA mgN/l 1 4 2 2
OP mgP/l -0.1 0.4 0.4 1.1
VSS mgVSS/l 41 185 18 339
Carbonate Alk mg/l as CaCo3 80 75 70 127
COD Change
Biodegradable COD mgCOD/l 24 120 148 27
Carbon Change
C in Gas mgC/l - - - -
C in H2CO3 Alk mgC/l 19 18 17 30

Total C mgC/l 19 18 17 30
VSS Change
Biodegradable VSS mgVSS/l -41 -185 -18 -339
Mass Ratio
fCV gCOD/gVSS -0.590 -0.652 -8.244 -0.080
fC gC/gVSS -0.471 -0.097 -0.927 -0.090
fN gN/gVSS -0.028 -0.019 -0.127 -0.006
fP gP/gVSS 0.003 -0.002 -0.020 -0.003
fH gH/gVSS 0.234 0.077 -0.432 0.139

fO gO/gVSS 1.262 1.041 2.506 0.960

Compostion
C - 1 1 1 1
H - -5.971 -9.526 5.597 -18.602
O - -2.010 -8.033 -2.028 -8.024
N - 0.052 0.171 0.117 0.061
P - -0.003 0.008 0.008 0.014

AugBSP Control
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The change in H2CO3 alkalinity quantified the change in carbon in the aqueous phase, which 

was calculated by taking the change in H2CO3 alkalinity and dividing by 50 (alkalinity was 

measured in mg/l as CaCO3, which has an equivalence of 50mg CaCO3/mol). The alkalinity 

(mols) was then multiplied by 12gC/mol to get the carbon equivalent. The AugBSP reactor did 

not produce any CO2 gas; therefore, the total carbon change in the system was determined using 

the H2CO3 alkalinity. 

 

The VSS change was determined as the difference between the VSS concentration at the end 

and the start of the experiment. However, the VSS concentration in all four experiments 

increased between the measured starting and ending concentrations. This increase in VSS 

resulted in a negative biodegradable VSS for the BPO (biomass). This outcome was 

challenging to explain, as the sulphide COD, the FSA, the OP and the H2CO3 alkalinity all 

increased throughout the experiment. Therefore, caution should be taken when measuring only 

the starting and ending concentrations as measurement error may occur, and subsequently, 

taking the entire data set into consideration allows for the error across the measurements to be 

minimised. However, another explanation for the increase in these constituents may have been 

caused by a biodegradable soluble substrate present in the inoculum, which was unlikely 

because the sulphidogenic SSPAD had a sludge age of 19 days, and subsequently, the BSOs 

were completely utilised. 

 

Consequently, the compositions determined using the negative biodegradable VSS resulted in 

negative terms. However, for the modelled AugBSP control experiment, the sulphidogenic 

SSPAD effluent (inoculum) was inserted directly into the modelled reactor and run without 

using the PE function. The model indicated that the VSS concentration should have decreased 

throughout the AugBSP control experiment. The VSS for the modelled AugBSP experiment is 

shown in Section 5.3.4.9, in Figures 5.77 to 5.80. 

 

The mass ratios were calculated by taking the change in each respective constituent and 

dividing by the VSS concentration. Therefore, the mass ratios were determined as the 

biodegradable COD/VSS (fCV), the total C/VSS (fC), the FSA/VSS (fN) and the OP/VSS (fP). 

The mass ratios for fO and fH were calculated using Equations 3.45 and 3.46 in Section 3.9.2.1. 

Finally, the composition of the biodegradable organic present in the AugBSP control reactor 

was identified using the mass ratios and Equations 3.47 and 3.48 in Section 3.9.2.1. 
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The compositions determined in Table 5.20 suggested that a calculation error occurred in the 

proposed mass balanced stoichiometric composition calculation. This error was due to the 

measured starting and ending concentrations in the AugBSP control reactor. The measurements 

are prone to error, and the error increases significantly if only two data points are used. Instead, 

the entire data set (containing daily measurements) should be used, as explained in Section 

3.9.3.  

 

Therefore, the AugBSP control experiment was modelled using the PWM_SA_AD model. The 

use of mathematical models introduced a data reconciliation aspect into the thesis, as the 

models aimed to predict the changes in the AugBSP control reactor using mass balanced 

stoichiometry, which minimised the measurement error. However, this does not suggest that 

the model was correct, and the measurements in the experiment were incorrect. The model 

serves as a useful tool for identifying possible sources of error. 

 

5.3.3 Modelling the AugBSP control experiment 

 

The AugBSP control experiment was modelled using the biomass concentrations determined 

in the modelled SSPAD, as shown in Table 4.26 in Section 4.3.2.6. The remaining constituent 

concentrations such as the sulphide COD, FSA, OP, VFA, sulphate and H2CO3 alkalinity 

concentrations, as well as the reactor pH, were adjusted to the averaged observed starting 

values for each of the experiments. The procedure used for modelling the AugBSP control 

reactor is described in Section 3.11.2. Furthermore, the Sbp concentration present in the 

sulphidogenic SSPAD was taken to be negligible. Therefore, the observed changes in the 

AugBSP experiment were due entirely to the biomass decay. Consequently, the PE function 

was not utilised for the AugBSP control reactor, as the mass of the BPOs were equated to zero, 

and therefore the composition of the BPO was irrelevant. Hence, a modelled (via the PE 

process) composition identification was not conducted for the AugBSP control experiment. 

 

The biomass and the UPO compositions used were the same as in the SSPAD, i.e. 

C1H1.4O0.4N0.2 and C1H1.571O0.426N0.166P0.019, respectively. As mentioned, the starting 

concentrations of the sulphide COD, FSA, OP, VFA, sulphate and H2CO3 alkalinity, as well as 

the reactor pH, were adjusted to the averaged measured (observed) starting values for the 

experiments. However, the COD and the VSS concentration of the UPOs were not adjusted at 
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all. Therefore, the amount of UPO COD and VSS entering the modelled AugBSP control 

reactor was the same amount of UPO COD and VSS exiting the modelled sulphidogenic 

SSPAD effluent. The only COD adjustment done was the starting soluble sulphide COD.  

 

5.3.4 Modelled AugBSP Results  

 

The observed results from the C1 and C2 AugBSP control reactors were summarised by 

averaging the values obtained for each measurement taken. For instance, the unfiltered COD 

measurements were performed in duplicate for each control reactor; therefore, 4 unfiltered 

COD data points were available for each day. The value used by the modelled AugBSP control 

PE was the average of the 4 unfiltered COD concentrations. The values used for the remaining 

constituents were the averaged measured values. 

 

Table 5.21 and Table 5.22 summarise the results obtained for the starting and ending 

concentrations for each constituent in the modelled AugBSP control reactor for all four 

experiments. The results obtained from the model were compared to that of the observed 

(measured) results. Furthermore, the results have been compared from Section 5.3.4.1 (from 

Figure 5.45) to Section 5.3.4.11 (to Figure 5.88), which allows for a visual comparison between 

the modelled and observed results and evaluates the accuracy of the PWM_SA_AD to replicate 

the dynamics of the AugBSP control reactor. 

 

Table 5.21 and Table 5.22 show that the total COD concentration in the modelled AugBSP 

control reactor remained constant throughout the experiment. This outcome was expected, as 

the COD was conserved by the modelled AugBSP control reactor, due to the zero headspace. 

In the modelled AugBMP control reactor, the change in the total soluble COD concentration 

was equal to the change in the soluble sulphide COD concentration. Therefore, the biomass 

decay increased the sulphide COD concentration, as particulate organics were degraded, which 

subsequently increased the total soluble COD concentration by the same amount. The modelled 

AugBMP control reactor replicated the sulphide COD concentration change well. 
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Table 5. 21: Modelled SC1 and SP1 AugBSP control results 

 
 

 

 

 

COD Unit Observed Modelled Observed Modelled Observed Modelled Observed Modelled Observed Modelled Observed Modelled

Total COD mgCOD/l 755 708 731 708 -24 0 1492 1409 1759 1409 267 0
Total Soluble COD mgCOD/l 418 409 405 429 -13 20 621 635 700 666 79 31

Sulphide mgCOD/l 300 301 313 319 13 19 568 568 609 599 41 31

Sulphate

Sulphate mgSO4/l 694 687 573 659 -121 -28 143 143 0 96 -143 -47

Nitrogen

FSA mgFSA/l 7.6 7.6 8.8 9.3 1.2 1.7 15.2 15.1 18.7 17.8 3.6 2.6

Phosphate

OP mgOP/l 2.3 2.3 2.1 2.3 -0.1 0.0 3.6 3.6 3.9 3.6 0.4 0.0

Alkalinity

Carbonate mg/l as CaCO3 502 501 583 527 80 25 875 874 950 916 75 42

Total mg/l as CaCO3 692 706 779 741 87 35 1230 1263 1387 1320 157 57

Species

VFA Conc mg/l as acetate 0 0 12 0 12 0 0 1 85 0 85 -1

CT mgC/l 126 126 149 133 22 7 221 221 242 232 21 11

Solids

VSS mgVSS/l 213 191 254 182 41 -9 536 508 721 494 185 -14

pH

pH 7.6 7.6 7.5 7.5 -0.1 0.0 7.6 7.6 7.5 7.5 -0.1 0.0

SP1 Control Model Results

Start End Change
SC1 Control Model Results

Start End Change
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Table 5. 22: Modelled SP2 and SP3 AugBSP control results 

 
 

COD Unit Observed Modelled Observed Modelled Observed Modelled Observed Modelled Observed Modelled Observed Modelled

Total COD mgCOD/l 1194 1194 1229 1194 35 0 917 833 936 833 19 0

Total Soluble COD mgCOD/l 604 633 684 679 80 46 412 427 396 450 -16 23
Sulphide mgCOD/l 521 521 560 566 39 45 324 324 351 347 27 23

Sulphate

Sulphate mgSO4/l 324 323 169 255 -154 -68 595 595 559 561 -36 -34

Nitrogen

FSA mgFSA/l 13.8 13.8 16.1 17.6 2.3 3.8 7.1 7.1 9.3 9.0 2.2 1.9

Phosphate

OP mgOP/l 3.0 3.0 3.4 3.0 0.4 0.0 2.7 2.7 3.8 2.7 1.1 0.0

Alkalinity

Carbonate mg/l as CaCO3 897 896 967 957 70 61 573 572 699 602 127 31
Total mg/l as CaCO3 1223 1251 1401 1335 177 84 771 790 895 832 123 42

Species

VFA Conc mg/l as acetate 0 1 116 0 116 -1 0 1 0 0 0 -1
CT mgC/l 226 226 245 243 19 17 145 145 182 154 37 8

Solids

VSS mgVSS/l 333 360 351 339 18 -21 287 263 626 252 339 -11

pH

pH 7.6 7.6 7.5 7.5 0.0 -0.1 7.5 7.5 7.3 7.5 -0.2 0.0

ChangeStart End Change Start End
SP2 Control Model Results SP3 Control Model Results
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The sulphate concentration decreased throughout the experiment, as sulphate was the electron 

acceptor for the production of sulphide. However, for the SC1, SP1 and SP2 experiments, the 

observed sulphate uptake was significantly higher than the modelled sulphate uptake. The 

PWM_SA_AD model is mass balanced; therefore, the modelled sulphate uptake was balanced 

with the sulphide produced. However, a good S balance was achieved in SP3 as the sulphide 

produced equated to the sulphate required in both the observed and modelled AugBSP control 

reactors.  

 

The change in FSA and OP concentrations throughout all four experiments was low (<4mg/l). 

Moreover, in the modelled AugBSP control reactor, the observed change in the FSA 

concentration was well represented by the SC1, SP2 and SP3 experiments, and the observed 

change in OP was well represented for the SC1, SP1 and SP2 experiments. The higher OP 

ending concentration in the observed SP3 experiment was due to measurement error (this error 

was resolved in the modelled AugBSP control reactor by allowing the OP concentration to 

remain at the starting OP concentration, as shown in Figure 5.68). The visual comparison 

between the observed and modelled AugBSP experiments for the FSA and OP concentrations 

is given in Section 5.3.4.5 and Section 5.3.4.6, respectively.  

 

The change in the carbonate alkalinity and the total alkalinity in the modelled AugBSP control 

reactor was lower than was observed for all four experiments. This discrepancy was noted 

despite the reasonably good match in sulphide COD concentration, as well as the FSA 

concentration produced in the observed and modelled AugBSP control reactor. This indicated 

towards the possibility of low CT production being the cause of the simulated low carbonate 

alkalinity. This low CT production is strongly linked to the carbon content of the biomass (i.e 

within the chosen composition of the biomass). However, the composition of the biomass was 

not changed during this investigation and remained fixed at the composition determined by 

Porges and Hoover (1952). 

 

The total alkalinity generated in the AugBSP control reactor was dependent on the composition 

of the biodegradable organics. The production of sulphide by the SRB generates alkalinity 

within the system. The sulphate utilised in the modelled AugBSP reactor was lower than was 

observed for the SC1, SP1 and SP2 experiments. As the modelled AugBSP control reactor was 

mass balanced, the sulphide produced by the model influenced the sulphate uptake, as well as 

the total alkalinity generated.  
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The modelled AugBSP control reactor replicated the sulphide COD concentration produced in 

the observed experiments well. However, the observed AugBSP reactor may have produced 

more sulphide than was measured, which would explain the higher observed sulphate usage, 

as well as the higher observed total alkalinity. However, in the SP3 experiment, even though 

the sulphide COD concentration, as well as the sulphate concentration, was well replicated by 

the modelled AugBSP control reactor, the total alkalinity generated by the model remained 

low. 

 

The observed SC1, SP1 and SP2 experiments produced VFA throughout the experiment. This 

production of VFA in the modelled AugBSP control reactor was not replicated, as the uptake 

rate of the acetoclastic sulphidogens (mu_AS), as well as the half-saturation coefficient of the 

acetoclastic sulphidogens (KS_AS), was not changed. The production of VFA in the observed 

AugBSP control reactor was challenging to explain. The biomass decay did not rapidly produce 

glucose, as the death rate of the organism was low. Therefore, the increase in VFA throughout 

the observed AugBSP control experiment may have been due to error involved in the 5-point 

titration method, or alternatively, a missing intermediate in the PWM_SA_AD model.  

 

To virtually replicate the experimental set up, whereby the sulphidogenic SSPAD was used to 

seed the AugBSP reactors, the starting VSS concentration of the modelled AugBSP control 

experiment was entirely dependent on the VSS concentration of the modelled sulphidogenic 

SSPAD effluent (i.e. the starting AugBSP VSS was modelled to stay the same as the effluent 

from the SSPAD). The modelled AugBSP reactor replicated the observed VSS concentration 

well for all four experiments when using the entire data set, which is shown visually in Section 

5.3.4.9 (Figures 5.77 to 5.80). As noted in the Figures 5.77 to 5.80, the VSS concentration in 

the modelled AugBSP control reactor decreased throughout the experiment, which was 

expected as the biomass decayed. 

 

5.3.4.1 Total COD 

 

The only COD concentration adjustment made in the modelled AugBSP control reactor at the 

start of each experiment was the sulphide COD concentration. The remaining COD 

concentrations were unchanged and were taken directly from the modelled sulphidogenic 
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SSPAD effluent. Consequently, the total COD concentration in the observed AugBSP control 

reactor was replicated by the modelled AugBMP control reactor for all four experiments well. 

 

 
Figure 5. 45: SC1 AugBSP control total COD 

 
Figure 5. 46: SP1 AugBSP control total COD 

 
Figure 5. 47: SP2 AugBSP control total COD 

 
Figure 5. 48: SP3 AugBSP control total COD 

 

5.3.4.2 Soluble COD 

 

The starting soluble COD concentration in the modelled AugBSP control reactor depended on 

the soluble organic COD, the soluble sulphide COD and the USO COD concentrations. As 

mentioned, the soluble sulphide COD concentration in the modelled AugBSP control reactor 

was adjusted to the observed starting concentration, while the remaining COD concentrations 
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remained unchanged. The production of sulphide due to the biomass decay increased the total 

soluble COD. Consequently, the soluble COD concentrations were replicated by the model 

well, indicating that the soluble COD and the USO COD concentrations in the modelled 

sulphidogenic SSPAD effluent were accurate.  

 

 
Figure 5. 49: SC1 AugBSP control soluble COD 

 
Figure 5. 50: SP1 AugBSP control soluble COD 

 
Figure 5. 51: SP2 AugBSP control soluble COD 

 
Figure 5. 52: SP3 AugBSP control soluble COD 

 

5.3.4.3 Soluble Sulphide COD 

 

The observed soluble sulphide COD concentration change was well replicated by the modelled 

AugBSP control reactor for all four experiments. The increase in sulphide COD concentration 
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due to the biomass decay indicated that the biomass composition of Porges and Hoover (1952), 

as well as the biomass death rate in the model, were a good representation of the organics 

present in the sulphidogenic SSPAD in terms of electron donating capacity (COD).  

 

 
Figure 5. 53: SC1 AugBSP control soluble sulphide COD 

 
Figure 5. 54: SP1 AugBSP control soluble sulphide COD 

 
Figure 5. 55: SP2 AugBSP control soluble sulphide COD 

 
Figure 5. 56: SP3 AugBSP control soluble sulphide COD 

 

5.3.4.4 Sulphate 

 

The sulphate concentration utilised during the modelled AugBSP control experiments was 

replicated by the concentration of sulphide produced, as the PWM_SA_AD model was mass 

balanced. The sulphate utilised by the modelled AugBSP in SC1 (Figure 5.57) followed the 
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trajectory of the observed sulphate concentration for the first 100 hours, after which the 

observed sulphate concentration dropped by 112 mgSO4/l over 24 hours. This rapid drop in 

sulphate concentration was not reflected in the sulphide COD measurements, making the 

source of the error challenging to identify.  

 

The sulphate concentration in the observed SP1 experiment (Figure 5.58) dropped rapidly over 

the first 100 hours until it was completely utilised. Following the complete utilisation of 

sulphate in both control reactors (C1 and C2), additional sulphate was added to the C2 reactor. 

Subsequently, the C2 control reactor concentration decreased slightly (18mgSO4/l) and then 

stabilised (~270mgSO4/l). However, the modelled AugBSP control reactor did not completely 

utilise the available sulphate, which gradually decreased. Furthermore, the gradual decrease in 

sulphate was reflected by the gradual increase in sulphide.  

 

The sulphate concentration decrease in the modelled SP2 experiment (Figure 5.59) was also 

gradual when compared to that of the observed sulphate concentration decrease in SP2. 

However, in the modelled SP3 experiment (Figure 5.60), the decrease in the sulphate 

concentration between the start and end of the experiment agreed well with the observed SP3 

sulphate decrease, which suggested that S was conserved between the sulphate utilised and the 

sulphide produced.  

 

 
Figure 5. 57: SC1 AugBSP control sulphate 

 
Figure 5. 58: SP1 AugBSP control sulphate 
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Figure 5. 59: SP2 AugBSP control sulphate 

 
Figure 5. 60: SP3 AugBSP control sulphate 

 

5.3.4.5 Free and Saline Ammonia (FSA) 

 

Figures 5.61, 5.62, 5.63 and 5.64 show that the observed FSA concentration increase was 

replicated by the modelled AugBSP control reactor well for all four experiments. The rate at 

which the FSA was released into the aqueous phase was a good indication of the particulate 

organics hydrolysis rate (which in this case was the death rate of the organisms) as the organic 

N contained in the BPO subsequently became FSA during the breakdown of the organics.  

 

 
Figure 5. 61: SC1 AugBSP control FSA 

 
Figure 5. 62: SP1 AugBSP control FSA 

 

0.00

50.00

100.00

150.00

200.00

250.00

300.00

350.00

400.00

0 100 200 300 400 500 600

Su
lp

ha
te

 (m
gS

O4
/l)

Time (hours)

SP2 Control Sulphate

Sulphate Average

Simulated

0.00

100.00

200.00

300.00

400.00

500.00

600.00

700.00

0 100 200 300 400 500

Su
lp

ha
te

 (m
gS

O4
/l)

Time (hours)

SP3 Control Sulphate

Sulphate Average

Simulated

0

2

4

6

8

10

12

14

0 100 200 300 400 500

FS
A 

Co
nc

en
tr

at
io

n 
(m

gF
SA

-N
/l)

Time (hours)

SC1 Control FSA

FSA Average

Simulated

0

5

10

15

20

25

0 100 200 300 400 500

FS
A 

Co
nc

en
tr

at
io

n 
(m

gF
SA

-N
/l)

Time (hours)

SP1 Control FSA

FSA Average

Simulated



 223 

 
Figure 5. 63: SP2 AugBSP control FSA 

 
Figure 5. 64: SP3 AugBSP control FSA 

 

5.3.4.6 Orthophosphate (OP) 

 

Figures 5.65, 5.66, 5.67 and 5.68 show that the release of OP into the AugBMP control reactor 

liquid for all for experiments was relatively low (0 to 1mgOP/l), which indicated that the 

organic P content in the biodegradable organics was low. The low P release due to the 

biodegradable organics was expected as the biomass composition of Porges and Hoover (1952) 

did not contain any P (C1H1.4O0.4N0.2). 

 

 
Figure 5. 65: SC1 AugBSP control OP 

 
Figure 5. 66: SP1 AugBSP control OP 
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Figure 5. 67: SP2 AugBSP control OP 

 
Figure 5. 68: SP3 AugBSP control OP 

 

5.3.4.7 Carbonate Alkalinity 
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replicated by the modelled AugBSP control reactor well. However, the observed carbonate 

alkalinity concentrations for SC1 and SP3 (Figures 5.69 and 5.72) were higher than the 

carbonate alkalinity increase predicted by the model. The reason for this was possibly due to 
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0.00

1.00

2.00

3.00

4.00

5.00

6.00

0 100 200 300 400 500 600

OP
 C

on
ce

nt
ra

tio
n 

(m
gO

P-
P/

l)

Time (hours)

SP2 Control OP

OP Average

Simulated

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

0 100 200 300 400 500

OP
 C

on
ce

nt
ra

tio
n 

(m
gO

P-
P/

l)

Time (hours)

SP3 Control OP

OP Average

Simulated



 225 

 
Figure 5. 69: SC1 AugBSP control carbonate alkalinity 

 
Figure 5. 70: SP1 AugBSP control carbonate alkalinity 

 
Figure 5. 71: SP2 AugBSP control carbonate alkalinity 

 
Figure 5. 72: SP3 AugBSP control carbonate alkalinity 
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As mentioned in Section 5.2.6.3, the release of FSA into the reactor liquid increases the total 

alkalinity through the re-speciation of NH3 to NH4+; therefore, making the N content of the 

influent organics intrinsic alkalinity. As mentioned in Section 2.5.4, most organics found in 

wastewater are ‘carbon deficient’. Therefore, another system has to provide the shortfall for 

the required alkalinity increase. For BSR, the sulphide system provides the required alkalinity 

in the form of HS-. 

 

The observed total alkalinity generated in the SP1 experiment (Figure 5.74) was replicated by 

the modelled AugBSP control reactor well, indicating that the composition of the organics was 

accurately represented in the model. However, this outcome was interesting, as the modelled 

SP1 experiment correctly replicated the FSA increase, as well as the sulphide concentration 

increase, but underpredicted the sulphate concentration used by the reaction. Therefore, even 

though the sulphate concentration was completely utilised in the observed SP1 experiment 

(which was not reflected in the model), the model was still able to predict the increase in 

carbonate alkalinity, as well as the increase in total alkalinity, accurately. The discrepancy 

suggests an error for the sulphate measurements. 

 

However, the total alkalinity for the modelled SC1 (Figure 5.73), SP2 (Figure 5.75) and SP3 

(Figure 5.76) experiments were lower than what was observed. This outcome suggested that 

not enough alkalinity was generated by the modelled AugBSP control reactor relative to the 

observed reactor. The reason for the low total alkalinity generated may be due to the carbon 

content of the biodegradable organics, that form part of the biomass, for which the composition 

was taken to be C1H1.4O0.4N0.2 (Porges and Hoover, 1952). 



 227 

 
Figure 5. 73: SC1 AugBSP control total alkalinity 

 
Figure 5. 74: SP2 AugBSP control total alkalinity 

  

 
Figure 5. 75: SP2 AugBSP control total alkalinity 

 
Figure 5. 76: SP3 AugBSP control total alkalinity 
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decrease in accuracy may have occurred as the mass intervals used became smaller. Therefore, 

precise equipment was required to increase the resolution of the measurement, to 4 decimal 

places of a gram (0.1mg), for instance. Consequently, the calibration, the age, the maintenance 

and the operation of the equipment becomes essential in order to provide accurate 

measurements. Therefore, the high variance associated with the VSS concentration may have 

been caused by an experimental error when working with samples containing a low solid mass.  

 

 
Figure 5. 77: SC1 AugBSP control VSS 

 
Figure 5. 78: SP1 AugBSP control VSS 

 
Figure 5. 79: SP2 AugBSP control VSS 

 
Figure 5. 80: SP3 AugBSP control VSS 
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the start of the modelled experiments and was taken directly from the modelled sulphidogenic 

SSPAD effluent. 

 

5.3.4.10 Volatile Fatty Acids (VFA) 

 

Figures 5.81, 5.82, 5.83 and 5.84 show the VFA concentrations for both the observed and 

modelled experiments. The VFA concentration was determined using the 5-point titration 

method, as described in Section 3.6.7. The modelled SC1 and SP3 experiments replicated the 

observed experiments well, as the VFA concentration remained low, except for a few outliers. 

However, the increase in VFA for the SP2 experiment (Figure 5.83) was significant 

(>100mgCOD/l, converted by taking mg/l as acetate and multiplying by 64/60). This increase 

in VFA COD was not reflected in the increase in soluble COD concentration (80mgCOD/l, of 

which 40mgCOD/l was due to sulphide COD). 

 

 
Figure 5. 81: SC1 AugBSP control VFA 

 
Figure 5. 82: SP1 AugBSP control VFA 
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Figure 5. 83: SP2 AugBSP control VFA 

 
Figure 5. 84: SP3 AugBSP control VFA 

 

Figure 5.83 shows an increase in VFA concentration throughout the observed SP2 AugBSP 

control experiment. The increase in VFA was challenging to explain as it was believed that the 

only biodegradable material present was that of the biomass in the SSPAD effluent. Therefore, 

this increase in VFA was not considered by the modelled SP2 control experiment. 

 

5.3.4.11 pH 
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four experiments. The modelled AugBSP control replicated the observed reactor well for the 

pH measurements.  
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Figure 5. 85: SC1 AugBSP control pH 

 
Figure 5. 86: SP1 AugBSP control pH 

  

 
Figure 5. 87: SP2 AugBSP control pH 

 
Figure 5. 88: SP3 AugBSP control pH 
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the PWM_SA_AD model was used for data reconciliation, as the entire data set could be 

utilised to identify the composition of the organics, minimising the measurement error. The 

ability of the models to replicate and predict the observed measurements for the augmented 

control reactors highlighted the value of using computer modelling to reconcile the results, 

especially when measurement error occurred.  

 

The AugBMP control reactor was modelled differently to the AugBSP control reactor, as it 

contained residual biodegradable organics and biomass, whereas the modelled AugBSP control 

reactor only contained biomass. The modelled AugBMP control reactor utilised the PE 

function to identify the composition of residual biodegradable organics present in the 

inoculum. The modelled AugBMP control replicated the observed results by adjusting the mass 

and composition of the residual biodegradable organic, as well as the uptake rate and half-

saturation coefficient of the acetoclastic methanogens. Therefore, the modelled AugBMP 

control reactor had more flexibility than the modelled AugBSP control reactor, as the 

parameters could be adjusted to replicate the desired results. Consequently, this allowed for a 

higher acceptable error for the active biomass concentrations determined by the modelled 

methanogenic SSPAD, as the parameters in the model were adjusted to compensate for any 

error in the active biomass. 

 

However, the modelled AugBSP control reactor was entirely dependent on the concentrations 

of the biomass determined in the modelled sulphidogenic SSPAD, as well as the chosen 

composition. The PE function was not used for the AugBSP control reactor, and subsequently, 

the release of material into the reactor liquid was completely dependent on the biomass decay. 

Therefore, the accuracy of the modelled AugBSP control reactor depended on the accuracy of 

the active biomass concentrations determined by the modelled sulphidogenic SSPAD. The 

outcome of the modelled AugBSP control experiments confirmed that the sulphidogenic 

SSPAD was modelled accurately.  

 

It is important to note that it was not suggested that the models were correct, and the 

observations were incorrect. The models were a useful tool in assessing the accuracy of the 

methods used, as well as the parameters determined. Furthermore, the composition of the 

biodegradable organics was identified using the modelled control reactor as the measurement 

error was minimised by using the PE function for the entire data set. 
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Furthermore, the composition of the biodegradable material in the augmented control reactors 

should be grouped into one collective composition, which includes both the biomass and 

residual organics. This grouped composition would significantly decrease the parameters 

required for determining the baseline for the augmented test reactors, as the PE function could 

be used on the augmented control reactors to determine the required parameters without the 

need for modelling the SSPADs from which the inoculum was taken. 
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Chapter 6: Augmented batch test reactor results and 
modelling 

6.1 Introduction 

The augmented batch test reactors were used to identify the composition of the biodegradable 

organics present in the chosen substrates. Two different substrates were used in the augmented 

batch test experiments, a soluble substrate (casein) and a particulate substrate (PSS). The 

approach for each was the same, i.e. the inoculum was taken from each respective SSAPD. 

Furthermore, the augmented batch control reactors were used to identify the breakdown of 

residual material present in the SSPAD effluent, which quantified the baseline, above which 

the material released into the augmented test reactors was due to the breakdown of the chosen 

organic substrates. The augmented batch test experiments differed with regards to the chosen 

substrate, as casein hydrolysate was used in the MC1 and SC1 experiments, and PSS was used 

in the MP1, MP2, MP3, and the SP1, SP2, SP3 experiments.  

 

Therefore, this chapter involved the analysis of results obtained by both the methanogenic and 

sulphidogenic augmented test experiments. It has two main sections (1) the analysis is 

performed for results where casein was used as an organic substrate and (2) the analysis is 

performed for results where PSS is used as the organic substrate. The analytical process 

included: data evaluation by checking material mass balances, using mass balanced 

stoichiometry and mathematically modelled augmented batch tests towards identifying the 

substrate composition (as shown in Sections 3.92 and 3.93). 

 

As described in Chapter 4 and in Chapter 5, both the AugBMP and the AugBSP experiments 

were repeated four times each. Therefore, the four augmented batch test experiments 

corresponded to the four SSPAD experiments described in Chapter 4, and the four augmented 

control experiments described in Chapter 5. This is summarised in Table 6.1.  
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Table 6. 1: Experiment Periods 

Label Type of Experiment Date of Experiment 

MC1 Methanogenic Casein February – March 2019 

MP1 Methanogenic PSS February – March 2018 

MP2 Methanogenic PSS May-June 2018 

MP3 Methanogenic PSS December 2018 

SC1 Sulphidogenic Casein March 2019 

SP1 Sulphidogenic PSS November 2018 

SP2 Sulphidogenic PSS January – February 2019 

SP3 Sulphidogenic PSS April 2019 

 

The AugBMP test and the AugBSP test experiments were conducted as specified in Section 

3.4 and Section 3.5, respectively. In order to achieve reliable results, the AugBMP test 

experiment was conducted in triplicate, using three test reactors, and the AugBSP test 

experiment was conducted in duplicate, using two test reactors. The test reactors were labelled 

T1, T2 and T3 for the AugBMP test, and T1 and T2 for the AugBSP test. The inoculum was 

removed from each of the respective SSPADs on the day that the experiment started and was 

inserted directly into the AugBMP/AugBSP reactors. However, it is important to note that the 

AugBMP and AugBSP tests for casein were not conducted simultaneously, but rather 

consecutively, starting with the AugBMP experiment. 

 

The seeding procedure for the AugBMP and AugBSP tests is described in Section 3.4.3 and 

Section 3.5.3, respectively. The AugBMP test reactors were seeded with inoculum, tap water 

and substrate. The AugBSP test reactors were seeded with inoculum, substrate and the sulphate 

solution (prepared using sodium sulphate and sulphuric acid). The volume of inoculum added 

to each respective augmented test reactor was half the volume of inoculum added to the 

augmented control reactor. Therefore, the influence of the inoculum (i.e. the products released 

into solution/ the gas generated) as measured by the augmented control reactors, was halved in 

the augmented test reactors.  

 

The concentration of each constituent in the AugBMP and AugBSP test reactors was measured 

using the analytical procedures described in Section 3.6. The measured values in each of the 

AugBMP reactors (T1, T2 and T3) were combined into one value by calculating the average 
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constituent value between the reactors. Similarly, the measured values in each of the AugBSP 

reactors (T1 and T2) were combined into one value by calculating the average constituent value 

between the reactors.  

 

6.2 Casein Experiment 

The purpose of this experiment was to evaluate the accuracy of the augmented batch 

experiments when characterising a known stable organic substrate, casein, into its elemental 

composition represented by CHONP. Furthermore, the experiment utilised a soluble substrate, 

as opposed to that of a particulate substrate. Therefore, diversifying the biodegradable substrate 

used in the augmented batch experiments. The properties of casein were described in Section 

2.6. 

 

The chemical composition of the biodegradable substrate impacts the mass of COD available, 

the alkalinity generated, and the organic carbon available. Casein is one of the primary protein 

sources present in cow’s milk. Casein was chosen for this experiment as it contains organically 

bound nitrogen (N) and phosphorus (P), similar to the N and P contained in the biodegradable 

organics present in Primary Sewage Sludge (PSS). The experiment described in this section 

aimed to achieve the following: 

 

• Determine the elemental composition of casein using both the AugBMP and AugBSP 

experiments, which included utilising the PE function within the PWM_SA_AD model. 

• Compare the composition identified by the AugBMP and AugBSP experiments to that 

of the literature stated composition for casein.  

• Compare the concentrations of the products released by casein into the bulk liquid of 

each experiment.  

• Conclude on the accuracy and usability of each test (AugBMP and AugBSP) as a means 

for substrate characterisation.  

• Conclude if the dynamics of each experiment can be virtually replicated using the 

proposed PWM_SA_AD model. 

• Identify the error associated with the proposed testing methods or modelling procedure. 
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6.2.1 AugBMP test casein mixture  

 

The casein hydrolysate was available in a powder form, and was subsequently added to water 

to form a casein solution. The prepared casein solution was stirred using a magnetic stirrer until 

the powder was homogenously mixed. The casein solution for the AugBMP test experiment 

(MC1) was prepared by adding 70g of powdered casein hydrolysate into 1.5l of deionised 

water. After 15 minutes of stirring, 1.25l of the casein solution was added to the AugBMP test 

reactor starting mix, as shown in Section 3.4.3. The 70g of casein hydrolysate was used to 

achieve a COD concentration consistent with that of the PSS fed to the methanogenic SSPAD. 

The casein hydrolysate used was tested using the analytical procedures described in Section 

3.6, the results for which are given in Section 6.2.9. The casein solution was further diluted by 

the 10l of tap water added to the starting mix for the AugBMP test reactor. The mass of casein 

present in the AugBMP test reactor at the start of the experiment was calculated by: 

 

Initial Casein mix: 

 

!"#$%#&'(&)"#!"#$%& = 70-/1.52 (6.1) 

!"#$%#&'(&)"#!"#$%& 	= 	46.67-/2  

 

Test reactor starting mix: 

 

!"#$%#&'(&)"#!"#$%& =	
(1.252)(46.67-/2)

152  
(6.2) 

!"#$%#&'(&)"#!"#$%& 	= 	3.9-/2  

 

Therefore, the mass of casein in each test reactor at the start of the experiment: 

 

;(<<!"#$%& = (3.9-/2)(52) (6.3) 

;(<<!"#$%& 	= 	19.5-  

 

The solubility of the casein hydrolysate used in this experiment was specified by Merck to be 

310 g/l (Sigmaaldrich.com). 
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6.2.2 AugBSP test casein mixture  

 

As described in Section 6.2.1, the casein hydrolysate was available in a powder form, and was 

subsequently added to water to form a casein solution. The required mass of casein hydrolysate 

in the AugBSP test experiment was lower than the mass required in the AugBMP test 

experiment, due to the lower concentrations in the AugBSP test reactor. The casein solution 

for the AugBSP test experiment (SC1) was prepared by adding 3.75g of powdered casein 

hydrolysate into 3l of deionised water. After 15 minutes of stirring, the entire 3l casein solution 

was added to the AugBSP test reactor starting mix, as shown in Section 3.5.3. The mass of 

casein present in the AugBSP test reactor at the start of the experiment was calculated by: 

 

Initial Casein mix: 

 

!"#$%#&'(&)"#!"#$%& = 3.75-/32 (6.4) 

!"#$%#&'(&)"#!"#$%& 	= 	1.25-/2  

 

Test reactor starting mix: 

 

!"#$%#&'(&)"#!"#$%& =	
(32)(1.25-/2)

122  
(6.5) 

!"#$%#&'(&)"#!"#$%& 	= 	0.3125-/2  

 

Therefore, the mass of casein in each AugBSP test reactor at the start of the experiment: 

 

;(<<!"#$%& = (0.3125-/2)(62) (6.6) 

;(<<!"#$%& 	= 	1.875-  
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6.2.3 Results for augmented batch test experiments using casein  

 

The results for the starting and ending values for the AugBMP and AugBSP test reactors for 

the MC1 and SC1 experiments, which used casein as an organic substrate, are shown in Table 

6.2. 

 

Table 6. 2: AugBMP/AugBSP test results for casein  

 

 

Both the total COD concentration and the soluble COD concentration for MC1 decreased 

throughout the experiment. The decrease in the COD concentrations for MC1 were expected, 

as the substrate was utilised by the biomass and converted to methane gas. However, the soluble 

COD concentration used was not equal to the total COD concentration used. This indicated 

that particulate COD was also consumed throughout the MC1 experiment. The particulate 

COD was due to the Sbp present in the methanogenic SSPAD effluent, as well as the casein that 

did not dissolve into solution. The assumption that not all of the casein dissolved into solution 

is further explained in Section 6.2.7.  

 

The total COD concentration in SC1 remained constant throughout the experiment, which was 

expected, as the COD was conserved by the AugBSP reactor, which contained a zero 

headspace. The total soluble COD remained relatively constant, even though soluble sulphide 

Unit Start End Change (△) Start End Change (△)
Time hours 0 456 456 0 384 384
Total COD mgCOD/l 13193 8273 -4920 781 763 -18
Soluble COD mgCOD/l 5542 1847 -3695 604 578 -26
Soluble Organic COD mgCOD/l - - - 468 132 -336
Soluble Sulphide COD mgCOD/l - - - 137 447 310
VFA COD mgCOD/l 301 221 -80 16 8 -8
Sulphate mgSO4/l - - - 1096 679 -417
TKN mgN/l 859 860 1 54 55 0
FSA mgN/l 168 558 390 6 36 29
TP mgP/l 105 110 5 4 5 0
OP mgP/l 20 44 24 3 3 0
VSS mgVSS/l 4291 3869 -422 129 143 14
pH pH 7.1 7.3 0.2 6.8 7.2 0.4
Carbonate Alk mg/l as CaCo3 645 2357 1712 174 677 503
Total Alk mg/l as CaCo3 903 2608 1705 235 910 675
CT mgC /l 177 610 432 52 181 128
CH4 COD mgCOD 0 11060 11060 - - -
Carbon in Gas mgC 0 3456 3456 - - -

SC1MC1Casein Experiment
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COD was produced. The constant total soluble COD concentration was expected, as the use of 

a soluble substrate should decrease the soluble organic COD by the same amount as the 

increase in soluble sulphide COD, keeping the total soluble COD concentration unchanged. 

 

The starting VFA concentrations for both MC1 and SC1 were higher than expected, as the 

AugBMP and AugBSP control reactors had lower starting VFA COD concentrations 

(206mgCOD/l and 0mgCOD/l, respectively). This higher concentration of COD indicated that 

the casein began to hydrolyse rapidly in the samples taken from the starting mix for both the 

AugBMP and AugBSP test experiments. 

 

The TKN and TP concentrations remained unchanged throughout the experiment, indicating 

that N and P were conserved. The change in FSA in both MC1 and SC1 was significant, at 

390mgFSA-N/l and 29mgFSA-N/l, respectively. The significant change in FSA indicated that 

casein contained a high organic N content, which was subsequently degraded and released as 

FSA into the test reactor liquid. The change in OP in both MC1 and SC1 was not as high, at 

24mgOP-P/l and 0mgOP-P/l, respectively. The change in OP indicated that casein contained a 

low organic P content, which was released as OP with the breakdown of the organic material. 

 

The VSS concentration in MC1 decreased throughout the experiment. This decrease in VSS 

concentration was related to the decrease in particulate COD in the AugBMP test reactor. The 

VSS concentration in SC1 increased by 14mgVSS/l throughout the experiment. This increase 

in VSS concentration was due to the growth of new biomass. For the AugBSP SC1, the soluble 

organic COD utilised was 336mgCOD/l, which produced 310mgCOD/l of sulphide. The 

remaining 26mgCOD/l is equivalent to 18mgVSS/l (i.e. 26/1.42, where 1.42 is the fCV for 

biomass), which was close to the observed VSS increase of 14mgVSS/l. 

 

The pH for both MC1 and SC1 increased throughout the experiment. The increase in pH was 

related to the FSA produced in MC1, and the FSA and sulphide produced in SC1. The increase 

in total alkalinity in MC1 was due to the increase in carbonate alkalinity in the system. As 

mentioned, the release of FSA into the bulk liquid increased the carbonate alkalinity through 

the re-speciation of NH3 to NH4+, which subsequently took an H+ ion from the water, forming 

HCO3-. The increase in total alkalinity in SC1 was due to the increase in carbonate alkalinity, 

as well as the alkalinity generated by the production of sulphide. 
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6.2.4 Gas Measurement 

 

The gas produced by the MC1 AugBMP test experiment was captured inside of an inverted 

water column. The setup and specifications of the water columns are given in Section 3.4.2. 

The gas produced by the MC1 AugBMP test reactor was quantified by the volume of water 

displaced in the column. The procedure for calculating the mass of COD contained in the 

methane was described in Section 3.7.3. 

 

Figure 6.1 shows the cumulative methane COD produced by the MC1 experiment, which had 

a low variance between all three AugBMP test reactors. The low variance between all three 

test reactors indicated that the cumulative methane COD collected was repeatable. 

Furthermore, this repeatability suggested that the gas measurements were accurate.  

 

 
Figure 6. 1: MC1 AugBMP test CH4 COD 

 

6.2.5 Mass Balances 

 

The mass of material entering the AugBMP test reactor should equate to the mass of material 

leaving the reactor, as mass was conserved within the system. The COD entering the AugBMP 

test reactor was contained inside the inoculum and the substrate, and the COD leaving the 

AugBMP test reactor was either in the liquid effluent stream or in the methane gas produced. 

As described in Section 3.7.3, the starting COD in the AugBMP reactor must equate to the sum 

of COD removed from the reactor during sampling, the methane COD in the inverted water 
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column and the remaining COD in the reactor at the end of the experiment. The methane partial 

pressure for the MC1 AugBMP test experiment was not measured. However, the methane 

partial pressure in the AugBMP test reactor for MP2 and MP3 was measured using a gas 

chromatograph. The results for the methane partial pressure in MP2 and MP3 are given in 

Table 6.3. Therefore, the methane partial pressure in the MC1 AugBMP test reactor headspace 

was approximated to be 60%.  

 

Table 6. 3: Gas chromatography results 

 

 

The SC1 AugBSP test experiment was conducted in a purpose-built reactor with zero 

headspace. The zero headspace ensured that the products produced by the reaction remained in 

the aqueous phase. Therefore, unlike the methanogenic AugBMP experiment, the mass of the 

products entering and exiting the system are conserved within the aqueous solution, as no gas 

evolution occurred. Furthermore, due to the zero headspace in the AugBSP test reactor, the 

total COD concentration remains constant.  

 

6.2.5.1 MC1 COD Balance 

 

The COD balance for the MC1 AugBMP test experiment was calculated using Equation 3.12 

from Section 3.7.3.2. The COD balance for MC1 with a headspace methane partial pressure of 

60% is shown in Table 6.4.  

 

Table 6. 4: MC1 AugBMP test COD balance 

 

 

Experiment Type Unit MP2 MP3
Methanogenic SSPAD % Methane 59.2± 1.7 57.2± 2.7
AugBMP Control % Methane 57.5± 9 50.3± 8.7
AugBMP Test % Methane 62.8± 6.5 54.7± 4.5

Period

Starting Mass Mass Removed Remaining Mass Gas Mass Total Effluent Balance
Unit mgCOD mgCOD mgCOD mgCOD mgCOD %
T1 65360 15043 29809 11242 56094 85.8
T2 66264 15007 28951 10747 54706 82.6
T3 66264 16099 29595 11191 56884 85.8

MC1 AugBMP Test COD Balance (60% Methane Partial Pressure)
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Table 6.4 indicated that COD balances in the MC1 AugBMP test reactor were in the region of 

83% to 86%, which were not within the required range for a good mass balance (see Section 

3.7.2). Therefore, in an attempt to evaluate the impact of methane COD on the low COD 

balance, the methane partial pressure was set to the maximum possible value of 100%. The 

Table 6.5 below shows the results obtained with this adjustment. 

 

Table 6. 5: Adjusted MC1 AugBMP test COD balance 

 

 

Table 6.5 shows that only when the methane partial pressure in the MC1 AugBMP test reactor 

headspace was set to 100%, was a COD balance within 7% achieved. However, a 100% COD 

headspace partial pressure in the laboratory AugBMP test reactor was unlikely. The methane 

partial pressure was only increased to 100% for the basis of checking the mass balance, as the 

gas measurements were suspected to be the source of error in the COD balance. The increase 

in methane partial pressure to 100% highlights that less COD was present in the methane gas 

than was expected for the COD balance.  

 

6.2.5.2 SC1 Sulphur Balance 

 

The sulphur utilised in the sulphate and produced in the sulphide should be conserved 

throughout the AugBSP test experiment, assuming that no other S compounds formed. The 

sulphur balance is explained in Section 3.7.4.3. A sulphur balance was achieved in the SC1 T2 

AugBSP reactor. However, for the T1 AugBSP reactor, more S was produced in the sulphide 

than was taken up in the sulphate. The test sulphur balance is shown in Table 6.6. 

 

 

Starting Mass Mass Removed Remaining Mass Gas Mass Total Effluent Balance

Unit mgCOD mgCOD mgCOD mgCOD mgCOD %

T1 65360 15043 29809 18737 63589 97.3

T2 66264 15007 28951 17912 61871 93.4

T3 66264 16099 29595 18652 64345 97.1

MC1 AugBMP Test COD Balance (100% Methane Partial Pressure)
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Table 6. 6: SC1 AugBSP test sulphur balance 

 

 

6.2.5.3 TKN and TP balance 

 

The mass flux of other constituents present in the entering and exiting streams such as the TKN 

and TP were also checked using the mass balanced approach. The total mass of these two 

constituents should remain constant throughout the experiment. The TKN and TP mass fluxes 

were calculated using Equation 3.14, as described in Section 3.7.5. Table 6.7 confirms that, in 

general, good mass balances for TKN and TP were achieved for the MC1 and SC1 experiments.  

 

Table 6. 7: MC1/SP1 AugBMP/AugBSP test TKN/TP balance 

 

 

6.2.6 Stoichiometric Composition Identification  

 

The composition of the biodegradable organics was identified by calculating the change in 

elemental concentrations between two measured data points. The data points required were the 

ending and the starting concentrations of the augmented batch experiments. The calculation is 

explained in detail in Section 3.9.2. The mass ratios for each element (fCV, fC, fN and fP) needed 

to be determined in order to calculate the unknown mass ratios (fO and fH).  

 

S in S out Balance
Reactor %
T1 124 165 132
T2 154 146 95

mgS/l

SC1 S Balance

Reactor T1 T2 T3 T1 T2

TKN in 897 867 813 55 54
TKN out 857 876 848 56 54
Balance 96 101 104 101 99

TP in 104 123 88 5 4
TP out 105 118 106 5 5
Balance 101 96 120 111 109

Phosphorus

SC1MC1

Nitrogen
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Therefore, the change in COD, C, N, P and VSS throughout the experiment was required. The 

change in the required components was previously shown in Table 6.2. The identification of 

the biodegradable composition for the AugBMP control experiments is shown in Table 6.8.  

 

Table 6. 8: AugBMP and AugBSP test stoichiometric composition identification for casein 

 

 

Table 6.8 presents the data used towards the identification of the casein composition using the 

stoichiometric calculation described in Section 3.9.2. The change between the ending and 

starting concentrations of each constituent in the control reactor quantified the products 

released due to the residual biodegradable organics present in the inoculum. Furthermore, the 

change between the ending and starting concentrations of each constituent in the test reactor 

quantified the products released due to the residual biodegradable organics present in the 

Control Test Test - Control Control Test Test - Control
Measured Unit Change (△) Change (△) Change (△) Change (△) Change (△) Change (△)
Total COD mgCOD/l -1034 -4920 -3885 - - -
VFA COD mgCOD/l -103 -80 23 5.6 -7.7 -13.32
Soluble Sulphide COD mgCOD/l - - - 7 310 304
FSA mgN/l -9 390 399 1 29 29
OP mgP/l 5 23.5 19 0 -0.1 0
VSS mgVSS/l 10 -3900 -3910 20 -313 -333
Carbonate Alk mg/l as CaCo3 158 1712 1554 40 503 463
CH4 COD mgCOD 1408 11060 9652 - - -
C in Gas mgC 440 3456 3016 - - -
COD Change
Biodegradable COD mgCOD/l - - 3885 - - 290
Carbon Change
C in Gas mgC/l - - 603 - - -
C in H2CO3 Alk mgC/l - - 373 - - 111

Total C mgC/l - - 976 - - 111

VSS Change
Biodegradable VSS mgVSS/l - - 3910 - - 333
Mass Ratio
fCV gCOD/gVSS - - 0.994 - - 0.872

fC gC/gVSS - - 0.250 - - 0.334
fN gN/gVSS - - 0.102 - - 0.086
fP gP/gVSS - - 0.005 - - 0.000
fH gH/gVSS - - 0.127 - - 0.079

fO gO/gVSS - - 0.517 - - 0.501

Compostion
C - - - 1 - - 1
H - - - 6.088 - - 2.835
O - - - 1.552 - - 1.125
N - - - 0.350 - - 0.222
P - - - 0.007 - - 0.000

MC1 SC1Casein Experiment
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inoculum, as well as the casein substrate. The concentrations observed in the control reactors 

were divided by two, as the inoculum used in the test reactors was diluted to half the 

concentration of the control reactors. Therefore, the difference between the test reactor and the 

control reactor isolated the products released due to the casein substrate.  

 

The total COD concentration change in the MC1 experiment was used to quantify the casein 

COD available in the AugBMP test reactor. This is with the acceptance that the solids retention 

time is long enough for the breakdown of all the complex biodegradable organics in the 

substrate (i.e., casein) and taking into consideration the VFA COD generated as an intermediate 

product of AD bioprocesses. The VFA generated in this case between the AugBMP control 

and test reactors was calculated to be 23mgCOD/l (a very small value relative to the influent 

COD). Hence, the COD that was not used to generate methane gas would be the small quantity 

of COD that forms VFA in the effluent. This was considered during analysis of the results. 

 

The sulphide COD concentration produced in SC1 was used to quantify the COD change for 

the AugBSP reactors (as described in Section 3.6.3). However, the VFA COD concentration 

affected the total sulphide COD produced. It was observed that an additional 5mgCOD/l of 

VFAs were produced in the AugBSP control, and 8mgCOD/l of VFA was consumed in the 

AugBSP test. Therefore, a total VFA COD of 13mgCOD/l was utilised in the AugBSP test 

reactor for sulphide production. Therefore, the COD available in the organics was adjusted to 

290mgCOD/l.  

 

The total carbon in the gas for the MC1 AugBMP reactor was determined by multiplying the 

cumulative mols of biogas produced, measured using the inverted columns, by 12gC/mol. The 

change in H2CO3 alkalinity quantified the change in carbon in the aqueous phase for both the 

AugBMP and AugBSP reactors. The change in carbon present in the aqueous phase was 

calculated by taking the change in H2CO3 alkalinity concentration and dividing by 50, which 

gave the mols of alkalinity (the alkalinity was measured in mg/l as CaCO3, which has an 

equivalence of 50mg CaCO3/mol). The mols of alkalinity were then multiplied by 12gC/mol 

to get the carbon equivalent.  

 

In the AugBMP reactor, the total carbon change in the system was the sum of the carbon in the 

gas and the carbon in the aqueous solution. In the AugBSP reactor the total carbon change was 

the carbon in the aqueous solution. 
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The VSS change was determined as the change in the VSS concentration between the end and 

the start of the experiment. The VSS for the control reactors was measured using the VSS 

method as described by Standard Methods. The VSS in the test reactors was the concentration 

of powdered casein hydrolysate present in each respective reactor at the start of the experiment, 

as shown in Equation 6.2 in Section 6.2.1, and Equation 6.5 in Section 6.2.2. Therefore, it was 

assumed that the casein hydrolysate was completely utilised by the test reactors at the end of 

the experiment.  

 

The mass ratios were then calculated by taking the change in each respective constituent and 

dividing by the VSS concentration. Therefore, the mass ratios were determined as the 

biodegradable COD/VSS (fCV), the total C/VSS (fC), the FSA/VSS (fN) and the OP/VSS (fP). 

The mass ratios for fO and fH were calculated using Equations 3.45 and 3.46 in Section 3.9.2.1. 

Finally, the composition of casein was identified using the mass ratios and Equations 3.47 and 

3.48 in Section 3.9.2.1. 

 

The casein compositions identified in Table 6.8 for the AugBMP and AugBSP tests were not 

the same. The mass ratios for each experiment were different, which affected the calculated 

compositions. As previously shown in Section 5.2.3 and Section 5.3.2, the compositions 

identified using the stoichiometric calculation for the AugBMP and AugBSP control reactors 

were inaccurate. The inaccuracies were due to the limited data points used, i.e. only the starting 

and ending concentrations. Therefore, this inaccuracy carried through into the casein 

composition identification. Furthermore, it was assumed that all of the casein was soluble and 

that it was completely utilised during the AugBMP and AugBSP test experiments.  

 

Therefore, the MC1 and SC1 augmented batch test experiment were modelled using the 

PWM_SA_AD model. The use of mathematical models and the PE function introduced a data 

reconciliation aspect into the thesis, as the composition of the casein, as well as additional 

physical parameters, were identified by minimising the error across the observed results. It was 

observed that, when using the entire data set in the modelled AugBMP and AugBSP test 

reactors, the model found inconsistencies in the collected data and it was later determined, that 

in order for the model to replicate the observed data set, a portion of the casein hydrolysate 

remained insoluble and was not utilised during the experiment.  
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6.2.7 Modelling the casein experiment 

 

The procedure used to identify the composition of a soluble substrate using the PE function 

was described in Section 3.11.3.1. The inoculum used in both the modelled AugBMP and 

AugBSP test experiments was taken from the modelled methanogenic and sulphidogenic 

SSPADs, respectively. The modelled AugBMP control reactor was used to identify the 

composition of the residual biodegradable organics. Subsequently, the mass and composition 

of the residual organics determined by the modelled AugBMP control reactor was used as an 

input for the modelled AugBMP test reactor. The starting concentration of the biomass, as well 

as the starting concentration of the residual organics, was halved for the modelled AugBMP 

test reactor to account for the dilution used.  

 

The AugBSP control experiment did not use the PE estimation function, as the modelled 

sulphidogenic SSPAD effluent achieved the observed AugBSP control values without 

adjusting the model parameters. The concentration of biomass in the modelled SSPAD effluent 

was halved to account for the starting dilution of the AugBSP test experiment.  

 

The compositions of the biomass and the UPOs remained fixed at C1H1.4O0.4N0.2 and 

C1H1.571O0.426N0.166P0.019, respectively, for both the modelled AugBMP and AugBSP test 

experiments. The casein was believed to be soluble; therefore, the composition of the BSO was 

set as the unknown parameter for the modelled casein experiment PE (for which the aim was 

to identify the casein composition). The starting mass of the BSO in both the modelled 

AugBMP and AugBSP test reactors was set to the starting mass of casein in each reactor (19.5g 

and 1.875g, respectively), as determined in Section 6.2.1. and Section 6.2.2.  

 

For the initial PE, for both the modelled AugBMP and AugBSP test experiments, the 

parameters determined by the model inaccurately replicated the observed AugBMP and 

AugBSP test values. The composition identified by the initial PE for the modelled AugBMP 

and AugBSP test experiments did not agree well with the literature stated casein compositions. 

Furthermore, the VSS concentrations in the modelled AugBMP and AugBSP test experiments 

were significantly lower than the observed VSS concentrations.  

 

In order to minimise the error, the modelling approach was adjusted such that the fraction of 

casein that dissolved into solution could be adjusted by the PE. Therefore, the mass of casein 
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at the start of the experiment remained the same for the AugBMP and AugBSP test reactors, 

19.5g and 1.875g, respectively. However, the mass of casein used during the experiment was 

adjusted by introducing a new parameter. The new parameter, f_S_F_dis, set the fraction of 

the total casein that became soluble and was therefore utilised during the experiment. The 

remaining casein that did not dissolve into solution became unbiodegradable particulate VSS. 

Therefore, if f_S_F_dis was set to 1, all of the casein became BSO and was utilised, however, 

if f_S_F_dis was set to 0.5, half the casein became BSO and was utilised, and the remaining 

half became unbiodegradable VSS.  

 

The starting concentrations of constituents such as FSA, OP, VFA, H2CO3 alkalinity, as well 

as the reactor pH, in the modelled AugBMP test experiment were adjusted to the averaged 

observed starting values for the AugBMP test experiment. Furthermore, the starting 

concentrations of constituents such as sulphide COD, FSA, OP, VFA, sulphate and H2CO3 

alkalinity, as well as the reactor pH, in the modelled AugBSP test experiment were adjusted to 

the averaged observed starting values for the AugBSP test experiment. 

 

The mass of UPO, the f_S_F_dis and the BSO (casein) composition were used as unknown 

parameters for the modelled AugBMP and AugBSP experiments. Additionally, the saturation 

hydrolysis constant for the breakdown of BSO (K_H_f), the growth rate of the acetoclastic 

organisms (mu_AM/mu_AS), and the half-saturation coefficient of the acetoclastic organisms 

(Ks_AM/Ks_AS) were adjusted by the PE. The PE conducted hundreds of iterations until the 

lowest error across the observed measurements was achieved. The parameters used by the PE 

for determining the casein composition are summarised in Table 3.11 in Section 3.11.3.1.  

 

The observed measurements used to determine the casein composition for the AugBMP and 

AugBSP tests differed. The AugBMP test reactor had measurements conducted on both the 

liquid and gas phases, whereas, the AugBSP reactor had all the measurements taken in the 

aqueous phase. The observed measurements used for the modelled AugBMP test reactor is 

given in Table 6.9, and the observed measurements used for the modelled AugBSP test reactor 

is given in Table 6.10.  
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Table 6. 9: Modelled AugBMP test variables for casein 

Variable Description Weighting 

Alkalinity The total alkalinity generated 1 

COD_total The unfiltered COD concentration 1 

COD_soluble The filtered COD concentration 1 

FSA The Free and Saline Ammonia concentration 1 

H2CO3 alkalinity The carbonate alkalinity generated 1 

OrthoP The Orthophosphate concentration 1 

VFA The Volatile Fatty Acids concentration 1 

VSS The Volatile Suspended Solids concentration 1 

p_H_s The reactor pH 1 

 

Table 6. 10: Modelled AugBSP test variables for casein 

Variable Description Weighting 

Alkalinity The total alkalinity generated 1 

C(S_SO4) The sulphate concentration 1 

COD(S_HS) The sulphide COD concentration 3 

COD_total The unfiltered COD concentration 1 

COD_soluble The filtered COD concentration 1 

FSA The Free and Saline Ammonia concentration 5 

H2CO3 alkalinity The carbonate alkalinity generated 1 

OrthoP The Orthophosphate concentration 5 

VFA The Volatile Fatty Acids concentration 1 

VSS The Volatile Suspended Solids concentration 2 

p_H_s The reactor pH 1 

 

The weighting for the variables in Table 6.9 and 6.10 were determined as was described in 

Section 5.2.4. 
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6.2.8 Modelled Composition Identification  

 

The PE ran hundreds of iterations until the correct combination of parameters, which achieved 

the desired results with the lowest error was determined. The parameters determined by the PE 

for the AugBMP and AugBSP test experiments using casein are summarised in Table 6.11.  

 

Table 6. 11: Modelled AugBMP and AugBSP test composition identification for casein 

Parameter MC1 SC1 

BSO Composition C1H1.588O0.596N0.249P0.004 C1H1.406O0.577N0.22P0.001 

f_S_F_dis 0.83 0.87 

M(X_U_Inf) 14.764 0.409 

kH_F_AD_hyd 0.0009 0.05 

mu_AM 0.7 - 

mu_AS - 0.331 

KS_AM 34.09 - 

KS_AS - 0.3747 
 

 

The PE results for both the MC1 and SC1 experiments indicated that, in order for the modelled 

AugBMP and AugBSP test reactors to accurately replicate the observed results, a small fraction 

of the total casein added at the start of the experiments (0.17 and 0.13, respectively) remained 

as unbiodegradable particulate VSS throughout the experiment, and subsequently did not 

dissolve into solution. The casein composition determined by the PE for the modelled AugBMP 

and AugBSP test experiments was then compared to the literature stated casein compositions, 

which were described in Section 2.6. The casein compositions are compared in Table 6.12. 

 

Table 6. 12: Casein composition comparison to the literature stated values 

Source Casein Composition 

Hoover and Porges (1952) C1H1.47O0.35N0.25 

Schrieke and Winter (2011) C1H1.59O0.31N0.25P0.005 

MC1 C1H1.588O0.596N0.249P0.004 

SC1 C1H1.406O0.577N0.22P0.001 
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The casein compositions determined by the PE for MC1 and SC1 agreed well with the literature 

values. However, the O content of the casein composition identified by the PE for both MC1 

and SC1 was higher at O0.596 and O0.577, respectively. The O content affects the total COD 

concentration (electron donating capacity of the organic), as well as the total molar mass of the 

organic. Therefore, the higher the O content, the lower the available COD for the organic. The 

elevated O content for the MC1 and SC1 casein compositions, compared to the literature stated 

compositions, indicated that the available COD in the casein needed to be lowered by the PE 

for the mass of casein available. The observed VSS concentrations for the MC1 and SC1 

experiments were replicated by the modelled AugBMP and AugBSP test experiments well, 

which are shown in Section 6.2.10.7 in Figures 6.16 and 6.17. Therefore, the higher O content 

in the casein hydrolysate used in the experiment may have been caused by the casein source or 

the preparation methods used by the manufacturer. 

 

6.2.9 Casein hydrolysate analysis 

 

The casein hydrolysate used for the AugBMP and AugBSP experiments was tested 

independently using the analytical procedures described in Section 3.6. The casein substrate 

was analysed by mixing 1g of casein hydrolysate powder into 1l of deionised water. The 

solution was then stirred for 10min, after which measurements for COD, TKN, FSA, TP and 

OP, as well as the alkalinity (5-point titration), were performed. The casein measurements were 

performed in duplicate once per day, at three different dilutions, for three consecutive days. 

The dilutions used were 0x, 10x and 15x. The organic N and the organic P in the casein were 

determined by taking the difference between the TKN and FSA concentrations, and the TP and 

OP concentrations, respectively. The detailed results for the casein analysis are shown in 

Appendix G. The summarised results for the casein analysis are shown in Table 6.13.  
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Table 6. 13: Casein hydrolysate powder analysis 

 

 

A common unit needed to be established in order to compare the measured casein hydrolysate 

to that of the casein identified in the PE for the modelled MC1 and SC1 experiments. The 

common unit chosen was the constituent concentrations (mg/l) for COD, FSA and OP. 

Therefore, the casein composition identified by the PE was converted into the equivalent 

constituent concentrations. The conversion was calculated using the mass fractions (fCV, fN and 

fP) of the casein composition identified by the PE for MC1 and SC1. The mass fractions were 

determined using the molar mass of the casein composition identified by the PE. The molar 

mass of each composition (CxHyOzNaPb) was calculated using Equation 6.7. 

 

;; = 12> + @ +	16z +14a + 31b (6.7) 

 

The electron donating capacity (COD) for each casein composition identified by the PE for 

MC1 and SC1 was calculated using Equation 6.8.  

 

!AB = 8(4> + @ − 2D − 3( + 5E) (6.8) 

 

The fCV mass fraction was calculated by taking the COD and dividing by the molar mass. The 

fN mass ratio was calculated by taking the N portion of the identified casein composition and 

multiplying by 14gN/mol divided by the molar mass. The fP mass ratio was calculated by taking 

the P portion of the identified casein composition and multiplying by 31gP/mol divided by the 

molar mass. Finally, the COD, OrgN and OrgP concentrations, present in 1g/l of the casein 

identified by the PE, were calculated by multiplying the mass ratios by 1000mgVSS/l. The 

Constituent Unit Measured
Total COD mgCOD/l 1252
VFA COD mgCOD/l 43
TKN mgN/l 139
FSA mgN/l 14
OrgN mgN/l 125
TP mgP/l 8
OP mgP/l 3
OrgP mgP/l 5
VSS mgVSS/l 1000
Carbonate Alk mg/l as CaCo3 21
Total Alk mg/l as CaCo3 59

Casein Analysis (1g/I)



 254 

measured concentrations for casein hydrolysate powder, determined by mixing 1g of casein 

hydrolysate powder into 1l of deionised water, as shown in Table 6.13, was then compared to 

the constituent concentrations calculated from the PE for the MC1 and SC1, which were 

determined in Table 6.14.  

 

Table 6. 14: Casein hydrolysate powder COD, OrgN and OrgP content 

 

 

Table 6.15 shows that the casein composition identified using the modelled AugBMP and 

AugBSP experiments, which was converted to the equivalent constituent concentrations, had 

low error compared to that of the measured casein concentrations. This outcome strengthened 

the accuracy of the modelled AugBMP and AugBSP test experiment’s ability to determine the 

composition of an unknown organic. 

 

Table 6. 15: Casein hydrolysate powder comparison with AugBMP/AugBSP PE Casein (1g/l) 

 

 

 

 

Unit MC1 SC1
Composition
C - 1 1
H - 1.588 1.406
O - 0.596 0.577
N - 0.249 0.22
P - 0.004 0.001
Molar Mass gVSS/mol 26.69 25.74
COD gCOD/mol 29.35 28.78
Mass Fractions
fCV COD/VSS 1.0996 1.1180
fN N/VSS 0.1306 0.1197
fP P/VSS 0.0046 0.0012
Concentration (1000mgVSS/l)
COD mgCOD/l 1100 1118
OrgN mgN/l 130.6 119.7
OrgP mgP/l 4.6 1.2

Analysed
Constituent Unit Casein PE %error PE %error

COD mgCOD/l 1252 1100 -12 1118 -11
OrgN mgN/l 125 131 4 120 -5
OrgP mgP/l 4.8 4.6 -4.2 1.2 -75

MC1 SC11g/l  casein
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6.2.10 Modelled casein experiment results  

 

The observed results from the T1, T2 and T3 AugBMP test reactors, as well as the observed 

results from the T1 and T2 AugBSP test reactors were summarised by averaging the values 

obtained for each measurement taken. Table 6.16 and Table 6.17 summarise the results 

obtained for the starting and ending concentrations for each constituent in the modelled 

AugBMP and AugBSP test experiments for casein. The results obtained from the model were 

compared to that of the observed results. Furthermore, the results have been compared visually 

in Section 6.2.10.1 (Figure 6.2) to Section 6.2.10.10 (Figure 6.22). The visual comparison 

between the modelled and observed results evaluated the accuracy of the dynamic parameters 

determined by the PE. 

 

   Table 6. 16: Modelled MC1 AugBMP test results for casein 

 

 

The modelled MC1 AugBMP test reactor replicated the observed test reactor well, as shown 

in Table 6.16. However, the methane COD in the modelled MC1 AugBMP test was higher (by 

8089mgCOD) than the observed methane COD. This highlighted the error associated with the 

COD Unit Observed Modelled Observed Modelled Observed Modelled

Total COD mgCOD/l 13193 12417 8273 8080 -4920 -4337
Soluble COD mgCOD/l 5542 5766 1847 2007 -3695 -3759

Gas

Methane mgCOD 0 0 11060 19149 11060 19149

Nitrogen

FSA mgFSA/l 168 168 558 569 390 401

Phosphate

OP mgOP/l 20.3 20.2 43.8 41.1 23.5 20.9

Alkalinity

Carbonate mg/l as CaCO3 645 656 2357 2237 1712 1581

Total mg/l as CaCO3 903 928 2608 2360 1705 1432

Species

VFA Conc mg/l as acetate 282.1 281.9 207.3 19.3 -75 -263

CT mgC/l 177 177 610 617 432 439

Solids

VSS mgVSS/l 4291 4264 3869 4128 -422 -137

pH

pH 7.14 7.14 7.31 7.04 0.17 -0.10

MC1 Test Model Results

Start End Change
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gas measurements, as the model was mass balanced. The increase in total alkalinity was due to 

the increase in carbonate alkalinity. However, the increase in the modelled total alkalinity was 

lower than the increase in the observed total alkalinity. The VSS concentration change for the 

modelled AugBMP reactor was lower than the observed VSS concentration change. However, 

the additional 285mgVSS/l in the observed AugBMP test reactor may have been due to some 

of the undissolved casein being hydrolysed later in the experiment, which was not considered 

by the adjustments made to the model. Finally, the pH of the modelled AugBMP test was lower 

than the observed pH. The source of this error was not determined but may arise as a result of 

the lower total alkalinity generated by the modelled experiment compared to the observed 

experiment.  

 

 Table 6. 17: Modelled SC1 AugBSP test results for casein 

 

 

The modelled AugBSP test reactor replicated the observed test reactor well, as shown in Table 

6.17. However, as was seen with the AugBMP test reactor above, the alkalinity generated by 

the model was lower than what was observed, which may have caused the lower pH in the 

COD Unit Observed Modelled Observed Modelled Observed Modelled

Total COD mgCOD/l 781 781 763 781 -18 0
Total Soluble COD mgCOD/l 604 589 578 565 -26 -24

Sulphide mgCOD/l 137 137 447 439 310 303

Sulphate

Sulphate mgSO4/l 1096 1096 679 642 -417 -454

Nitrogen

FSA mgFSA/l 6.4 6.4 35.8 36.7 29.4 30.2

Phosphate

OP mgOP/l 3.4 3.4 3.3 3.8 -0.1 0.3

Alkalinity

Carbonate mg/l as CaCO3 174 168 677 613 503 444
Total mg/l as CaCO3 235 238 910 813 675 575

Species

VFA Conc mg/l as acetate 15 17 8 1 -7 -16

CT mgC/l 52 52 181 178 128 126

Solids

VSS mgVSS/l 129 124 143 137 14 13

pH

pH 6.8 6.8 7.2 6.9 0.4 0.2

SC1 Test Model Results

Start End Change
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modelled reactor. Nevertheless, the parameters determined by the PE were accurate for 

replicating the observed results in the modelled AugBSP test reactor.  

 

6.2.10.1 Total COD 

 

The total COD concentration in the observed MC1 experiment (Figure 6.2) was well replicated 

by the modelled AugBMP test reactor. The total COD concentration was dependent on the 

mass and composition of the casein present in the reactor, as well as the COD of the UPOs 

present. The total COD in the observed SC1 experiment (Figure 6.3) remained constant, which 

was replicated by the modelled AugBSP test reactor well.  

 

 
Figure 6. 2: MC1 AugBMP test total COD 

 
Figure 6. 3: SC1 AugBSP test total COD 

 

6.2.10.2 Soluble COD 

 

The soluble COD concentrations in both the observed MC1 (Figure 6.4) and SC1 (Figure 6.5) 

experiments were replicated by the modelled AugBMP and AugBSP test reactors, respectively. 

The soluble COD concentration was dependent on the USO COD, the VFA COD, and the 

casein COD (BSO) that dissolved into solution. Therefore, the soluble COD compositions 

achieved by the modelled AugBMP and AugBSP test reactors suggested that the f_S_F_dis 

term, which was determined using the PE, was accurate.  
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Figure 6. 4: MC1 AugBMP test soluble COD 

 
Figure 6. 5: SC1 AugBSP test soluble COD 

 

6.2.10.3 Sulphide COD and Sulphate 

 

The sulphide COD concentration produced by the modelled SC1 AugBSP experiment (Figure 

6.6) replicated the observed sulphide COD concentration well. Furthermore, the sulphate 

concentration utilised (Figure 6.7) by the modelled AugBSP experiment replicated the 

observed sulphate concentration well. This was a good indication that the sulphur was balanced 

throughout the experiment, and that all of the sulphate utilised was subsequently converted to 

sulphide.  

 

  
Figure 6. 6: SC1 AugBSP test soluble sulphide COD Figure 6. 7: SC1 AugBSP test sulphate 
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6.2.10.4 Free and Saline Ammonia (FSA) and Orthophosphate (OP) 

 

The FSA concentration, as well as the OP concentration released into the aqueous solution in 

the modelled MC1 AugBMP (Figure 6.8 and 6.10) and SC1 AugBSP (Figure 6.9 and 6.11) test 

reactors, replicated the observed concentrations well. However, the rate at which the FSA and 

OP were released into the modelled MC1 AugBMP test reactor was slower than was observed. 

The release of FSA and OP into the reactor liquid was dependent on the BSO hydrolysis 

constant, as the breakdown of the organic material released inorganics such as FSA and OP 

into the aqueous solution. However, the rate at which the soluble COD concentration was 

broken down in the observed MC1 experiments (Figure 6.4) was well replicated by the model. 

Therefore, the discrepancy experienced between the rate at which the soluble COD 

concentration decreased and the rate at which the FSA and OP were released into the reactor 

liquid may indicate that an intermediate product was missing from the PWM_SA_AD model 

for the digestion of casein. However, it was not in the scope of this thesis to identify and include 

such intermediates.  

 

  
Figure 6. 8: MC1 AugBMP test FSA Figure 6. 9: SC1 AugBSP test FSA 
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Figure 6. 10: MC1 AugBMP test OP Figure 6. 11: SC1 AugBSP test OP 

 

6.2.10.5 Carbonate Alkalinity 

 

As previously mentioned in Section 5.2.6.3, the increase in carbonate alkalinity in the AugBMP 

and AugBSP reactors was influenced by the release of FSA into the reactor liquid. The casein 

composition was identified using the PE function, which minimised the error across the 

observed FSA and carbonate alkalinity measurements. Consequently, the observed carbonate 

alkalinity concentration in the MC1 AugBMP (Figure 6.12) and SC1 AugBSP (Figure 6.13) 

test reactors were replicated by the model well. 
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Figure 6. 12: MC1 AugBMP test carbonate alkalinity 

 
Figure 6. 13: SC1 AugBSP test carbonate alkalinity 

 

6.2.10.6 Total Alkalinity 

 

The total alkalinity concentration in the modelled MC1 experiment (Figure 6.14) was lower 

than the observed total alkalinity concentration. The discrepancy in the total alkalinity for the 

modelled MC1 experiment was due to the model pH, as the increase in the CT concentration, 

as well as the FSA concentration, were correctly replicated in the modelled AugBMP test 

reactor. However, the lower reactor pH caused the carbonate alkalinity, and consequently, the 

total alkalinity concentration to be lower than was observed. Nevertheless, the casein 

composition identified by the PE was still valid, as the CT and FSA concentrations were 

accurately replicated by the model.  

 

The modelled SC1 experiment (Figure 6.15) replicated the observed total alkalinity 

concentration relatively well. However, the concentration of the total alkalinity in the observed 

SC1 experiment was higher than the modelled total alkalinity. As for the MC1 experiment 

above, the CT concentration, as well as the FSA concentration, were correctly replicated in the 

modelled AugBSP test reactor. However, the lower reactor pH caused the carbonate alkalinity, 

and consequently, the total alkalinity concentration to be lower than was observed. 
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Figure 6. 14: MC1 AugBMP test total alkalinity 

 
Figure 6. 15: SC1 AugBSP test total alkalinity 

 

6.2.10.7 Volatile Suspended Solids (VSS) 

 

The VSS concentrations in both the AugBMP and AugBSP test reactors were a good indication 

of the particulate material present. The VSS concentration consisted of the particulate material 

from the biomass, the UPOs, the residual biodegradable organics, and the portion of the casein 

that did not dissolve into solution. Therefore, the VSS concentrations in the MC1 AugBMP 

(Figure 6.16) and SC1 AugBSP test (Figure 6.17) reactors were used to identify the fraction of 

casein that dissolved into solution (f_S_F_dis), with the remaining portion becoming UPO 

VSS. Consequently, the PE function adjusted the parameters that influenced the VSS 

concentrations, as well as the COD concentrations of the particulate material, until the 

parameters that achieved the lowest error across the measurements were determined. Figures 

6.16 and 6.17 show that the data contained some outliers which were most likely due to error 

caused by the mass balance used to measure the mass of the solids. Subsequently, the data 

points were taken to be non-sensical and excluded from the modelled experiments. 
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Figure 6. 16: MC1 AugBMP test VSS 

 
Figure 6. 17: SC1 AugBSP test VSS 

 

6.2.10.8 Volatile Fatty Acids (VFA) 

 

The VFA present in the modelled MC1 AugBMP (Figure 6.18) and SC1 AugBSP (Figure 6.19) 

test reactors was an intermediate product formed by the degradation of glucose (which formed 

from the hydrolysis of the biodegradable organics). The accumulation of VFA in the modelled 

MC1 AugBMP and SC1 AugBSP test reactors was dependent on the BSO hydrolysis rate, the 

substrate uptake rate of the acetoclastic organisms and the half-saturation coefficient of the 

acetoclastic organisms used in the model. The PE adjusted these parameters, as well as the 

composition of the BSO (casein), until the parameters with the lowest error across the observed 

measurements was achieved.  
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Figure 6. 18 : MC1 AugBMP test VFA 

 
Figure 6. 19: SC1 AugBSP test VFA 

 

6.2.10.9 pH 

 

The decrease in pH in the MC1 AugBMP (Figure 6.20) test experiment over the first 24 hours 

was due to the production and accumulation of VFAs, as shown in Figure 6.18. The rapid 

formation of VFAs was caused by the fast hydrolysis rate of casein. The pH of the MC1 and 

SC1 experiments increased as the VFAs were consumed by the acetoclastic organisms. 

Furthermore, the pH of the SC1 AugBSP test reactor increased throughout the experiment, as 

sulphide was produced, which generated alkalinity in the system. However, as discussed in 

section 6.2.10.6, the total alkalinity concentrations in both the modelled MC1 AugBMP and 

SC1 AugBSP test reactors were lower than was observed due to the model pH. The source of 

the low final pH in the model may be due to the O/H ratio in the substrate formula.   
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Figure 6. 20: MC1 AugBMP test pH 

 
Figure 6. 21: SC1 AugBSP test pH 

 

6.2.10.10 Methane 

 

The methane produced by the modelled MC1 AugBMP test (Figure 6.22) reactor significantly 

exceeded the observed methane production. As previously mentioned, the modelled AugBMP 

test reactor was COD balanced. It was shown in Section 6.2.5.1, that the COD balance for the 

MC1 test experiment was below 100%, which indicated that the COD flux through the system 

was not conserved. It was believed that the error was due to the observed gas measurement. 

However, the methane production was not used as a variable for determining the composition 

of the biodegradable organics in the casein. Instead, the composition was determined using the 

change in COD, as the production of methane in the model is balanced by the COD consumed, 

as well as the aqueous carbonate alkalinity. Furthermore, the outcome of the experiment shows 

that the composition of casein was still accurately determined by the PE, even though the 

biogas data was not used. This outcome further strengthens the PWM_SA_AD model’s ability, 

when used together with the parameter estimation function, to reconcile input parameters, even 

when inaccurate measurements are present, as the error is spread across the remaining 

measurements taken.  
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Figure 6. 22: MC1 AugBMP test methane 

 

6.2.10.11 MC1 Model COD Balance 

 

The COD balance for the AugBMP experiment is explained in Section 3.7.3.2. and Section 

3.7.3.3. The PWM_SA_AD model code was adjusted to account for the COD removed from 

the modelled AugBMP reactor during sampling. The adjusted code did not affect the kinetics 

or the stoichiometry of the bioprocesses, but rather the liquid balance of the PWM_SA_AD 

model. The modelled COD balances were included in an attempt to identify the COD error 

experienced with the gas measurements. The modelled COD balance was compared to the 

observed COD balance, as shown in Table 6.18. 

 

Table 6. 18: Modelled MC1 AugBMP test COD balance 
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Starting 65963 62087 -6
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Remaining 29452 29729 1
Gas 11060 19149 73
Total Effluent 55895 62166 11
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Balance 85 100 -

MC1
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Table 6.18 shows that the observed and modelled COD balances agreed well except for the 

methane gas COD. The modelled methane COD was significantly higher than the observed 

methane COD. The significant discrepancy between the observed and the modelled methane 

COD strongly suggested that the gas measurements are a substantial source of error for the 

AugBMP test, and subsequently, the BMP test. 

 

6.2.11 Conclusions from the casein experiment  

 

The primary objective of the casein experiment was to assess the accuracy of the AugBMP and 

AugBSP experiments when identifying the composition of a known organic. Furthermore, the 

casein experiment allowed for a direct comparison between the AugBMP and AugBSP tests, 

as the identical substrate was used in each test.  

 

The casein composition identified by the modelled AugBMP and AugBSP tests accurately 

resembled the literature stated values, except for the larger O term. However, the composition 

determined by both the modelled AugBMP and AugBSP tests was similar, i.e. each with an 

elevated O term. Furthermore, the casein compositions determined by the modelled AugBMP 

and AugBSP test reactors were converted into a COD, FSA and OP concentration equivalent 

and compared to the measurements performed on the casein hydrolysate powder. The 

comparison showed that a low error was achieved between the modelled casein and the 

measured casein, and suggested that the composition determined by the PE for both the 

modelled MC1 and SC1 experiments was accurate.  

 

Furthermore, the outcome showed that either the AugBMP test or the AugBSP test could be 

performed to determine the casein composition and suggested that the AugBSP test could 

accurately replace the AugBMP test, and consequently, the BMP test. However, in order to 

definitively prove this hypothesis, additional comparisons for a range of substrates should be 

conducted for the AugBMP and AugBSP tests. For this thesis, the casein experiment was used 

to validate the comparability between the AugBMP and AugBSP tests in the context of 

identifying the composition of the biodegradable particulates in PSS.  

 

The PWM_SA_AD model’s ability to accurately determine the casein composition using 

results from the AugBMP and AugBSP tests, highlighted the strength of incorporating 
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mathematical models for data reconciliation. The model was able to accurately reconcile the 

data and fit parameters that minimised the error across the observed measurements. 

Furthermore, the dynamics of the PWM_SA_AD model accurately represented the component 

concentration changes for each time step throughout the observed experiment. However, future 

investigations into the model intermediates should be performed, as components such as the 

VFA, due to the rapid hydrolysis of the casein, was challenging to replicate accurately.  
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6.3 PSS Experiments 

The purpose of this experiment was to accurately identify the elemental composition of 

Primary Sewage Sludge (PSS), represented by CHONP, using the augmented batch test 

reactors.  

 

The chemical composition of PSS impacts the mass of COD available, the alkalinity generated 

and the availability of organic carbon. The basis for this investigation is the prevention of AD 

failure. Under stable operating conditions, the products exiting an AD and the pH inside, are 

directly dependent on the composition (CHONP) of the biodegradable organics fed to it, in 

particular the protein content, which adds alkalinity and therefore pH buffer capacity to the 

aqueous phase. Identifying the composition of the influent wastewater organics will allow 

designers and plant operators to track the various elements and materials through the entire 

system and predict AD pH, allowing the digester to be operated at greater levels of efficiency 

and closer to capacity. This will also improve the effluent quality and the nutrient recovery 

potential from the AD products. The composition of the influent organics directly affects the 

digester pH. If the influent characteristics can be identified accurately, digester failure can be 

anticipated and prevented by simply changing the composition of the fed organics (more 

proteins). The experiments described in this chapter aimed to achieve the following: 

 

• Determine the elemental composition of PSS using both the AugBMP and AugBSP 

tests, which includes utilising Parameter Estimation (PE) within the PWM_SA_AD 

model. 

• Compare the PSS compositions determined by each respective test. 

• Conclude on the accuracy and usability of each test as a means for substrate 

characterisation.  

• Conclude if the dynamics of each experiment can be virtually replicated using the 

proposed PWM_SA_AD model. 

• Identify the error associated with the proposed testing methods or modelling procedure. 

 

The AugBMP test experiment results, as well as the AugBSP test experiment results, for the 

PSS substrate, will be explained simultaneously in this section. 
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6.3.1 Starting mixture  

 

The PSS used for both the AugBMP and AugBSP test experiments was collected from Potsdam 

Wastewater Treatment Facility. The collection and storage of the PSS was explained in Section 

3.3. The AugBMP test experiment was seeded using the starting mix shown in Table 3.1 in 

Section 3.4.3. Therefore, 1.25l of PSS and 10l of water was added to 3.75l of biomass from the 

methanogenic SSPAD effluent. The 15l starting mixture was then divided by three (5l each) 

into each AugBMP test reactors (T1 T2, and T3). The starting procedure was the same for the 

MP1, MP2 and MP3 experiments. The AugBSP test experiment used the starting mix as 

described in Table 3.2 in Section 3.5.3. Therefore, 3l of the diluted PSS mixture 

(3000mgCOD/l), 2.5l of the Na2SO4 solution and 0.5l of the H2SO4 solution was added to 6l 

of biomass from the sulphidogenic SSPAD effluent. The 12l starting mixture was then divided 

by two (6l each) into each AugBSP test reactor (T1 and T2). The starting procedure was the 

same for the SP1, SP2 and SP3 experiments.  

 

6.3.2 Results for augmented batch test experiments on PSS  

 

The results for the starting and ending values for the AugBMP and AugBSP test reactors for 

the MP1, MP2 and MP3, as well as the SP1, SP2 and SP3 experiments, which used PSS as an 

organic substrate, are shown in Table 6.19 and Table 6.20, respectively. 
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Table 6. 19: AugBMP test results for PSS 

 
 

Unit Start End Change (△) Start End Change (△) Start End Change (△)
Time hours 0 695 695 0 576 576 0 452 452
Total COD mgCOD/l 11429 6813 -4616 8822 6627 -2195 15207 11440 -3767
Soluble COD mgCOD/l 2011 969 -1041 1151 1120 -31 1821 1307 -514
Particulate COD mgCOD/l 9418 5843 -3575 7671 5507 -2164 13387 10133 -3253
VFA COD mgCOD/l 205 0 -205 143 0 -143 247 112 -135
TKN mgN/l 435 438 4 448 467 19 422 426 4
FSA mgN/l 90 213 123 167 219 52 159 239 81
TP mgP/l 75 74 -2 68 84 17 101 106 4
OP mgP/l 18 23 5 8 14 6 14 21 7
VSS mgVSS/l 6502 3839 -2663 4146 2963 -1183 6994 4915 -2079
pH pH 6.94 6.92 -0.02 7.04 7.13 0.09 6.81 6.93 0.12
Carbonate Alk mg/l as CaCo3 473 1019 546 649 1193 544 511 1157 646
Total Alk mg/l as CaCo3 648 1042 394 771 1215 443 715 1266 551
CT mgC /l 136 291 154 183 325 142 156 336 180
CH4 COD mgCOD 0 11953 11953 0 11331 11331 0 12325 12325
Carbon in Gas mgC 0 3569 3569 0 3383 3383 0 4225 4225

MP1 MP2 MP3AugBMP Test
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Table 6. 20: AugBSP test results for PSS 

 
 

 

Unit Start End Change (△) Start End Change (△) Start End Change (△)
Time hours 0 430 430 0 552 552 0 382 382
Total COD mgCOD/l 1508 1715 207 1631 1582 -49 1167 1185 18
Soluble COD mgCOD/l 414 734 320 397 819 422 268 557 289
Soluble Organic COD mgCOD/l 69 91 22 91 127 35 92 48 -44
Soluble Sulphide COD mgCOD/l 344 643 298 306 693 387 176 509 333
Particulate COD mgCOD/l 1094 981 -113 1234 763 -471 899 628 -271
VFA COD mgCOD/l 2 12 10 0 120 120 3 0 -3
Sulphate mgSO4/l 948 146 -802 - - -981 974 474 -500
TKN mgN/l 49 48 -1 35 36 1 26 31 5
FSA mgN/l 10 17 7 9 17 7 6 8 3
TP mgP/l 7 7 0 6 7 1 6 5 -1
OP mgP/l 3.0 4.0 1.0 3.0 3.7 0.7 2.4 3.7 1.4
VSS mgVSS/l 581 616 36 565 381 -184 530 267 -263
pH pH 7.39 7.31 -0.08 7.00 7.13 0.14 6.78 7.09 0.31
Carbonate Alk mg/l as CaCo3 366 1034 667 408 1015 606 217 789 572
Total Alk mg/l as CaCo3 554 1388 835 534 1435 901 278 1034 756
CT mgC /l 96 271 175 116 275 159 66 213 147

SP1 SP2 SP3AugBSP Test



 273 

6.3.2.1 AugBMP test experiments results 

 

The AugBMP test results for the MP1, MP2 and MP3 experiments are shown in Table 6.19. 

The total COD concentrations at the start of the MP1, MP2 and MP3 experiments fluctuated. 

The total COD fluctuation was due to the total COD concentration in the PSS, which was 

collected in three separate batches from Potsdam. Consequently, the change in total COD 

concentration between the three experiments fluctuated, which indicated that the biodegradable 

organics present in the PSS differed between the three batches. Furthermore, the soluble COD 

utilised in the AugBMP test reactor differed between the three PSS experiments. The 

fluctuations in COD usage were a good indication of the variance of the organics present in 

PSS and highlighted the importance of correct characterisation.  

 

The TKN concentrations remained consistent throughout the three experiments. The FSA 

concentration increased for all three experiments, but by different amounts. The FSA in the 

MP1 experiment was the highest, which correlated with the high COD and VSS change, 

indicating a high concentration of available biodegradable organics. The TP concentrations for 

MP1 and MP3 remained constant, while the MP2 TP concentration varied by 17mgP/l. A low 

OP concentration increase occurred in all three experiments. Furthermore, the OP increase was 

relatively constant (5-7 mgP/l) for all three experiments, indicating that the organic P content 

of the PSS was low.  

 

The VSS concentration change was the highest in MP1. The larger VSS concentration change 

in the MP1 experiment, compared to the MP2 and MP3 experiments, indicated a larger 

concentration of biodegradable particulate organics in MP1. Furthermore, the MP1 experiment 

had the largest total COD concentration change. However, MP1 also had the largest soluble 

COD concentration change; therefore, the COD change associated with the particulate organics 

was calculated as the difference between the total COD and soluble COD concentrations and 

was determined to be 3575mgCOD/l. However, even though the particulate COD change was 

higher in MP1 than in MP2 and MP3, the fCV ratio (COD/VSS) of MP2 (1.83) was greater than 

MP1 (1.34). 

 

The change in carbonate alkalinity was greater than the change in total alkalinity for all three 

experiments. The reason that the carbonate alkalinity change was greater than the total 
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alkalinity change was that VFAs were consumed during the reaction. The VFA subspecies adds 

to the total alkalinity concentration. Therefore, the total alkalinity concentration is the sum of 

the subspecies that represent it. Furthermore, if the alkalinity of one subspecies decreases, the 

alkalinity of another subspecies increases such that the total alkalinity is conserved, which was 

the case for the carbonate alkalinity concentration. 

 

6.3.2.2 AugBSP test experiments results 

 

The AugBSP test results for the SP1, SP2 and SP3 experiments are shown in Table 6.20. The 

total COD concentration in the AugBSP test reactor should remain constant, as the system was 

completely sealed with zero headspace. The increase in the total COD concentration in SP1 

was due to measurement error, as the total COD concentration in one of the test reactors 

increased, which subsequently increased the average total COD concentration between the T1 

and T2 test reactors. The total soluble COD concentration increased throughout all three 

experiments, which indicated that biodegradable particulate material was being broken down 

and converted to soluble sulphide COD, consequently increasing the total soluble COD 

concentration.  

 

Sulphate was consumed by the AugBSP reactor for all three experiments. However, the 

sulphate in the AugBSP test reactor for SP2 was completely utilised after 380 hours. Therefore, 

additional sulphate was added to one of the SP2 AugBSP reactors (T2). Therefore, the total 

change in sulphate by the AugBSP test reactor for SP2 was 981mgSO4/l.  

 

The TKN and TP concentrations remained constant throughout the experiment, indicating that 

N and P were conserved. Both the FSA and OP concentrations increased for all three 

experiments. Due to the diluted PSS used for the AugBSP test experiment, the increase in FSA 

and OP concentrations for the AugBSP test reactor were lower than observed in the AugBMP 

test reactor. 

 

The VSS concentration decreased in the SP2 and SP3 reactors throughout the experiment. 

However, the VSS data set for SP1, (shown visually in Table 6.80 in Section 6.3.10.9) was 

seen to decrease for the first 200 hours, after which it began to increase, however, this increase 

in VSS was not considered by the PE conducted.  
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6.3.3 AugBMP test gas measurement 
 

The gas produced by the AugBMP test experiment was captured inside of an inverted water 

column. The setup and specifications of the water columns are given in Section 3.4.2. The gas 

produced by the AugBMP test reactor was quantified by the volume of water displaced in the 

column. The procedure for calculating the mass of COD contained in the methane was 

described in Section 3.7.3. The cumulative methane COD for MP1, MP2 and MP3 is shown in 

Figures 6.23, 6.24 and 6.25. 

 

  
Figure 6. 23: MP1 AugBMP test CH4 COD Figure 6. 24: MP2 AugBMP test CH4 COD 

 

Figure 6. 25: MP3 AugBMP test CH4 COD 
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The cumulative methane COD produced by the MP2 (Figure 6.24) and MP3 (Figure 6.25) 

experiments had a low variance between the T1, T2 and T3 test reactors. The low variance 

indicated that the cumulative methane COD collected by the inverted columns was repeatable 

for MP2 and MP3. However, the gas collected in the T1 column for MP1 (Figure 6.23) 

suggested that a gas leak occurred.  

 

6.3.4 AugBMP test mass balances 

 

The mass of material entering the AugBMP test reactor should equate to the mass of material 

leaving the reactor, as mass was conserved within the system. The COD entering the AugBMP 

test reactor was contained inside the inoculum and the substrate, and the COD leaving the 

AugBMP test reactor was either in the liquid effluent stream or in the methane gas produced. 

As described in Section 3.7.3.2, the total COD at the start of the AugBMP reactor must equate 

to the sum of COD removed from the reactor during sampling, the methane COD contained in 

the inverted water column, and the COD remaining in the reactor at the end of the experiment. 

The results for the methane partial pressure in MP2 and MP3 are given in Table 6.21. The 

methane partial pressure in the MP1 experiment was not measured, however, the partial 

pressure for MP1 was set to the same methane partial pressure as MP2 (62.8%). Therefore, the 

methane partial pressures used for MP1, MP2 and MP3 were 62.8%, 62.8% and 54.7%, 

respectively.  

 

Table 6. 21: Gas chromatography results 

 

 

6.3.4.1 MP1 COD Balance 

 

The COD balance for the MP1 AugBMP test experiment was calculated using Equation 3.12 

from Section 3.7.3.2. Table 6.22 indicated that a poor COD balance (as described in Section 

3.7.2) in the MP1 AugBMP test reactor was achieved, as the balances were 70%, 86% and 

85%. 

Experiment Type Unit MP2 MP3
Methanogenic SSPAD % Methane 59.2± 1.7 57.2± 2.7
AugBMP Control % Methane 57.5± 9 50.3± 8.7
AugBMP Test % Methane 62.8± 6.5 54.7± 4.5

Period
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Table 6. 22: MP1 AugBMP test COD balance 

 

 

6.3.4.2 MP2 COD Balance 

 

The COD balance for the MP2 AugBMP test experiment was calculated using the same 

procedure used for the MP1 AugBMP test reactor. Table 6.23 indicated that a good COD 

balance for MP2 was achieved for the T1 and T2 reactors, as the balances were within 10% at 

102% and 96%, respectively. 

 

Table 6. 23: MP2 AugBMP test COD balance 

 

 

6.3.4.3 MP3 COD Balance 

 

The COD balance for the MP3 AugBMP test experiment was calculated using the same 

procedure used for the MP1 and MP2 AugBMP test reactors. Table 6.24 indicated that a good 

COD balance for MP3 was achieved for the T1 and T2 reactors, as the balances were 103% 

and 100%, respectively. 

 

Table 6. 24: MP3 AugBMP test COD balance 

 

Starting Mass Mass Removed Remaining Mass Gas Mass Total Effluent Balance

Unit mgCOD mgCOD mgCOD mgCOD mgCOD %

T1 55053 18311 16677 3439 38427 69.8

T2 58494 19828 18749 11731 50307 86.0

T3 57886 19378 17713 12066 49156 84.9

MP1 AugBMP Test Mass Balance (62.8% Methane Partial Pressure)

Starting Mass Mass Removed Remaining Mass Gas Mass Total Effluent Balance
Unit mgCOD mgCOD mgCOD mgCOD mgCOD %
T1 42369 13232 19342 10537 43111 101.8
T2 47991 14260 20574 11294 46129 96.1
T3 41967 15155 21314 12162 48631 115.9

MP2 AugBMP Test Mass Balance (62.8% Methane Partial Pressure)

Starting Mass Mass Removed Remaining Mass Gas Mass Total Effluent Balance
Unit mgCOD mgCOD mgCOD mgCOD mgCOD %
T1 69075 21905 36918 12256 71079 102.9
T2 75300 23400 40106 11653 75159 99.8
T3 83734 22833 36918 13064 72816 87.0

MP3 AugBMP Test Mass Balance (54.7% Methane Partial Pressure)
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6.3.4.4 TKN and TP balance 

 

The mass flux of other constituents present in the entering and exiting streams such as the TKN 

and TP were also checked using the mass balanced approach. The total mass of these two 

constituents should remain constant throughout the experiment. The TKN and TP mass fluxes 

were calculated using Equation 3.14, as described in Section 3.7.5, and are summarised in 

Table 6.25. 

 

Table 6. 25: AugBMP test TKN/TP balance for PSS 

 

 

The TKN data for the AugBMP test reactor exhibited internal consistency in the conservation 

of N (indicated by the good mass balances achieved of 100%, 98%, and 104% for T1, T2 and 

T3 respectively) for all three PSS experiments. However, the TP balances experienced error. 

The source of the error was difficult to determine as the AugBMP test reactors were completely 

sealed and the substrate was only added to the reactor once, during the seeding procedure. 

Furthermore, P could not leave the reactor via the gas stream. Therefore, the P in the system 

should have been conserved, and the discrepancy was most likely caused by measurement 

error. However, the TP balances did not affect the determination of the composition, as the 

change in OP concentration indicated the release of organically bound phosphorus.  

 

 

 

TKN in TKN out Balance TP in TP out Balance
Reactor % %

T1 443 443 100 75 95 127
T2 460 453 98 76 63 83
T3 401 418 104 76 63 84

C1 470 496 105 68 85 126
C2 423 480 114 69 83 120
C3 428 440 103 66 85 129

C1 447 560 125 85 125 147
C2 515 552 107 99 95 96
C3 521 524 101 117 103 88

MP1
mgTKN-N/l mgTP-P/l

MP3

MP2
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6.3.5 AugBSP test mass balances 
 

The AugBSP test experiment was conducted in a purpose-built reactor with zero headspace. 

The zero headspace ensured that the products produced by the reaction remained in the aqueous 

phase. Therefore, unlike the methanogenic AugBMP experiment, the mass of the products 

entering and exiting the system are conserved within the aqueous solution, as no gas evolution 

occurred. Furthermore, due to the zero headspace in the AugBSP test reactor, the total COD 

concentration remains constant. Therefore, the mass balances were performed for sulphur, 

TKN and TP. 

 

6.3.5.1 Sulphur, TKN and TP balance 

 

The sulphur, N and P balance is explained in Section 3.7.4 and Section 3.7.5. The sulphur 

utilised in the sulphate, and sulphur produced in the sulphide should be conserved throughout 

the AugBSP test experiment, assuming that no other S compounds formed. Furthermore, the 

total mass of TKN and TP should remain constant throughout the experiment. The TKN and 

TP mass fluxes were calculated using Equation 3.14, as described in Section 3.7.5. The 

AugBSP test mass balances are shown in Table 6.26. 

 

Table 6. 26: AugBSP test mass balance for PSS 

 

 

A good S balance was achieved in the AugBSP test reactor for the SP3 experiment, as the 

balance for T1 and T2 was 102% and 98%, respectively. However, a poor S balance was 

achieved in the SP1 and SP2 experiments. The source of the discrepancy between the S-in and 

S-out concentrations in the SP1 and SP2 experiments was difficult to identify, as the S should 

AugBSP S in S out Balance TKN in TKN out Balance TP in TP out Balance
Control % % %

T1 261 167 64 48 48 100 7.2 6.5 90
T2 273 132 48 50 47 95 6.7 6.8 101

T1 286 177 62 41 43 107 5.9 6.5 109
T2 326 210 65 43 44 104 5.5 6.9 126

T1 171 175 102 34 35 102 6.1 5.1 84
T2 163 159 98 34 35 103 5.8 5.3 93

SP3

mgS/l mgTKN-N/l mgTP-P/l
SP1

SP2
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have been conserved within the completely sealed reactor with zero headspace. Therefore, the 

error may lie with either the sulphate, or the sulphide measurement. However, for this thesis, 

the sulphide values were taken to be accurate and the models were fitted to the sulphide data. 

 

The TKN and TP in the AugBSP test reactor had good balances for all three experiments, 

except for the TP in the T2 SP2 reactor, as well as the TP in the T1 SP3 reactor. 

 

6.3.6 Stoichiometric Composition Identification  
 

The composition of the biodegradable particulate organics present in the PSS was identified by 

calculating the change in elemental concentrations between the ending and the starting 

concentrations of the augmented batch test experiments. The calculation is explained in detail 

in Section 3.9.2. The mass ratios for each element (fCV, fC, fN and fP) needed to be determined 

in order to calculate the unknown mass ratios (fO and fH). Therefore, the change in COD, C, N, 

P and VSS throughout the experiment was required.  

 

6.3.6.1 AugBMP test experiment 

 

The results for the stoichiometric composition calculation for PSS in the AugBMP test reactors 

are shown in Table 6.27. The stoichiometric calculation used to identify the composition of the 

biodegradable organic for the AugBMP experiment was previously described in Section 6.2.6. 

The procedure used to identify the PSS composition was identical, however, the change in 

concentrations between the test and control reactors isolated the influence of the PSS in the 

AugBMP test experiment. The concentrations observed in the AugBMP control reactor were 

divided by two, as the inoculum used in the AugBMP test reactor was diluted to half the 

concentration of the AugBMP control reactor.  

 

The VSS concentration decreased in all three experiments, which was due to the breakdown of 

particulate organics in the PSS. Strictly speaking, the concentration of soluble COD utilised by 

the AugBMP control and test reactors should be subtracted from the total COD concentration 

when identifying the composition of the particulate organics. However, the soluble COD 

concentration contributes to the total volume of biogas produced by the experiment. 

Furthermore, the total volume of biogas was used to determine the carbon content in the gas 
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phase. Therefore, subtracting the influence of the soluble biodegradable organics was 

challenging, as the equivalent COD needed to be subtracted from the biogas produced. 

Consequently, the composition identified by the stoichiometric calculation included the 

influence of the biodegradable soluble organics. Therefore, the use of computer models allows 

for the particulate organics group in the PSS to be isolated, as described in Section 3.11.3.2 

 

6.3.6.2 AugBSP test experiment 

 

The results for the stoichiometric composition calculation for PSS in the AugBSP test reactors 

are shown in Table 6.28. The stoichiometric calculation used to identify the composition of the 

biodegradable organic for the AugBSP experiment was previously described in Section 6.2.6. 

The procedure used to identify the PSS composition was identical, however, the change in 

concentrations between the test and control reactors isolated the influence of the PSS in the 

AugBSP test experiment. As was done for the AugBMP test experiment, the concentrations 

observed in the AugBSP control reactor were divided by two, as the inoculum used in the 

AugBSP test reactor was diluted to half the concentration of the AugBSP control reactor.  

 

The biodegradable COD available in the PSS for the SP1 and SP3 experiments was determined 

using the soluble sulphide COD and the VFA COD concentrations. For the SP1 and SP3 

experiments, VFAs were consumed throughout the reaction; therefore, the VFAs consumed 

contributed to the total sulphide COD concentration produced. Subsequently, the VFA COD 

utilised was subtracted from the sulphide COD in order to isolate the sulphide COD produced 

due to the biodegradable organics in the PSS. For the SP2 reactor, VFAs were produced 

throughout the experiment. The sum of the VFA COD and sulphide COD quantified the total 

COD available in the biodegradable organics present in the PSS.  

 

As mentioned above for the AugBMP test experiment, the concentration of the soluble organic 

COD utilised should be subtracted from the available biodegradable COD, such that the 

biodegradable particulate COD is isolated. However, this was not possible for the SP1 and SP2 

due to the increase in soluble organic COD (which contributed to the total sulphide COD 

production) throughout the experiment. The use of the mass balanced model allowed for the 

particulate organic group in the PSS to be isolated as described in Section 3.11.3.3. 
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          Table 6. 27: AugBMP test stoichiometric composition identification for PSS 

Control Test Test - Control Control Test Test - Control Control Test Test - Control
Measured Unit Change (△) Change (△) Change (△) Change (△) Change (△) Change (△) Change (△) Change (△) Change (△)
Total COD mgCOD/l -1211 -4616 -3405 -319 -2195 -1876 -907 -3767 -2861
VFA COD mgCOD/l 2 -205 -207 -19 -143 -124 31 -135 -166
FSA mgN/l 42 123 80 21 52 31 28 81 52
OP mgP/l 3 5.5 3 4 6.4 2 5 6.9 2
VSS mgVSS/l -516 -2663 -2147 -552 -1183 -631 -306 -2079 -1773
Carbonate Alk mg/l as CaCo3 107 546 439 168 544 376 151 646 495
CH4 COD mgCOD 1102 11953 10851 3458 11331 7873 2348 12325 9976
C in Gas mgC 359 3569 3209 1128 3383 2255 875 4225 3349
COD Change
Biodegradable COD mgCOD/l - - 3198 - - 1752 - - 2695
Carbon Change
C in Gas mgC/l - - 642 - - 451 - - 670
C in H2CO3 Alk mgC/l - - 105 - - 90 - - 119
Total C mgC/l - - 747 - - 541 - - 789
VSS Change
Biodegradable VSS mgVSS/l - - 2147 - - 631 - - 1773
Mass Ratio
fCV gCOD/gVSS - - 1.490 - - 2.776 - - 1.520
fC gC/gVSS - - 0.348 - - 0.858 - - 0.445
fN gN/gVSS - - 0.037 - - 0.049 - - 0.029
fP gP/gVSS - - 0.001 - - 0.004 - - 0.001
fH gH/gVSS - - 0.137 - - 0.073 - - 0.101
fO gO/gVSS - - 0.476 - - 0.017 - - 0.424
Compostion
C - - - 1 - - 1 - - 1
H - - - 4.739 - - 1.023 - - 2.722
O - - - 1.025 - - 0.014 - - 0.715
N - - - 0.092 - - 0.049 - - 0.057
P - - - 0.002 - - 0.002 - - 0.001

PSS Experiment MP1 MP2 MP3
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    Table 6. 28: AugBSP test stoichiometric composition identification for PSS 

Control Test Test - Control Control Test Test - Control Control Test Test - Control
Measured Unit Change (△) Change (△) Change (△) Change (△) Change (△) Change (△) Change (△) Change (△) Change (△)
Soluble Sulphide COD mgCOD/l 21 298 278 20 387 368 14 333 320
VFA COD mgCOD/l 40 10 -30 54 120 66 0 -3 -3
FSA mgN/l 2 7 5 1 7 6 1 3 1
OP mgP/l 0 1.0 1 0 0.7 1 1 1.4 1
VSS mgVSS/l 92 36 -56 9 -184 -193 169 -263 -432
Carbonate Alk mg/l as CaCo3 37 667 630 35 606 572 63 572 508
COD Change
Biodegradable COD mgCOD/l - - 248 - - 433 - - 317
Carbon Change
C in Gas mgC/l - - - - - - - - -
C in H2CO3 Alk mgC/l - - 151 - - 137 - - 122
Total C mgC/l - - 151 - - 137 - - 122
VSS Change
Biodegradable VSS mgVSS/l - - 56 - - 193 - - 432
Mass Ratio
fCV gCOD/gVSS - - 4.412 - - 2.245 - - 0.733
fC gC/gVSS - - 2.687 - - 0.711 - - 0.283
fN gN/gVSS - - 0.097 - - 0.033 - - 0.003
fP gP/gVSS - - 0.015 - - 0.003 - - 0.002
fH gH/gVSS - - -0.489 - - 0.073 - - 0.077
fO gO/gVSS - - -1.310 - - 0.181 - - 0.635

Compostion
C - - - 1 - - 1 - - 1
H - - - -2.186 - - 1.230 - - 3.278
O - - - -0.366 - - 0.191 - - 1.685
N - - - 0.031 - - 0.040 - - 0.010
P - - - 0.002 - - 0.001 - - 0.003

PSS Experiment SP1 SP2 SP3



 284 

6.3.7 Modelling the PSS experiment 

 

The procedure used to identify the particulate substrate composition using the PE function was 

described in Section 3.11.3.2. The inoculum used in both the modelled AugBMP and AugBSP 

test experiments was taken from the modelled methanogenic and sulphidogenic SSPADs, 

respectively. The concentration of biomass in the modelled SSPAD effluent was correctly 

adjusted to account for the starting dilutions of the augmented batch test experiments.  

 

The compositions of the biomass and the UPOs remained fixed at C1H1.4O0.4N0.2 and 

C1H1.571O0.426N0.166P0.019, respectively, for both the modelled AugBMP and AugBSP test 

experiments. The composition and concentration of the residual biodegradable organics were 

previously identified using the modelled AugBMP control reactor. Therefore, the composition 

of the residual biodegradable organics (X_B_Inf) was used as an input for the modelled 

AugBMP test experiment. However, this presented a problem, as the PWM_SA_AD model 

only included one biodegradable particulate component. Consequently, there was no additional 

component available that could be used to identify the composition of the biodegradable 

particulates present in the PSS. Therefore, in order to identify the composition of the 

biodegradable particulate organics present in the PSS, an additional component was added to 

the PWM_SA_AD model. The additional component, named PSS particulate organics 

(X_B_PSS), was identical to the biodegradable particulate component (X_B_Inf) already in 

the model. This is further explained in Section 3.11.3.2. 

 

The starting concentrations of constituents such as FSA, OP, VFA, H2CO3 alkalinity, as well 

as the reactor pH in the modelled augmented batch test experiments were adjusted to the 

averaged starting values for the observed augmented batch test experiments. The mass of the 

BSO, USO, UPO and PSS particulate organics, as well as the composition of the PSS 

particulate organics, were used as unknown parameters for the modelled AugBMP and 

AugBSP experiments. Additionally, the saturation hydrolysis constant for the breakdown of 

PSS particulate organics (KM_BPSS_AD_hyd), the growth rate of the acetoclastic organisms 

(mu_AM/mu_AS), and the half-saturation coefficient of the acetoclastic organisms 

(Ks_AM/Ks_AS) were adjusted by the PE. The PE conducted hundreds of iterations until the 

lowest error across the observed measurements was achieved. The parameters used by the PE 

for identifying the composition of the biodegradable particulates in the PSS for the modelled 
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AugBMP test experiment are summarised in Table 3.12 in Section 3.11.3.2, and the parameters 

used by the PE in the modelled AugBSP test experiment are summarised in Table 3.13 in 

Section 3.11.3.3 

 

The observed measurements used to identify the composition of the biodegradable particulate 

organics present in the PSS for the AugBMP and AugBSP tests differed. The AugBMP test 

reactor had measurements conducted on both the liquid and gas phases, whereas, the AugBSP 

reactor had all the measurements taken in the aqueous phase. The observed measurements used 

for the modelled AugBMP test reactor is given in Table 6.29, and the observed measurements 

used for the modelled AugBSP test reactor is given in Table 30.  

 
Table 6. 29: Modelled AugBMP test variables for PSS 

Variable Description Weighting 
MP1    MP2    MP3 

Alkalinity The total alkalinity generated 1 1 1 

COD_total The unfiltered COD concentration 1 1 2 

COD_soluble The filtered COD concentration 5 1 5 

FSA The Free and Saline Ammonia concentration 1 1 5 

H2CO3 alkalinity The carbonate alkalinity generated 1 1 5 

OrthoP The Orthophosphate concentration 5 5 5 

VFA The Volatile Fatty Acids concentration 10 5 1 

VSS The Volatile Suspended Solids concentration 1 1 5 

p_H_s The reactor pH 1 1 1 
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Table 6. 30: Modelled AugBSP test variables for PSS 

Variable Description Weighting 
SP1    SP2    SP3 

Alkalinity The total alkalinity generated 1 1 1 

C(S_SO4) The sulphate concentration 1 1 1 

COD(S_HS) The sulphide COD concentration 10 10 1 

COD_total The unfiltered COD concentration 1 1 1 

COD_soluble The filtered COD concentration 1 1 1 

FSA The Free and Saline Ammonia concentration 10 10 50 

H2CO3 alkalinity The carbonate alkalinity generated 1 1 1 

OrthoP The Orthophosphate concentration 10 10 1 

VFA The Volatile Fatty Acids concentration 1 1 1 

VSS The Volatile Suspended Solids concentration 10 10 3 

p_H_s The reactor pH 10 10 10 

 

The weighting for the variables in Table 6.29 and 6.30 were determined as was described in 

Section 5.2.4. 

 

6.3.8 Modelled Composition Identification  

 

The PE ran hundreds of iterations until the correct combination of parameters, which achieved 

the desired results with the lowest error was determined.  

 

6.3.8.1 AugBMP test experiment 

 

The parameters determined by the PE for the AugBMP test experiments using PSS are 

summarised in Table 6.31. 
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Table 6. 31: Modelled AugBMP test composition identification for PSS 

Parameter MP1 MP2 

PSS Composition C1H2.964O0.829N0.071P0 C1H2.654O0.236N0.18P0.002 

M(X_B_PSS) 11.669 9.912 

M(X_U_Inf) 15.63 6.447 

kM_BPSS_AD_hyd 1.542 0.377 

mu_AM 0.387 0.025 

KS_AM 1 0.023 

 

Parameter MP3 

PSS Composition C1H1.056O0.048N0.093P0.001 

M(X_B_PSS) 17.451 

M(X_U_Inf) 11.431 

kM_BPSS_AD_hyd 0.558 

mu_AM 4 

KS_AM 0.508 
 

 

The parameters determined by the PE for the PSS in the modelled AugBMP test experiment 

differed as was expected. One of the primary objectives for identifying the composition of the 

biodegradable particulates present in the PSS was due to the varying nature of the PSS, which 

was directly affected by the influent stream entering the treatment plant. The influent stream is 

subject to cyclic and seasonal variations. Therefore, each batch of PSS collected from Potsdam 

WWTW was expected to differ. Subsequently, the augmented batch tests were developed to 

identify and characterise the PSS.  

 

6.3.8.2 AugBSP test experiment 

 

The parameters determined by the PE for the AugBSP test experiments using PSS are 

summarised in Table 6.32:  
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Table 6. 32: Modelled AugBSP test composition identification for PSS 

Parameter SP1 SP2 

PSS Composition C1H1.856O0.555N0.0707P0.004 C1H2.365O0.323N0.0723P0.004 

M(X_B_PSS) 1.32 1.112 

M(X_U_Inf) 2.102 2.198 

kM_BPSS_AD_hyd 8.976 6.575 

mu_AS 6.536 2.932 

KS_AS 0.162 0.047 

 

Parameter SP3 

PSS Composition C1H1.004O0.431N0.032P0 

M(X_B_PSS) 1.484 

M(X_U_Inf) 1.64 

kM_BPSS_AD_hyd 10.926 

mu_AS 400 

KS_AS 0.003 
 

 

As was shown for the modelled AugBMP test experiment results in Section 6.3.8.1 above, the 

parameters determined by the PE for the PSS in the modelled AugBSP test experiment differed. 

However, as previously mentioned, the biodegradable particulates in the PSS do not remain 

constant and are subject to fluctuations of the treatment plant.  

 

6.3.9 Modelled AugBMP test PSS experiment results  

 

The observed results from the T1, T2 and T3 AugBMP test reactors were summarised by 

averaging the values obtained for each measurement taken. Table 6.33 and Table 6.34 

summarise the results obtained for the starting and ending concentrations for each constituent 

in the modelled AugBMP test experiments for PSS. The results obtained from the model were 

compared to that of the observed results. Furthermore, the results have been compared visually 

for the AugBMP test experiment in Section 6.3.9.1 (Figure 6.26) to Section 6.3.9.10 (Figure 

6.55). The visual comparisons between the modelled and observed results were used to 

evaluate the accuracy of the dynamic parameters established by the PE. 
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The total COD concentration change for all three observed AugBMP test experiments were 

replicated by the modelled test reactor well. The total cumulative methane COD produced by 

MP1 and MP3 were significantly higher (>6000mgCOD) than the observed methane COD 

produced. However, the cumulative methane for the observed MP2 experiment was replicated 

by the modelled AugBMP test reactor well.  

 

The FSA concentration released by the modelled MP2 and MP3 experiments was higher than 

the observed FSA concentration released. However, the PE minimised the error between the 

FSA and carbonate alkalinity measurements; therefore, the additional FSA concentration 

released in the modelled AugBMP test experiments was required for the model to replicate the 

observed carbonate alkalinity concentrations well.  

 

The increase in the observed total alkalinity was replicated by the modelled AugBMP test 

reactor for all three experiments well. The increase in the carbonate alkalinity was greater than 

the increase in total alkalinity. As explained in Section 6.3.2.1, the reason that the carbonate 

alkalinity change was greater than the total alkalinity change, was due to the consumption of 

VFAs during the reaction. The decrease in alkalinity of one subspecies results in the increase 

in alkalinity of another subspecies, such that the total alkalinity is conserved. 

 

It was crucial that the total COD and VSS concentration change for the observed AugBMP test 

experiment was well replicated by the model, as the substrate used was a biodegradable 

particulate organic. Subsequently, the modelled AugBMP test reactor replicated the VSS 

concentration in the observed test reactor well, indicating that the parameters determined by 

the PE accurately represented the particulate organics.  
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 Table 6. 33: Modelled MP1 and MP2 AugBMP test results for PSS 

COD Unit Observed Modelled Observed Modelled Observed Modelled Observed Modelled Observed Modelled Observed Modelled

Total COD mgCOD/l 11429 11546 6813 6677 -4616 -4869 8822 8755 6627 6201 -2195 -2554
Soluble COD mgCOD/l 2011 1999 969 1216 -1041 -783 1151 1244 1120 1106 -31 -138

Gas

Methane mgCOD 0 0 11953 21077 11953 21077 0 0 11331 10235 11331 10235

Nitrogen

FSA mgFSA/l 90 90 213 203 123 113 167 167 219 293 52 126

Phosphate

OP mgOP/l 17.7 17.7 23.2 22.5 5.5 4.8 7.6 7.6 13.9 14.1 6.4 6.5

Alkalinity

Carbonate mg/l as CaCO3 473 472 1019 1025 546 552 649 656 1193 1194 544 539

Total mg/l as CaCO3 648 672 1042 1075 394 403 771 786 1215 1236 443 450

Species

VFA Conc mg/l as acetate 191.8 191.8 0.0 2.7 -192 -189 133.8 133.8 0.0 4.5 -134 -129

CT mgC/l 136 136 291 339 154 203 183 183 325 327 142 144

Solids

VSS mgVSS/l 6502 6397 3839 3718 -2663 -2679 4146 4076 2963 2956 -1183 -1120

pH

pH 6.94 6.94 6.92 6.66 -0.02 -0.28 7.04 7.04 7.13 7.08 0.09 0.04

MP2 Test Model Results

Start End Change
MP1 Test Model Results

Start End Change
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Table 6. 34: Modelled MP3 AugBMP test results for PSS 

 

 

6.3.9.1 Total COD 

 

The unfiltered COD concentrations for the observed and modelled experiments are shown in 

Figures 6.26, 6.27 and 6.28. The total COD concentration for all three of the observed AugBMP 

experiments was well replicated by the modelled AugBMP test reactor. The total COD 

concentration was dependent on the mass and composition of the biodegradable particulates 

present in the PSS, as well as the mass of the UPOs. The PE minimised the error between the 

total COD concentration and the VSS concentration by adjusting the mass and composition of 

the biodegradable particulates and the mass of the UPOs.  

 

COD Unit Observed Modelled Observed Modelled Observed Modelled

Total COD mgCOD/l 15207 15482 11440 11115 -3767 -4368

Soluble COD mgCOD/l 1821 1800 1307 1361 -514 -439

Gas

Methane mgCOD 0 0 12325 18388 12325 18388

Nitrogen

FSA mgFSA/l 159 159 239 289 81 130

Phosphate

OP mgOP/l 14.2 14.2 21.1 23.3 6.9 9.1

Alkalinity

Carbonate mg/l as CaCO3 511 510 1157 1147 646 636
Total mg/l as CaCO3 715 734 1266 1198 551 464

Species

VFA Conc mg/l as acetate 231.7 231.7 105.3 0.4 -126 -231

CT mgC/l 156 156 336 373 180 217

Solids

VSS mgVSS/l 6994 6689 4915 5181 -2079 -1508

pH

pH 6.81 6.81 6.93 6.68 0.12 -0.13

End ChangeStart
MP3 Test Model Results
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Figure 6. 26: MP1 AugBMP test total COD Figure 6. 27: MP2 AugBMP test total COD 

 

Figure 6. 28: MP3 AugBMP test total COD 

 

6.3.9.2 Soluble COD 

 

The filtered COD concentrations for the observed and modelled experiments are shown in 

Figures 6.29, 6.30 and 6.31. The soluble COD concentration for all three observed AugBMP 

test reactors decreased throughout the experiment. As mentioned in Section 6.3.6.1, the 

influence of the soluble organics was challenging to remove when calculating the compositions 

stoichiometrically. However, the modelled AugBMP test reactors took the concentration of the 

soluble organics into account (see Section 3.11.3.2) when identifying the composition of the 

biodegradable particulate organics in the PSS. Therefore, it can be seen, that the PSS contained 
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a portion of soluble organics, as both RFBSO and VFAs, which were also degraded during the 

AugBMP test experiment. However, the influence of these soluble organics was accounted for 

well in the modelled AugBMP test reactor.  

 

  
Figure 6. 29: MP1 AugBMP test soluble COD Figure 6. 30: MP2 AugBMP test soluble COD 

 

Figure 6. 31: MP3 AugBMP test soluble COD 
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than the observed FSA concentrations. However, the rate at which the FSA was released into 

the modelled MP2 AugBMP test reactor (Figure 6.33) was accurate. As previously mentioned 

in Section 5.2.6.3, the PE minimised the error between the FSA and carbonate alkalinity 

measurements, as the two were related. Therefore, the higher FSA concentrations in the 

modelled AugBMP test reactor for MP2 and MP3 were as a result of the PE fitting the 

carbonate alkalinity concentrations.  

 

  
Figure 6. 32: MP1 AugBMP test FSA Figure 6. 33: MP2 AugBMP test FSA 

 

Figure 6. 34: MP3 AugBMP test FSA 
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6.3.9.4 Orthophosphate (OP) 

 

The OP concentrations for the observed and modelled experiments are shown in Figures 6.35, 

6.36 and 6.37. The concentration of OP release in the AugBMP test experiment was low 

(~7mgP/l), which indicated that the P content of the biodegradable particulates in the PSS was 

low. The observed AugBMP test OP concentrations were replicated by the modelled AugBMP 

test reactor well. However, the rate at which the OP was released in the modelled MP3 

AugBMP test reactor (Figure 6.37) compared to the observed test reactor was inaccurate and 

suggested that the hydrolysis rate of the organics was higher than the rate determined by the 

PE. However, the model replicated the rate at which the COD decreased in MP3 (Figure 6.28) 

well. Therefore, the release of OP into the AugBMP test reactor liquid for MP3 was not 

adjusted.  

 

  
Figure 6. 35: MP1 AugBMP test OP Figure 6. 36: MP2 AugBMP test OP 
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Figure 6. 37: MP3 AugBMP test OP 

 

6.3.9.5 Carbonate Alkalinity 

 

The carbonate alkalinity concentrations for the observed and modelled experiments are shown 

in Figures 6.38, 6.39 and 6.40. As previously mentioned, the increase in carbonate alkalinity 

in the AugBMP reactor was influenced by the release of FSA and CT into the reactor liquid. 

The composition of the biodegradable particulate organics in the PSS identified by the PE 

minimised the error across the observed FSA and H2CO3 alkalinity measurements.  

 

  
Figure 6. 38: MP1 AugBMP test carbonate alkalinity Figure 6. 39: MP2 AugBMP test carbonate alkalinity 
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Figure 6. 40: MP3 AugBMP test carbonate alkalinity 

 

6.3.9.6 Total Alkalinity 

 

As mentioned, the total alkalinity of the system is a conservative parameter. Therefore, the total 

increase in alkalinity observed in the AugBMP test reactor was dependent on the composition 

of organics fed to it. The modelled AugBMP test experiment replicated the observed increase 

in total alkalinity for the MP1 (Figure 6.41) and MP2 (Figure 6.42) experiments well. However, 

the total alkalinity in the modelled MP3 (Figure 6.43) experiment was lower than the observed 

total alkalinity. The source of this discrepancy was challenging to identify, as the increase in 

carbonate alkalinity in MP3 was well represented by the modelled AugBMP test reactor. 

However, the lower total alkalinity in the modelled MP3 experiment may have been due to the 

lower pH achieved by the model. The lower pH in the modelled AugBMP test affected the 

carbonate alkalinity concentration. However, the modelled AugBMP test reactor compensated 

for the lower reactor pH by releasing a higher concentration of CT into the reactor liquid; 

therefore, correctly establishing the carbonate alkalinity. However, even with the correct 

concentration of carbonate alkalinity released, the modelled total alkalinity remained lower 

than was observed for MP3. Furthermore, the source of this discrepancy should be further 

investigated as the model’s calculations for total alkalinity may need checking for certainty.  
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Figure 6. 41: MP1 AugBMP test total alkalinity Figure 6. 42: MP2 AugBMP test total alkalinity 

 

Figure 6. 43: MP3 AugBMP test total alkalinity 
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experiments well (Figures 6.44, 6.45 and 6.46). This indicated that the parameters determined 

by the PE were accurate for describing the observed AugBMP test experiments.  

 

  
Figure 6. 44: MP1 AugBMP test VSS Figure 6. 45: MP2 AugBMP test VSS 

 

Figure 6. 46: MP3 AugBMP test VSS 
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dependent on the organic substrate hydrolysis rate (kM_BPSS_AD_hyd), the substrate uptake 

rate of the acetoclastic organisms, and the half-saturation coefficient of the acetoclastic 

organisms. The PE adjusted these parameters, as well as the composition of the biodegradable 

particulate organics in the PSS until the parameters with the lowest error across the observed 

data were achieved.  

 

However, the observed VFA concentration for the MP1 (Figure 6.47) and MP3 (Figure 6.49) 

experiments was not represented well by the modelled AugBMP test reactor. The dynamics of 

the VFA accumulation was challenging to achieve accurately. This discrepancy in the model 

may need some future work to identify other possible intermediates in the model that represent 

the observed accumulation of VFAs. Additionally, the accumulation may be caused by 

substrate inhibition for the acetoclastic organisms. The pathways of the PWM_SA_AD model 

may need additional data on the formation of possible intermediates. Therefore, future work is 

suggested in the recommendations.  

 

  
Figure 6. 47: MP1 AugBMP test VFA Figure 6. 48: MP2 AugBMP test VFA 
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Figure 6. 49: MP3 AugBMP test VFA 

 

6.3.9.9 pH 

 

The decrease in pH in the AugBMP test experiments was due to the formation of VFAs, after 

which the pH began to increase and stabilise around pH 7. The modelled AugBMP test reactor 

replicated the both the initial drop in pH, as well as the pH stabilisation towards the end of the 

experiment well for all three experiments (Figures 6.50, 6.51 and 6.52).  

 

  
Figure 6. 50: MP1 AugBMP test pH Figure 6. 51: MP2 AugBMP test pH 
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Figure 6. 52: MP3 AugBMP test pH 

 

6.3.9.10 Methane 

 

The methane produced by the modelled AugBMP test reactor for MP1 (Figure 6.53) and MP3 

(Figure 6.55) significantly exceeded the observed methane production. This outcome, as well 

as the poor COD balances obtained in Section 6.3.4 strongly suggested that the observed gas 

measurements were inaccurate. The outcome was challenging to explain as Figure 6.23, and 

Figure 6.25 in Section 6.3.3 illustrated that the gas measured in the inverted water columns for 

the AugBMP test reactor was repeatable. However, the methane produced in the observed MP2 

(Figure 6.54) experiment was well replicated by the modelled AugBMP test experiment. 

However, the methane production was not used as a variable for determining the composition 

of the biodegradable organics in the PSS. Instead, the composition was determined using the 

change in COD, as the production of methane in the model is balanced by the COD consumed, 

as well as the aqueous carbonate alkalinity.  

 

0

1

2

3

4

5

6

7

8

0 100 200 300 400 500

pH
 (p

H)

Time (hours)

MP3 Test pH

pH Average

Simulated



 303 

  
Figure 6. 53: MP1 AugBMP test methane Figure 6. 54: MP2 AugBMP test methane 

 

Figure 6. 55: MP3 AugBMP test methane 
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AugBMP reactor during sampling. The adjusted code did not affect the kinetics or the 

stoichiometry of the bioprocesses, but rather the liquid balance of the PWM_SA_AD model. 

The modelled COD balances were included in an attempt to identify the COD error experienced 

with the gas measurements.  
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The modelled COD balances were compared to the observed COD balances, as shown in Table 

6.35. The observed and modelled COD balances for all three experiments agreed well, with the 

exception of the methane gas COD. The modelled COD in MP1 and MP3 was significantly 

higher than the observed COD. As was noted earlier, the significant discrepancy between the 

observed and the modelled methane COD strongly suggested that the gas measurements are a 

substantial source of error for the AugBMP test, and subsequently, the BMP test.  

 

Table 6. 35: Modelled AugBMP test COD balance for PSS 

 

 

  

Observed Model %error Observed Model %error
Unit mgCOD mgCOD % mgCOD mgCOD %
Starting 57144 57732 1 44109 43775 -1
Removed 19172 18506 -3 14216 13714 -4
Remaining 17713 18156 3 20410 19842 -3
Gas 11898 21077 77 11728 10235 -13
Total Effluent 48783 57740 18 46354 43791 -6
Unit % % % %
Balance 85 100 - 105 100 -

Observed Model %error
Unit mgCOD mgCOD %
Starting 76036 77412 2
Removed 22713 22223 -2
Remaining 37981 36892 -3
Gas 12359 18388 49
Total Effluent 73052 77503 6
Unit % %
Balance 96 100 -

MP1 MP2

MP3
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6.3.10 Modelled AugBSP test PSS experiment results  
 

The observed results from the T1 and T2 AugBSP test reactors were summarised by averaging 

the values obtained for each measurement taken. Table 6.36 and Table 6.37 summarise the 

results obtained for the starting and ending concentrations for each constituent in the modelled 

AugBSP test experiments for PSS. The results obtained from the model were compared to that 

of the observed results. Furthermore, the results have been compared visually in Section 

6.3.10.1 (Figure 6.56) to Section 6.3.10.11 (Figure 6.88). The visual comparisons between the 

modelled and observed results were used to evaluate the accuracy of the dynamic parameters 

established by the PE. 

 

The total COD concentration for the modelled AugBSP test reactor remained constant as COD 

was conserved within the system. The increase in the total soluble COD concentration, as well 

as the sulphide COD concentration, for the observed SP1 and SP2 experiments, was 

represented well by the modelled AugBSP test reactor. However, the total soluble COD 

concentration for the modelled SP3 experiment was higher than observed. The elevated total 

soluble COD concentration in the modelled SP3 experiment was due to the elevated sulphide 

COD concentration. The sulphide concentration in the modelled SP3 experiment was increased 

by the PE such that the sulphate concentration utilised by the observed AugBSP reactor was 

replicated by the model. The sulphate concentration utilised by the modelled SP1 and SP2 

experiments was lower than that utilised in the observed AugBSP test reactor. The 

PWM_SA_AD model was mass balanced; therefore, the sulphur required to produce sulphide 

was taken from the sulphate. Subsequently, the observed SP1 and SP2 experiments were not S 

balanced. However, the S in the SP3 experiment was conserved, which indicated that the SP3 

experiment was S balanced.  
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Table 6. 36: Modelled SP1 and SP2 AugBSP test results for PSS 

COD Unit Observed Modelled Observed Modelled Observed Modelled Observed Modelled Observed Modelled Observed Modelled

Total COD mgCOD/l 1508 1310 1715 1310 207 0 1631 1388 1582 1388 -49 0
Total Soluble COD mgCOD/l 414 415 734 730 320 315 397 400 819 781 422 382

Sulphide mgCOD/l 344 344 643 679 298 335 306 306 693 697 387 391

Sulphate

Sulphate mgSO4/l 948 948 146 445 -802 -503 883 883 81 296 -802 -587

Nitrogen

FSA mgFSA/l 10.2 10.2 17.5 17.7 7.3 7.5 9.5 9.5 16.9 17.3 7.5 7.8

Phosphate

OP mgOP/l 3.0 3.0 4.0 4.0 1.0 1.1 3.0 3.0 3.7 4.0 0.7 1.0

Alkalinity

Carbonate mg/l as CaCO3 366 373 1034 764 667 392 408 411 1015 820 606 409

Total mg/l as CaCO3 554 595 1388 1141 835 546 534 562 1435 1198 901 636

Species

VFA Conc mg/l as acetate 2 2 11 0 9 -2 0 1 113 0 113 0
CT mgC/l 96 96 271 206 175 110 116 116 275 222 159 106

Solids

VSS mgVSS/l 581 591 616 382 36 -208 565 576 381 399 -184 -177

pH

pH 7.4 7.4 7.3 7.2 -0.1 -0.2 7.0 7.0 7.1 7.1 0.1 0.1

SP1 Test Model Results SP2 Test Model Results

Start End Change Start End Change
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Table 6. 37 :Modelled SP3 AugBSP test results for PSS 

 
 

The increase in the FSA and the OP concentrations for the observed AugBSP test experiments 

were replicated well by the modelled AugBMP test reactor. However, the carbonate and total 

alkalinity concentrations in the modelled AugBSP test reactors were lower than the observed 

concentrations. The low carbonate alkalinity was most likely caused by the low CT production 

in the modelled AugBSP reactors, which was influenced by the composition of the 

biodegradable organics. However, the sulphide and FSA concentrations and the reactor pH 

were well replicated by the model. Therefore, the composition determined by the PE minimised 

the error across the range of components, and the alkalinity values determined were as a result 

of the PE. However, as mentioned in Section 6.3.9.6, the source of this discrepancy should be 

further investigated as the model’s calculations for alkalinity may need checking for certainty. 

 

The change in VSS concentration for the observed MP2 and MP3 experiments was well 

replicated by the modelled AugBSP test reactor. However, it is shown in Figure 6.80 in Section 

6.3.10.9, that the modelled AugBSP test reactor replicated the observed MP1 VSS 

COD Unit Observed Modelled Observed Modelled Observed Modelled

Total COD mgCOD/l 1167 1093 1185 1093 18 0

Total Soluble COD mgCOD/l 268 262 557 623 289 361
Sulphide mgCOD/l 176 176 509 546 333 370

Sulphate

Sulphate mgSO4/l 974 974 474 419 -500 -556

Nitrogen

FSA mgFSA/l 5.7 5.7 8.2 8.2 2.5 2.5

Phosphate

OP mgOP/l 2.4 2.4 3.7 2.4 1.4 0.0

Alkalinity

Carbonate mg/l as CaCO3 217 216 789 662 572 446
Total mg/l as CaCO3 278 287 1034 872 756 585

Species

VFA Conc mg/l as acetate 3 0 0 0 -3 0

CT mgC/l 66 66 213 203 147 137

Solids

VSS mgVSS/l 530 538 267 307 -263 -231

pH

pH 6.8 6.8 7.1 6.8 0.3 0.0

SP3 Test Model Results

Start End Change
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concentrations for the first 200 hours of the experiment well, and subsequently, the increase in 

VSS concentration was not considered by the PE.  

 

6.3.10.1 Total COD 

 

The total COD concentration in the modelled AugBSP test reactors remained constant 

throughout the experiments (Figures 6.56 to 6.58). The modelled AugBSP test reactor 

represented the total COD concentration in the observed test reactor well for all three 

experiments. The PE minimised the error across the COD concentrations (total COD, soluble 

COD and sulphide COD) and the VSS concentrations in order to determine the mass and 

composition of the biodegradable particulate organics in the PSS.  

 

  
Figure 6. 56: SP1 AugBSP test total COD Figure 6. 57: SP2 AugBSP test total COD 
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Figure 6. 58: SP3 AugBSP test total COD 

6.3.10.2 Soluble COD 

 

The soluble COD concentration comprised of the soluble organic COD and the soluble 

sulphide COD. The biodegradable particulate organics in the PSS were broken down and 

converted to soluble sulphide COD. Therefore, the increase in soluble COD was a good 

indication of the COD contained in the biodegradable particulates in the PSS. The observed 

soluble COD for the SP1 and SP2 experiments (Figures 6.59 and 6.60) were replicated well by 

the modelled AugBSP test reactor. However, the soluble COD concentration in the SP3 (Figure 

6.61) experiment was slightly overpredicted by the modelled AugBSP test reactor. This 

elevated soluble COD prediction may have been caused by the sulphate concentration utilised 

by the modelled SP3 AugBSP test experiment, as shown in Figure 6.67.  
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Figure 6. 59: SP1 AugBSP test soluble COD Figure 6. 60: SP2 AugBSP test soluble COD 

 

Figure 6. 61: SP3 AugBSP test soluble COD 

 

6.3.10.3 Sulphide COD  

 

The increase in soluble sulphide COD was dependent on the COD contained in the 

biodegradable particulates in the PSS, as well as the small soluble organic COD component. 

This was because the biodegradable organics present in the PSS were converted to sulphide 

COD by the SRB (Poinapen et al., 2010). The modelled AugBSP test reactor replicated the 

soluble sulphide COD concentrations in the SP1 (Figure 6.62) and SP2 (Figure 6.63) 

experiments well. However, the soluble sulphide COD in SP3 (Figure 6.64) was overpredicted 

by the model, which was a result of the sulphate concentration utilised.  
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Figure 6. 62: SP1 AugBSP test soluble sulphide COD Figure 6. 63: SP2 AugBSP test soluble sulphide COD 

 

Figure 6. 64: SP3 AugBSP test soluble sulphide COD 
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250 hours. However, the modelled SP2 test experiment showed that, for the concentration of 

sulphide produced by the reaction, the available sulphate would not be completely utilised in a 

mass balanced system. The source of the sulphate concentration error in the SP2 experiment 

was challenging to identify or explain.  

 

  
Figure 6. 65: SP1 AugBSP test sulphate Figure 6. 66: SP2 AugBSP test sulphate 

 

Figure 6. 67: SP3 AugBSP test sulphate 
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6.3.10.5 Free and Saline Ammonia (FSA)  

 

The FSA concentrations for the observed and modelled experiments are shown in Figures 6.68, 

6.69 and 6.70. The modelled AugBSP test reactor replicated both the total concentration of 

FSA released, as well as the rate at which the FSA was released with reasonable accuracy for 

all three experiments.  

 

  
Figure 6. 68: SP1 AugBSP test FSA Figure 6. 69: SP2 AugBSP test FSA 

 

Figure 6. 70: SP3 AugBSP test FSA 
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6.3.10.6 Orthophosphate (OP) 

 

The OP concentrations for the observed and modelled experiments are shown in Figures 6.71, 

6.72 and 6.73. The modelled AugBSP test reactor replicated both the total concentration of OP 

released, as well as the rate at which the OP was released with reasonable accuracy for the 

observed SP1 (Figure 6.71) and SP2 (Figure 6.72) experiments.  

 

  
Figure 6. 71: SP1 AugBSP test OP Figure 6. 72: SP2 AugBSP test OP 

 

Figure 6. 73: SP3 AugBSP test OP 
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6.3.10.7 Carbonate Alkalinity 

 

The carbonate alkalinity concentrations for the observed and modelled experiments are shown 

in Figures 6.74, 6.75 and 6.76. As previously mentioned, the increase in carbonate alkalinity 

in the AugBSP test reactor was influenced by the release of FSA and sulphide into the reactor 

liquid, as well as the CT concentration released by the biodegradable organics. The observed 

carbonate alkalinity was poorly replicated by the modelled AugBSP test reactor for all three 

experiments. The source of the error was most likely due to the CT concentration released by 

the biodegradable organics for SP1 and SP2, and the pH for SP3, as the observed FSA and 

sulphide concentrations were replicated by the model well.  

 

  
Figure 6. 74: SP1 AugBSP test carbonate alkalinty Figure 6. 75: SP2 AugBSP test carbonate alkalinty 
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Figure 6. 76: SP3 AugBSP test carbonate alkalinty 

 

6.3.10.8 Total Alkalinity 

 

The total alkalinity concentrations for the observed and modelled experiments are shown in 

Figures 6.77, 6.78 and 6.79. The total alkalinity in the modelled AugBSP experiments was 

significantly lower than the total alkalinity observed in the test reactor. This outcome was 

related to the issue explained for the carbonate alkalinity above.  

 

  
Figure 6. 77: SP1 AugBSP test total alkalinty Figure 6. 78: SP2 AugBSP test total alkalinty 
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Figure 6. 79: SP3 AugBSP test total alkalinty 

 

6.3.10.9 Volatile Suspended Solids (VSS) 

 

The VSS concentrations for the observed and modelled experiments are shown in Figures 6.80, 

6.81 and 6.82. The VSS concentration was dependent on both the composition and mass of the 

biomass, the UPOs, and the biodegradable particulate organics in the PSS. The composition of 

the biomass and UPOs were fixed. Therefore, the PE adjusted the mass and composition of the 

biodegradable particulate organics in the PSS, as well as the mass of the UPOs by minimising 

the error across the COD and VSS concentrations.  

  
Figure 6. 80: SP1 AugBSP test VSS Figure 6. 81: SP2 AugBSP test VSS 
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Figure 6. 82: SP3 AugBSP test VSS 

 

6.3.10.10 Volatile Fatty Acids (VFA) 

 

The VFA accumulation and uptake for SP1, SP2 and SP3 are shown in Figures 6.83, 6.84 and 

6.85. However, the modelled AugBSP reactor was unable to replicate the observed VFA 

concentrations for all three test experiments. As previously mentioned, the discrepancy in the 

model may need some future work to identify other possible intermediates in the model that 

represent the observed accumulation of VFAs. Additionally, the accumulation may be caused 

by substrate inhibition for the acetoclastic organisms. However, the concentration of VFAs 

relative to the influent COD concentration was relatively low and did not impact the 

performance of the system significantly. Therefore, future work is suggested in the 

recommendations.  
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Figure 6. 83: SP1 AugBSP test VFA Figure 6. 84: SP2 AugBSP test VFA 

 

Figure 6. 85: SP3 AugBSP test VFA 

 

6.3.10.11 pH 

 

The modelled AugBSP test reactor replicated the observed pH for SP1 (Figure 6.86) and SP2 

(Figure 6.87) accurately. However, the modelled pH in the SP3 (Figure 6.88) reactor was 

slightly lower than the observed pH. As discussed in Section 6.3.10.8, the total alkalinity 

concentration generated by the modelled AugBSP test reactor was lower than the observed 

total alkalinity generated. Therefore, the low pH at the end of the modelled SP3 experiment 

may have been caused by the O/H ratio in the composition determined, which subsequently 

influenced the low total alkalinity generated, as the carbonate alkalinity generated was low.  
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Figure 6. 86: SP1 AugBSP test pH Figure 6. 87: SP2 AugBSP test pH 

 

Figure 6. 88: SP3 AugBSP test pH 

 

6.3.11 Conclusions from the PSS experiment  

 

The primary objective of the PSS experiment was to accurately characterise the PSS into its 

elemental composition represented by CHONP. The composition of the PSS identified differed 

for the AugBMP and AugBSP tests. However, the compositions of the biodegradable organics 

present in the PSS were expected to differ, as the biodegradable particulates fluctuate based on 

the treatment plant and the collection time. Each of the six tests (AugBMP and AugBSP) used 

PSS taken from Potsdam at different times throughout the project. The variation in 

biodegradable organic composition across each of the six test highlights the variability of the 
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biodegradable particulate organics present in the AD influent. Consequently, the efficiency of 

anaerobic digestion modelling can be further improved by building a database of identified 

compositions for each treatment plant for varying periods throughout the year. The data set 

could then be used to predict historical or future events and scenarios occurring at the treatment 

plant using plantwide modelling. 

 

The primary application of the augmented batch tests for this thesis was to identify and 

characterise the biodegradable particulate organics present in the PSS. The results obtained for 

both the AugBMP and AugBSP test reactors showed that the composition, as well as the 

dynamics regarding the breakdown of the PSS, could be accurately represented by the 

PWM_SA_AD model. However, even though there were discrepancies in the model for 

specific measurements, the PE was successful in determining an outcome that minimised the 

error across all of the observed measurements. The best fit achieved by the model was based 

on data reconciliation from a large data set containing multiple daily measurements.  

 

Therefore, the augmented batch test coupled with mass balanced mathematical models could 

improve current analytical methods for substrate characterisation, and composition 

identification, with a specific focus on biodegradability. The biodegradability aspect of the 

augmented batch tests is appealing, especially for anaerobic digestion, as variables such as 

methane generation, or reactor pH could be determined for specific treatment plants or unit 

processes. However, future work is recommended and discussed in the recommendations 

regarding the gas measurements accuracy.  

 

However, it was shown throughout the investigation that gas was not used as a measured 

variable in the modelled AugBMP experiment due to the measurement error. Instead, the error 

was minimised across the remaining measurements to obtain a best fit. This suggests that gas 

measurements may not even be necessary for the AugBMP test experiments. However, 

removing the gas component from the biodegradability AugBMP test will need to be 

investigated further. Furthermore, as discussed for casein, future investigations into the model 

intermediates should be performed, as components such as the VFAs were challenging to 

replicate accurately.  

  



 322 

Chapter 7: Conclusions and Recommendations 

7.1 Conclusions 

 

This project proposed and developed a methodology for characterising and identifying the 

composition of the biodegradable organics present in an unknown substrate (e.g., Primary 

Sewage Sludge; PSS). The proposed methodology included the development of two new 

analytical testing procedures: (i) The Augmented Biochemical Methane Potential (AugBMP) 

Test, which extended the commonly used Biochemical Methane Potential (BMP) test to 

include additional measurements for the identification of the biodegradable organics present in 

an unknown substrate, and (ii) The Augmented Biochemical Sulphide Potential (AugBSP) 

Test, a test based on the same principles as the BMP, but rather using sulphidogenic organisms 

in a completely sealed reactor with zero headspace such that all measurements were conducted 

in the aqueous phase, alleviating the gas measurement error associated with the BMP test.  

 

In order to identify the biodegradable organics present in the substrate, a parent steady-state 

anaerobic digester for both methanogenic and sulphidogenic conditions needed to be operated 

and tested, such that an inoculum for the AugBMP and AugBSP tests could be provided. Both 

the methanogenic and sulphidogenic SSPADs were fed PSS from Potsdam Wastewater 

Treatment Plant in the Western Cape, South Africa. The PSS was collected on multiple 

occasions and carefully stored. The PSS collected from Potsdam showed a variance in the 

biodegradable organics present when fed to each of the respective SSPADs. The variance in 

biodegradability was expected as primary sludge has a high level of variability depending on 

the time at which the sample was taken. 

 

Mass balances were performed on both the methanogenic and sulphidogenic SSPADs. The 

results from the methanogenic SSPAD indicated that good COD balances (within 10%) were 

obtained for both the MC1 and MP1 experiments (99 ± 3% and 108 ± 2%). Furthermore, 

balances for other constituents such as TKN and TP were also checked. The MC1, MP2 and 

MP3 (108%, 94% and 109%) experiments had good TKN balances (within 10%). The MC1 

and MP3 (106% and 93%) experiments has good TP balances (within 10%). The good balances 

concluded that material was conserved over the methanogenic SSPADs that were used to seed 

the AugBMP control and test reactors.  
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The results from the sulphidogenic SSPAD showed that achieving both a COD balance, as well 

as an S balance was challenging to do accurately, as H2S gas evolved from the aqueous solution 

and was captured by the ferric chloride solution contained inside the gas trap. Determining the 

concentration of H2S gas present in the ferric chloride solution was challenging to do 

accurately, and consequently, the COD and S that were contained in the gaseous H2S were not 

measured. However, the COD and S contained in the gas were accounted for by the 

PWM_SA_AD steady state model, which was mass balanced. 

 

The methanogenic and sulphidogenic SSPADs were virtually replicated by the PWM_SA_AD 

model such that the concentration of active biomass present in the inoculum that was used to 

seed the modelled AugBMP and AugBSP experiments was determined. The active biomass 

makes up the total VSS concentration and is virtually impossible to separate from other volatile 

solids. Therefore, the active biomass concentration in the SSPAD was a modelling parameter 

that needed to be determined by the steady-state PWM_SA_AD model, such that the 

concentration of products released into the AugBMP and AugBSP reactors, as well as the 

substrate utilisation and growth rates, could be accounted for. It was observed in all cases (both 

methanogenic and sulphidogenic), that the modelled SSPADs accurately represented the COD 

and VSS concentrations present in the respective effluent streams. Most importantly, the 

collective biomass concentrations (determined using the steady-state equations of Sotemann et 

al. (2005)) were well represented by the individual (acidogen, acetogen, acetoclastic and 

hydrogenotrophic) organisms present in the modelled SSPAD effluent that was used to seed 

the modelled AugBMP and AugBSP experimental environments.  

 

Modelling the SSPADs are of significant importance when virtually replicating the AugBMP 

and AugBSP experiments using the PWM_SA_AD model, as the concentrations of the various 

organism groups (acidogen, acetogen, acetoclastic and hydrogenotrophic) are required as an 

input. However, when using the stoichiometric method described in Section 3.9.2, the 

influences of the biomass and residual organics can be combined into one group representing 

the baseline, with the biodegradable organics in the substrate considered separately. Therefore, 

when using the stoichiometric identification method, modelling the SSPADs is not required 

and all measurements can be performed directly on the augmented batch control and test 

reactors. However, a good characterisation of the methanogenic and/or sulphidogenic SSPADs 
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is required such that the source of the inoculum used in the experiments is well documented 

and understood.  

 

The augmented batch control reactors were used to set the baseline for the material that was 

released due to the anaerobic breakdown of the residual biodegradable organics and the 

biomass present in the SSPAD effluent. The data collected from the AugBMP control reactors 

showed that the total COD present decreased throughout the duration of the experiment. This 

decrease in total COD indicated that biodegradable material was present inside the 

methanogenic SSPAD effluent that was fed to the AugBMP control reactor. Therefore, the 

AugBMP control reactors were crucial for determining the breakdown of biodegradable 

organics in the SSPAD effluent, such that the influence of the chosen biodegradable organics 

(added for testing substrate composition) could be isolated in the AugBMP test reactors.  

 

It is imperative to note that the PWM_SA_AD model was not taken to be correct and the 

collected data incorrect, however, as the model contains stoichiometry and kinetics that have 

been developed and evaluated over the years, the model provides a useful tool for reconciling 

the data collected and aids in the identification of possible sources of error in the measurements 

conducted. However, in some cases the outcomes determined by the PWM_SA_AD model was 

accurate. For instance, since the SSPAD effluent that was used to inoculate the AugBSP control 

reactor was deemed to comprise mainly of the mediating biomass (with no residual 

biodegradable organics present), the modelled AugBMP control experiment relied entirely on 

the biomass concentrations predicted from the SSPAD model. Consequently, it was observed 

that the estimated concentrations of active biomass in the sulphidogenic SSPAD effluent were 

accurate as the modelled AugBSP control reactor replicated the observed AugBSP control 

reactor well for all four experiments. This outcome emphasised the validity of the biomass 

composition determined by Porges and Hoover (1952), and further justified the assumption of 

negligible residual biodegradable organics in the sulphidogenic SSPAD effluent, as well as 

strengthend the proposed methodology for characterising the organics present in the 

sulphidogenic SSPAD. 

 

The composition of the biodegradable material present in both the AugBMP and AugBSP 

control reactors was identified using the stoichiometric method, as described in Section 3.9.2. 

However, it was observed that in both cases (AugBMP and AugBSP), that an error in the 

composition determined occurred. When reviewing the collected data set as a whole, it was 
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observed that if any error in the measurements occurred for the starting or ending 

concentrations, the composition identified using the stoichiometric method was negatively 

affected. Therefore, it is advised that either more data points be collected for the starting and 

ending concentrations, which then need to be critically evaluated to determine their accuracy, 

or as was done in this thesis, more data points should be collected throughout the experiment 

to identify possible outliers and discrepancies in the data. The latter appears tedious, but will 

ensure accuracy in the long run, as the possible measurement error associated with the starting 

and ending concentrations will be minimised. In summary: 

1.  The measured beginning and ending points give a good indication of the composition 

and biodegradability of the unknown substrate used. 

2. The intermediate points allow for the identification of the parameters used in the 

kinetics of the breakdown processes (e.g., hydrolysis rate). However, the validity of the 

kinetic rates should be assessed and compared to the literature. Furthermore, the data 

set as a whole allows for the measurement error to be spread throughout the experiment, 

minimising the error associated with the starting and ending points. 

 

Casein hydrolysate was chosen, as a substrate worth investigating for both the AugBMP and 

AugBSP experiments, as it contains organically bound nitrogen and phosphorus, similar to that 

of the PSS; therefore, providing the ideal environment for determining the strengths and 

weaknesses of each of the proposed tests in the context of composition identification. It was 

seen that both the AugBMP and AugBSP tests were accurate in determining the casein 

composition, as the results reflected the literature stated values well. However, there was a 

slight discrepancy in the O term of the composition identified, as the value was higher than 

stated in the literature (MC1 and SC1 had O0.596 and O0.577, respectively, instead of O0.35 or 

O0.31, as shown in Hoover and Porges (1952), as C1H1.47O0.35N0.25, and Schrieke and Winter 

(2011) as C1H1.59O0.31N0.25P0.005). The higher O term in the composition identified by the PE 

lowered the total electron donating capacity (COD) of the biodegradable organics relative to 

the mass of casein. However, the elevated O term was observed in both the AugBMP and 

AugBSP experiments, which subsequently suggested that the elevated O term, for the casein 

sample used, was accurate. 

 

Furthermore, the casein hydrolysate was analysed using wet chemistry analysis (as described 

in Section 3.6) for a range of constituent concentration such as COD, TKN, FSA, TP and OP, 

which were then compared to the equivalent concentrations in the casein identified by the PE 
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for both the AugBMP and AugBSP tests. It was observed that the compositions identified by 

the PE replicated the measured constituent concentrations in the casein well. Therefore, it could 

be concluded that both the proposed AugBMP and AugBSP test methods were accurate when 

identifying the composition of a known organic. However, only one test using casein for the 

AugBMP and AugBSP test reactors was conducted. Furthermore, only one substrate with a 

known organic composition was tested. Therefore, there was not enough conclusive evidence 

to confirm that the AugBMP and AugBSP tests could determine the compositions of any 

substrate, as the casein was only used to validate the proposed tests for the context of 

identifying the composition of the biodegradable organics in PSS. Therefore, it is advised that 

more experiments using a diverse range of substrates with a known composition be tested, such 

that the accuracy of these tests can be confirmed.  

 

The AugBMP test had a high level of error associated with the gas measurements taken, as the 

modelled AugBMP test reactor predicted a significantly higher methane gas production. 

However, the volume of methane gas produced was not used as a variable for the PE conducted 

on the AugBMP test experiment; nonetheless, the PE was still able to identify the composition 

of the casein accurately. However, accurate gas measurements were required when identifying 

the composition of the biodegradable organics using the stoichiometric method described in 

Section 3.9.2, as the total carbon released contained in both the gaseous and aqueous phases 

needed to be quantified. Therefore, the stoichiometric identification of the casein composition 

was negatively affected by inaccurate biogas measurements as the C content of the 

biodegradable organics was under predicted. However, for the PWM_SA_AD model, the 

production of methane is directly related to the COD of the biodegradable organics utilised 

throughout the reaction, as the model was COD balanced. Therefore, if the COD measurements 

are taken to be accurate (which in most cases they are as they are performed in the aqueous 

phase), the production of methane is accounted for via the conservation of COD within the 

model. Furthermore, the release of carbon present in the aqueous phase is determined by the 

model using the carbonate alkalinity concentration. Therefore, even though the PE did not 

incorporate the biogas volume produced throughout the experiment, the model was still able to 

identify the casein composition accurately. This outcome highlights the strength of the 

proposed AugBMP experiment, as well as the PWM_SA_AD model combined with the PE 

function as a tool for reconciling parameters from inaccurate gas measurement data, as a 

relatively accurate outcome can still be achieved by minimising the error across the other 

measurements taken. 
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The AugBSP test was proposed as a novel analytical procedure that could be used to identify 

the composition of the biodegradable organics by alleviating the gas measurement error 

associated with the BMP test. The results obtained from the casein experiment illustrate that 

the proposed AugBSP test is a viable substitute for the BMP and AugBMP tests as the 

composition of the biodegradable organics in the casein was accurately determined. However, 

as previously mentioned, it is advised that additional tests be conducted on a range of substrates 

using both the AugBMP and AugBSP methods, such that the strengths and weaknesses of each 

be thoroughly evaluated. However, it was not in the scope of this thesis to conduct these 

measurements as the thesis focused on identifying the composition of the biodegradable 

particulate organics present in PSS, and the casein experiment was conducted purely for 

validation of the proposed methods.  

 

The AugBMP and AugBSP test experiments were then used to identify the composition of the 

biodegradable organics present in PSS, taken from Potsdam. It was observed that the 

compositions identified by each of the AugBMP and AugBSP test experiments differed, which 

was expected as the biodegradable particulates fluctuate based on the treatment plant and the 

collection time. Therefore, the composition of the organics present in sewage is not generic 

and hence specific to the source of the feed, and subsequently requires continuous measurement 

and analysis in order to predict the performance of the AD system to which it is fed. 

 

The results obtained for both the AugBMP and AugBSP test reactors showed that the 

composition, as well as the dynamics regarding the breakdown of the PSS, could be accurately 

represented by the PWM_SA_AD model. However, even though there were discrepancies in 

the model for specific measurements, the PE was successful in determining an outcome that 

minimised the error across all of the observed measurements. Further investigations such as 

sensitivity and uncertainty analyses could be conducted on the PSS composition to ensure 

validity in the compositions identified. In conclusion, the augmented batch test coupled with 

mass balanced mathematical models could improve current analytical methods for substrate 

characterisation, and composition identification, with a specific focus on biodegradability. 
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7.2 Recommendations 
 

Discrepancies were observed in the modelled SSPADs for some constituents such as TKN, TP 

and Alkalinity. The source of this discrepancy was related to (i) the chosen compositions of 

the UPOs in the feed stream, which were taken from the literature (Marais and Ekama, 1976), 

which were not adjusted, as identifying the composition of the inert organic particulates lay 

outside the scope of this investigation, and (ii) the chosen BPO and BSO compositions which 

were adjusted manually via trial and error, as it was not possible to conduct a parameter 

estimation due to the structure of the influent generator present in WEST. Therefore, accurately 

modelling the SSPAD was complex and time consuming to do based on the current method of 

passing the influent feed component masses into the PWM_SA_AD model. The influent 

generator requires a text file containing the measured concentrations of each component as an 

input, which subsequently generates the organic load onto the anaerobic digester. Therefore, 

any changes to the fractionation of the COD groups entering the steady-state AD requires that 

a new influent file be generated using the pre-processor. Ideally, the influent PSS 

characterisation for the residual biodegradable organics (Sbp), the biomass (ZAD) and the UPO 

concentrations should be determined using the measured data for the influent and effluent 

streams combined with the PE function, instead of trial and error. The current configuration of 

passing a text file into the influent generator makes conducting a PE challenging, as the 

variables cannot be changed within the optimisation environment. Therefore, a future research 

project may be the development of tools that can connect influent generators to models such 

that the PE function can be implemented into the automatic pre-processing of the influent 

within the parameter estimation environment, ultimately introducing a better influent wizard 

for the platforms that lack it. 

 

Combining the biomass and residual organics into one collective group, as was done when 

using the stoichiometric composition calculation of Section 3.9.2, is not possible within the 

current PWM_SA_AD model framework, The PWM_SA_AD separates the biomass and 

biodegradable organics into two groups, each with their unique composition. Furthermore, the 

breakdown and decay of these two organic groups are represented using different rates and 

stoichiometry in the model. Therefore, if the residual biodegradable organics and the biomass 

can be combined into one group of organics used to determine the baseline, a parameter 

estimation can be conducted for a grouped composition, removing the need to model the parent 
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steady-state anaerobic digesters, in order to determine the biomass concentrations, present in 

both the augmented control and test reactors.  

 

The proposed analytical testing methods (AugBMP and AugBSP) were accurate in determining 

the composition of the biodegradable organics present in both a known and unknown substrate. 

However, the composition of the biomass and UPO groups were accepted to be from literature 

in the model used for this investigation. This does not imply that they are always fixed, as they 

can be adjusted freely. However, the number of unknowns increased significantly to a point 

where solving the parameters of each group was not possible within the boundaries of this 

thesis. Therefore, it is proposed that future work be conducted by devising an experiment such 

that the compositions of both the UPO and biomass can be identified and validated. Currently, 

the compositions of both the UPO and biomass used for modelling are taken to be the literature 

specified values. However, the proposed testing methodology allows for the composition of 

any group of organics to be identified, provided that sufficient ‘known’ parameters are 

supplied. Therefore, the compositions of the UPOs in primary sludge, waste activated sludge, 

or even a combined composition can be identified. Furthermore, the composition of individual 

biomass groups (Acidogens, Acetogens, Acetoclastic or Hydrogenotrophic) can be identified 

provided the correct adjustments to the model are made. This would greatly benefit processes 

such as thermophilic anaerobic digestion (TAD) or thermal hydrolysis process (THP), as the 

changes in composition and biodegradability of the substrates fed to the respective processes 

could be identified.  

 

The AugBSP control and test reactors showed a discrepancy in the concentration of sulphide 

utilised to the concentration of sulphide produced. The discrepancy was highlighted in the S 

balances, in which the S equivalent from the COD concentration of sulphide produced was 

compared to that of the S equivalent of the sulphate consumed throughout the experiments. 

The discrepancy was further highlighted when modelling the AugBSP control and test reactors 

using the PWM_SA_AD model, as the model was mass balanced. Subsequently, in some cases 

the concentration of sulphide produced during the reaction did not align with the concentration 

of sulphate utilised. The reason for this discrepancy is challenging to identify with certainty, 

as the modelled AugBSP control and test reactors for the remaining constituents (such as FSA, 

OP etc.) were determined relatively accurately by minimising the error across the observed 

measurements. The method used for quantifying the sulphide concentration via the COD 

measurement was confirmed by Poinapen et al. (2009) and was subsequently taken to be 
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correct. Therefore, the error was taken to be due to the sulphate measurements performed using 

the spectrophotometer, as interference due to dissolved constituents may have occurred. The 

possibility of such interferences, within this testing method, is worth investigating further. 

Furthermore, the possibility of Fe3+ as an alternative electron acceptor (present in the primary 

substrate) is of interest and is worth investigating in future studies. 

 

The results obtained in the thesis showed that the AugBMP and AugBSP test were accurate in 

identifying the biodegradable organics present in casein. However, this conclusion was 

achieved based on a single set of experiments on a single organic substrate with a known 

composition. Therefore, it is recommended that a diverse range of known compounds be tested 

using both the AugBMP and AugBSP tests, such that the validity and accuracy of each test be 

thoroughly investigated. The tested substrates should include a “synthetic” PSS made of a 

mixture of synthetic substrate cellulose, fat and proteins with a known elementary composition. 

This investigation will highlight the strengths and weaknesses associated with each respective 

test and identify the conditions in which one test may be favoured over another.  

 

It was observed in both the AugBMP and AugBSP experiments, that the concentration of 

acetate (VFAs) accumulating in the modelled environment was challenging to replicate 

accurately. Therefore, additional experiments on the intermediates (glucose and 

acetate/propionate) in the PWM_SA_AD model should be investigated and validated. This 

investigation can be performed using the augmented batch tests and substrates with a known 

composition, as well as more advanced analytical procedures such as HPLC. Furthermore, the 

VFA concentration was determined using the 5-point titration method of Moosbrugger et al. 

(1993) and the accompanying speciation routine. Therefore, it is also recommended that the 

current methods used for determining the VFA concentration in both the methanogenic and 

sulphidogenic systems be checked for accuracy and validity. The investigation into improving 

the model intermediates would prove beneficial in the long run, as issues like substrate 

inhibition can be identified and resolved using the augmented batch tests, provided accurate 

measurements are collected, and the intermediates are correctly represented within the 

PWM_SA_AD model. 

 

The data collected for the biogas measurements had a significantly high level of error. This 

high level of error affected the accuracy of the COD balances in the AugBMP control and test 

reactors, as well as the composition identification using the stoichiometric identification 
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method proposed in Section 3.9.2. Therefore, in order to achieve accurate gas measurements, 

additional work is required to determine an accurate and reliable method for quantifying the 

gas produced. A suggestion for improving the gas measurements is, instead of using the 

inverted gas columns submerged in a water bath, the wet-tip gas meter, as described in Section 

3.2.1 should be used. The wet-tip gas meter uses a tipping mechanism to quantify the volume 

of methane gas produced. Furthermore, the wet-tip gas meter can be calibrated to measure the 

biogas produced in 45ml increments. Therefore, (i) the biogas produced is not exposed to 

pressure lower than that of atmospheric, as water was sucked into the inverted columns, and 

(ii) the diffusion of CO2 and CH4 into the water is minimised as the gas is only in contact with 

the water for a brief period of time before the gas meter tips (quantifying the gas produced and 

releasing it from the tipping mechanism). 

 

The quantification of the model fit relative to the observed data can be investigated further, 

especially in the context of validating the chosen model for industrial-scale processes. A further 

research project could achieve this by consolidating an extensive data set for each of the unit 

processes of a treatment plant and assessing the accuracy of the model fitted data. 
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Appendix A: Weak Acid/Base Chemistry 

The equations used for determining the total alkalinity are described below (Loewenthal et al. 

(1991): 
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Appendix B: Gas Chromatography Data 

 
Table B. 1: GC Data 04.05.2018 

 
 

 
Table B. 2: GC Data 03.12.2018 

 

Date
Unit %
Injection 1 2 3 4 Average Partial Pressure 
24.3% Standard 1096309 903604 947672 1056314 1000975 24.3
50% Standard 2512687 2495438 2422544 2340860 2442882 50
Headspace Sample 2899181 3089975 2887917 2963326 2960100 59.2

Area injection displacement
04.05.2018

Date
Unit %
Injection 1 2 3 Average Partial Pressure 
24.3% Standard 665492 589566 618942 624667 24.3
50% Standard 1216663 1184665 1192076 1197801 50
Headspace Sample 1400258 1310281 1312514 1341017 56.4
Date
Unit %
Injection 1 2 3 Average Partial Pressure 
24.3% Standard 584567 600129 570808 585168 24.3
50% Standard 1325783 1254023 1215654 1265153 50
Headspace Sample 1472575 1312539 - 1392557 54.8
Date
Unit %
Injection 1 2 3 Average Partial Pressure 
24.3% Standard 611687 577545 568562 585931 24.3
50% Standard 1227232 1206663 1309753 1247882 50
Headspace Sample 1433655 1520051 - 1476853 58.9
Date
Unit %
Injection 1 2 3 Average Partial Pressure 
24.3% Standard 1013127 1047450 1059630 1040069 24.3
50% Standard 2260162 2363626 2141767 2255185 50
Headspace Sample 2632358 2714554 - 2673456 58.8

57.2

05.12.2018

04.12.2018

03.12.2018
Area under injection displacement

Area under injection displacement

Average Partial Pressure

Area under injection displacement

Area under injection displacement
06.12.2018
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Table B. 3: GC Data 22.05.2018 

 
 

Date

Unit %

Injection 1 2 3 Average Partial Pressure 
24.3% Standard 1243110 1178765 1206035 1209303 24.3
50% Standard 2739003 2765663 2926128 2810265 50
Test Reactor 1 4142267 4144736 - 4143502 71.6
Test Reactor 2 3755893 3888876 - 3822385 66.4
Test Reactor 3 - - - - -
Control Reactor 1 3549985 3605828 - 3577907 62.4
Control Reactor 2 3797595 3598959 - 3698277 64.4
Control Reactor 3 - - - - -
Date

Unit %

Injection 1 2 3 Average Partial Pressure 
24.3% Standard 1431845 1342741 1427864 1400817 24.3
50% Standard 2745290 2650648 2792516 2729484 50
Test Reactor 1 3861398 3681289 - 3771343 70.5
Test Reactor 2 3684018 3820991 - 3752505 70.1
Test Reactor 3 - - - - -
Control Reactor 1 3068590 3193383 - 3130986 57.9
Control Reactor 2 3793309 3447406 - 3620357 67.5
Control Reactor 3 - - - - -
Date

Unit %

Injection 1 2 3 Average Partial Pressure 
24.3% Standard 1277059 1301429 1266178 1281555 24.3
50% Standard 2700368 2677600 2664119 2680696 50
Test Reactor 1 3125477 3023153 - 3074315 57.3
Test Reactor 2 3138884 2973157 - 3056021 57.0
Test Reactor 3 3148970 3012119 - - 57.5
Control Reactor 1 2400254 2321061 - 2360657 44.0
Control Reactor 2 2671518 2586174 - 2628846 49.0
Control Reactor 3 1206275 1137029 - - 21.8*

66.5
64.5
57.5
54.8
60.3
-

22.05.2018

Area under injection displacement

22.05.2018

Area under injection displacement

22.05.2018

Area under injection displacement

Average Partial Pressures

Control Reactor 3
Control Reactor 2
Control Reactor 1

Test Reactor 3
Test Reactor 2
Test Reactor 1
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Table B. 4: GC Data 11.12.2018 

 
 

Date

Unit %

Injection 1 2 3 Average Partial Pressure 
24.3% Standard 1146600 1315564 1269782 1243982 24.3
50% Standard 2673151 2715268 2687681 2692033 50
Test Reactor 1 2391732 2632846 - 2512289 46.8
Test Reactor 2 - - - - -
Test Reactor 3 - - - - -
Control Reactor 1 2817183 2656758 - 2736970 50.8
Control Reactor 2 - - - - -
Control Reactor 3 - - - - -
Date

Unit %

Injection 1 2 3 Average Partial Pressure 
24.3% Standard 1009764 883123 794323 895737 24.3
50% Standard 1964480 1991802 1897290 1951190 50
Test Reactor 1 - - - - -
Test Reactor 2 1889805 1785537 - 1837671 47.2
Test Reactor 3 - - - - -
Control Reactor 1 - - - - -
Control Reactor 2 2230600 2300797 - 2265699 57.8
Control Reactor 3 - - - - -
Date

Unit %

Injection 1 2 3 Average Partial Pressure 
24.3% Standard 1195405 1228749 1348124 1257426 24.3
50% Standard 2390810 2457498 2696249 2514852 50
Test Reactor 1 - - - - -
Test Reactor 2 - - - - -
Test Reactor 3 1971504 1990423 - - 38.9
Control Reactor 1 - - - - -
Control Reactor 2 - - - - -
Control Reactor 3 1935391 1997383 - - 38.6
Date

Unit %

Injection 1 2 3 Average Partial Pressure 
24.3% Standard 1312774 1392966 1307858 1337866 24.3
50% Standard 2625548 2785933 2615717 2675732 50
Test Reactor 1 3322616 3165618 - 3244117 61.1
Test Reactor 2 3421790 3958075 - 3689932 69.8
Test Reactor 3 3545195 3272013 - 3408604 64.3
Control Reactor 1 2498200 2592996 - 2545598 47.5
Control Reactor 2 2806728 2902467 - 2854598 53.5
Control Reactor 3 2865349 2848518 - 2856933 53.5

53.9
58.5
51.6
49.1
55.6
46.1

11.12.2018

Area under injection displacement

12.12.2018

Area under injection displacement

13.12.2018

Area under injection displacement

Average Partial Pressures

Test Reactor 1
Test Reactor 2
Test Reactor 3

Control Reactor 1
Control Reactor 2
Control Reactor 3

21.12.2018

Area under injection displacement
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Appendix C: Methanogenic Steady State Reactor Data 

 
Table C. 1: Methanogenic Steady State Digester Data 

 
  

Constituent Average Average Average Average Average Average

COD Unit 01.02.2018 03.02.2018 06.02.2018 20.02.2018 30.01.2018 02.02.2018 07.02.2018 20.02.2018 02.05.2018 03.05.2018 04.05.2018 05.05.2018 02.05.2018 03.05.2018 04.05.2018 05.05.2018 01.12.2018 03.12.2018 04.12.2018 05.12.2018 06.12.2018 01.12.2018 03.12.2018 04.12.2018 05.12.2018 06.12.2018

Total 1 mgCOD/l 68988 45992 46894 44933 19238 18992 16678 17811 62800 61046 50477 38632 20080 16867 15903 15743 55214 57502 55761 60863 64872 22972 22490 23453 25702 23132

Total 2 mgCOD/l 53958 39679 51703 45844 19238 19317 18621 17487 54969 62504 50112 52846 19437 17188 13654 14779 54486 57097 57948 56490 63779 24899 22811 24096 26024 23453

Total 3 mgCOD/l - - - - 49749 - - - - 18423 51053 48654 44281 47743 52093 19437 15903 19116 14136 16854 56672 58312 56855 63415 58519 23614 22490 23775 25381 25060 23957

Soluble 1 mgCOD/l 6463 6012 6613 6983 6012 6006 4048 4534 7078 7107 5649 5831 8193* 3373 2088 2570 7107 7289 7289 7289 6925 5622 3855 4819 4819 4177

Soluble 2 mgCOD/l 6764 6313 6313 7286 6593 6012 4707 3724 4534 4947 6777 7836 5285 6196 6470 5301 3695 1767 2249 3006 7471 7694 6925 6925 7289 7220 5944 3855 4498 3855 4819 4626

TKN

Total 1 mgTKN-N/l 1349 971 903 971 - 1295 1183 1197 1360 1432 1276 1288 1085 1141 1085 1141 1242 1317 1253 1242 1634 1267 1253 1281 1218 1183

Total 2 mgTKN-N/l 1318 982 1171 866 - 1722 1218 1204 1155 1363 1299 1392 1680 1134 1078 1113 1265 1271 1299 1236 1127 973 1288 1218

Total 3 mgTKN-N/l - - - - 1066 - 1211 1148 1085 1251 1323 1346 1305 1386 1327 2002 1288 1064 1232 1254 283 277 271 243 295 938 595 560 595 686 1019

FSA

Total 1 mgFSA-N/l 58 89 42 121 581 497 441 637 278 202 133 219 735 840 455 651 133 110 127 116 104 525 1414 553 560 567

Total 2 mgFSA-N/l 47 79 42 89 588 581 434 546 252 237 156 364 1106 567 469 700 162 347 156 104 121 518 532 532 546

Total 3 mgFSA-N/l 241.5* 74 53 116 74 721 483 448 476 536 242 196 162 173 218 581 525 630 665 660 127 578 133 116 174 539 532 525 539 539 602

TP

Total 1 mgTP-P/l - - - 137 - - - 185 152 148 146 155 229 190 166 206 227 165 209 179 176 174 185 194

Total 2 mgTP-P/l - - - 154 145 - - - 187 186 152 147 145 155 224 190 158 205 229 167 211 188 176 191 186 190

Total 3 mgTP-P/l 222 146 133 136 233 178 159 206 230 174 213 177 186 176 184 187

Total 4 mgTP-P/l 154 146 134 152 135 226 179 186 161 205 236 165 273 198 181 181 193 188 186 185

OP

Total 1 mgOP-P/l 95.4 95.4 95.4 54.7 20.0 20.0 20.0 23.9

Total 2 mgOP-P/l 76.6 76.6 76.6 - 27.1 27.1 27.1 - 36.8 42.4 44.3 19.2 4.4 16.4 65.5 55.4 60.5 59.5 62.7 49.1 41.6 40.4 36.5 35.9

Total 3 mgOP-P/l 90.0 90.0 90.0 - 84 23.6 23.6 23.6 - 23.6 37.3 41.3 45.7 41 11.6 6.6 18.1 13 66.1 56.0 60.4 59.8 63.0 61 51.0 36.3 39.4 37.1 38.3 41

Solids

TSS 1 mgTSS/l 28590 25767 26655 - 13384 12868 - - 31997 27657 44535 25458 11998 11826 10656 11304 35523 37751 37517 37041 36049 17350 16156 16906 17506 15892

TSS 2 mgTSS/l 26633 24334 26513 - 26415 13106 12576 - - 12984 26039 26397 12717 23108 27238 9244 11338 8698 8836 10488 31770 32324 31529 32160 31016 34268 14006 13246 14028 14688 12976 15275

VSS 1 mgVSS/l 23730 20775 21557 - 9988 9614 - - 26442 23270 39662 21631 9094 8812 7838 8456 28715 31131 16053* 30167 30138 13136 12444 12738 13220 11968

VSS 2 mgVSS/l 22229 19637 21546 - 21579 9736 9342 - - 9670 21977 22665 17027 19790 24058 7398 8986 6776 6861 8028 25301 26195 26592 25682 26436 27817 10336 11646 10772 12984 9962 11921

ISS 1 mgISS/l 4860 4992 5099 - 3396 3254 - - 5555 4387 4873 3826 2904 3014 2818 2848 6809 6619 21463* 6875 5912 4214 3712 4168 4286 3924

ISS 2 mgISS/l 4404 4698 4966 - 4836 3370 3234 - - 3313 4062 3732 3318 4251 1846 2352 1922 1975 2460 6470 6129 4937 6478 4580 6090 3670 1600 3256 1704 3014 3355

pH

pH 5.50 5.40 5.50 5.60 5.50 6.99 7.01 7 6.99 7.00 5.37 5.34 5.45 5.39 5.39 7.081 7.067 7.077 7.125 7.09 4.95 5.06 5.11 5.09 5.10 5.06 7.06 7.107 7.094 7.14 7.134 7.11

Alkalinity

Carbonate + H2O mg/l as CaCO3 1.8 2.3 2.4 2.0 2.1 1111 2208 2447 2237 2001 107.1 84.1 118.2 121.4 107.7 2754 2585 2745 2641 2681 61.2 74.1 74.8 73.9 78.3 71.0 2535 2401 2512 2577 2480 2501

Ammonia mg/l as CaCO3 0.0 0.0 0.0 0.1 0.0 19.0 12.4 9.9 11.7 13.2 0.0 0.0 0.0 0.0 0.0 19.9 15.5 14.6 19.2 17.3 0.0 0.0 0.0 0.0 0.0 0.0 12.7 25.0 13.3 15.8 14.5 16.3

Phospahte mg/l as CaCO3 3.8 2.9 4.4 3.1 3.5 25.6 22.9 23.2 22.3 23.5 0.5 0.3 0.5 0.6 0.5 16.4 15.7 5.8 19.4 14.3 0.3 0.3 0.3 0.3 0.3 0.3 50.3 61.3 53.6 39.6 38.5 48.7

Sulphide mg/l as CaCO3 0 0 0 0 0.0 0 0 0 0 0 0 0 0 0 0.0 0 0 0 0 0 0 0 0 0 0 0.0 0 0 0 0 0 0

VFA mg/l as CaCO3 757 983 926 1161 956.6 0 0 0 31 8 1 1 1 1 1.2 2 2 2 2 2 1 1 1 1 1 1.1 2 2 2 2 2 2

Total mg/l as CaCO3 763 988 933 1166 962.3 1156 2243 2480 2303 2045 109 86 120 123 109.4 2792 2619 2767 2681 2715 62 75 76 75 80 73.9 2600 2490 2581 2635 2535 2568

Species Conc

CT mg/l as C 0 0 1 1 0 296 610 676 632 553 432 347 399 457 409 748 711 747 702 727 565 547 488 509 564 535 700 652 691 695 677 683

VFA mg/l as Hac 1051 1413 1284 1567 1328 0 0 0 38 9 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3

Steady State Methanogenic EffluentSteady State Methanogenic InfluentSteady State Methanogenic EffluentSteady State Methanogenic Influent

MP1 MP2 MP3

Date Date Date Date Date

Steady State Methanogenic Influent Steady State Methanogenic Effluent

Date
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Appendix D: Sulphidogenic Steady State Reactor Data 

 
Table D. 1: Sulphidogenic Steady State Digester Data 

 
  

Constituent Average Average Average Average Average Average
COD Unit 6.11.2018 7.11.2018 8.11.2018 9.11.2018 10.11.2018 6.11.2018 7.11.2018 8.11.2018 9.11.2018 10.11.2018 21.01.2019 22.01.2019 23.01.2019 24.01.2019 25.01.2019 21.01.2019 22.01.2019 23.01.2019 24.01.2019 25.01.2019 02.04.2019 03.04.2019 02.04.2019 03.04.2019

Total 1 mgCOD/l 1427 1538 1384 1438 1404 48 1635 1968 1992 1651 1674 1723 1726 1662 1681 1364 116 2000 1635 1706 1690 1405 1593 1557 43 1016 921
Total 2 mgCOD/l 1459 1498 1414 1458 1394 1441 1714 1936 1960 1667 1627 1782 1713 1567 1562 1731 1701 1643 2127 1651 1674 1738 1421 1705 1493 1528 1543 936 873 936
Soluble 1 mgCOD/l 148 121 120 99 76 24 663 730 700 667 681 170 171 140 120 92 32 829 809 807 776 748 94 77 10 401 425
Soluble 2 mgCOD/l 138 129 126 97 78 113 667 738 704 675 684 691 180 177 154 122 102 143 833 813 819 780 740 796 90 101 91 397 421 411
Organic 1 mgCOD/l - - - - - 91 67 69 56 46 - - - - - 119 111 117 101 109 - - 107 79
Organic 2 mgCOD/l - - - - - - 79 79 65 56 50 66 - - - - - - 127 115 113 105 101 112 - - - 103 119 102
Sulphide 1 mgCOD/l - - - - - 571 663 631 611 635 - - - - - 710 698 690 675 639 - - 294 345
Sulphide 2 mgCOD/l - - - - - - 587 659 639 619 635 625 - - - - - - 706 698 706 675 639 684 - - - 294 302 309

Sulphate
Total 1 mgSO4/l 1500 1500 1500 1500 1500 113 73 107 101 102 1500 1500 1500 1500 1500 - 144 85 175 121 1500 1500 643 606
Total 2 mgSO4/l 1500 1500 1500 1500 1500 1500 100 - 92 94 91 97 1500 1500 1500 1500 1500 1500 - 142 81 171 117 129 1500 1500 1500 633 614 624

TKN
Total 1 mgTKN-N/l 42.0 38.2 43.4 91.0 21.1 45.8 49.8 51.8 42.8 51.8 43.8 41.6 40.5 39.8 40.2 31.2 54.8 52.1 60.5 46.2 36.7 38.1 20.4 31.5
Total 2 mgTKN-N/l 37.0 39.9 44.5 86.8 20.4 49.0 47.9 52.5 46.3 49.8 39.3 36.7 40.6 40.7 32.5 24.6 47.0 11.5 - 37.8 37.5 28.3 17.6
Total 3 mgTKN-N/l 41.0 38.0 42.1 85.1 20.0 46.0 47.2 47.6 50.8 43.3 47.2 48.2 6.6 9.1 11.7 7.3 6.0 28.8 9.5 15.8 17.9 21.8 - 32.7 5.8 5.9 37.5 10.5 5.9 24.5

FSA
Total 1 mgFSA-N/l 2.7 3.6 1.7 2.7 3.1 19.3 7.6 13.0 15.1 16.9 4.8 3.8 3.6 3.7 3.6 18.3 15.1 15.7 16.5 15.0 5.2 3.6 10.2 -
Total 2 mgFSA-N/l 3.1 2.6 2.1 2.9 3.2 13.9 13.2 13.7 17.4 15.5 4.1 4.2 3.7 3.5 3.6 16.5 15.3 16.0 16.8 15.1 4.6 3.5 8.5 6.9
Total 3 mgFSA-N/l 2.7 2.2 2.9 3.1 2.8 2.76 13.3 12.7 13.3 14.3 15.7 14.3 4.6 4.1 3.9 3.9 - 14.7 15.4 16.4 15.4 15.9 4.6 3.9 4.2 8.7 7.0 8.3

TP
Total 1 mgTP-P/l 9.0 7.6 6.8 6.8 6.3 8.3 8.0 7.5 6.9 7.5 5.3 5.9 5.4 4.6 5.2 6.8 6.6 8.1 7.2 5.7 5.6 8.6 4.6 4.5
Total 2 mgTP-P/l 8.8 7.3 6.8 6.7 6.3 7.2 8.1 7.8 7.2 7.3 7.2 7.6 5.3 5.9 5.5 4.7 5.1 6.9 6.6 8.1 7.2 5.6 5.6 5.6 6.4 4.4 4.5 4.5
Soluble 1 mgTP-P/l - - - - - 3.9 3.8 3.7 3.9 3.6 5 6 5 5 5 6.8 6.7 8.0 7.0 5.9 - - 2.6 2.4
Soluble 2 mgTP-P/l - - - - - 4.1 3.5 3.8 4.1 3.7 3.8 5 6 5 5 5 5.3 6.8 6.8 8.1 14.4 6.1 7.3 - - 2.6 2.6 2.5

OP
Total 1 mgOP-P/l 2.4 2.2 2.9 2.7 2.5 3.9 3.8 3.7 3.9 3.6 2.2 2.3 2.2 2.1 1.7 3.7 3.8 3.4 3.8 4.1 1.6 1.2 2.6 2.4
Total 2 mgOP-P/l 2.3 2.3 2.9 2.7 2.4 2.5 4.1 3.5 3.8 4.1 3.7 3.8 2.2 2.3 2.2 2.0 1.7 2.1 3.7 3.7 3.2 3.8 4.1 3.7 1.7 1.2 1.4 2.6 2.6 2.5

Solids
TSS 1 mgTSS/l 824 899 866 862 830 844 834 1068 674 700 904 869 910 812 862 694 562 510 384 374 1168 981 400 452
TSS 2 mgTSS/l 833 813 874 862 826 849 762 882 782 632 602 778 891 929 889 935 829 883 626 566 488 330 402 494 948 1009 1027 502 436 448
VSS 1 mgVSS/l 749 820 763 784 758 540 568 628 504 522 778 757 790 691 752 448 366 380 266 276 959 796 224 260
VSS 2 mgVSS/l 753 723 776 775 826 773 556 636 562 460 494 547 785 808 771 801 829 776 368 408 358 242 308 342 778 831 841 250 248 246
ISS 1 mgISS/l 75 79 103 78 72 304 266 440 170 178 126 112 120 121 110 246 196 130 118 98 209 185 176 192
ISS 2 mgISS/l 80 90 98 87 77 84 206 246 220 172 108 231 106 121 118 134 112 118 258 158 130 88 94 152 170 178 186 252 188 202

pH
pH 2.79 2.61 2.50 2.82 2.67 2.68 7.17 7.26 7.26 7.22 7.28 7.24 2.50 2.60 2.40 2.00 2.00 2.30 7.30 7.35 7.30 7.11 7.13 7.24 2.75 2.83 2.79 7.01 7.07 7.04

Alkalinity
Carbonate mg/l as CaCO3 0.0 0.0 0.0 0.0 0.0 0.0 965.0 910.9 915.0 914.2 918.8 924.8 0.0 0.0 0.0 0.0 0.0 0.0 919.5 939.9 884.3 950.9 1040.1 946.9 0.0 0.0 0.0 607.1 604.7 605.9
Ammonia mg/l as CaCO3 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.5 0.6 0.7 0.8 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.7 0.6 0.5 0.4 0.6 0.0 0.0 0.0 0.3 0.2 0.3
Phosphate mg/l as CaCO3 -0.6 -0.8 -1.3 -0.6 -0.9 -0.8 4.3 4.2 4.3 4.5 4.2 4.3 -0.8 -0.8 -1.1 -1.8 -1.5 -1.2 4.2 4.3 3.5 3.6 3.9 3.9 -0.4 -0.3 -0.3 2.3 2.4 2.4
Sulphide mg/l as CaCO3 0 0 0 0 0 0.0 288.4 354.7 332.5 320.0 336.7 326.5 0 0 0 0 0 0.0 373.0 378.9 345.4 295.5 284.6 335.5 0 0 0.0 126.6 149.1 137.8
VFA mg/l as CaCO3 0.4 0.2 0.1 0.2 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.3 0.2 0.1 0.0 0.2 123.7 113.4 195.7 165.8 95.1 138.7 0.2 0.2 0.2 0.0 0.0 0.0
H20 mg/l as CaCO4 1250.4 1901.2 2426.8 1166.9 1648.3 1678.7 0.0 0.0 0.0 0.0 0.0 0.0 2438.0 1936.6 3069.3 7709.7 7709.7 4572.6 0.0 0.0 0.0 0.0 0.0 0.0 1371.0 1132.5 1251.7 0.0 0.0 0.0
Total mg/l as CaCO3 1250.2 1900.7 2425.6 1166.5 1647.4 1678.1 1258.3 1270.3 1252.4 1239.4 1260.5 1256.2 2437.4 1936.0 3068.3 7708.0 7708.2 4571.6 1421.2 1437.3 1429.4 1416.2 1424.2 1425.7 1370.8 1132.5 1251.6 736.3 756.4 746.3
Species Concentration

CT mg/l as C 5.8 8.8 11.5 15.0 15.2 11.3 257.2 237.8 240.5 240.7 240.7 243.4 4.3 6.5 7.3 9.8 12.1 8.0 241.3 244.6 236.1 263.2 286.4 254.3 15.2 16.1 15.7 169.0 164.9 167.0
VFA mg/l as acetate 37.4 35.3 22.8 15.6 7.0 23.6 0.0 0.0 0.0 0.0 0.0 0.0 42.0 37.7 39.4 37.3 28.9 37.0 148.8 136.4 235.4 199.7 114.5 167.0 22.8 19.0 20.9 0.0 0.0 0.0

SP3SP2SP1
Steady State Sulphide Influent Steady State Sulphide Effluent

Date Date Date Date Date Date
Steady State Sulphideogenic Influent Steady State Sulphidogenic Effluent Steady State Sulphideogenic Influent Steady State Sulphidogenic Effluent
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Appendix E: Methanogenic Batch Test (AugBMP) Data 

Table E. 1: MC1 Data 

 
 

Date 21.02.19 22.02.19 23.02.19 24.02.19 25.02.19 26.02.19 27.02.19 01.03.19 02.03.18 03.03.18 06.03.19 07.03.19 12.03.19
Time 0 24 48 72 96 120 144 192 216 240 312 336 456

Total COD mgCOD/l 10401.4 10963.7 9939.6 10521.9 9899.4 9538.0 9337.2 9558.1 8413.5 7851.3 6546.1 7289.0 8333.2
Soluble Organic COD mgCOD/l 1084.3 1947.8 1927.7 1626.5 1385.5 1726.9 1706.8 1566.2 1646.6 1586.3 983.9 1224.9 1104.4
Carbonate Alk mg/l as CaCO3 1113.1 1161.8 1175.9 1206.6 1241.8 1256.0 1263.8 1252.3 1252.6 1222.4 1432.1 1413.8 1428.5
VFA Conc mg/l as Acetate 193.0 204.3 226.9 226.7 211.1 184.2 195.2 212.1 244.8 288.0 0.0 0.0 0.0
FSA mgN/l 235.2 266.7 250.3 259.0 250.3 210.8 222.6 214.2 215.6 216.3 207.5 210.8 216.7
OP mgP/l 13.2 23.7 18.5 15.9 20.1 17.5 20.1 21.9 20.5 27.8 16.2 63.8
OP Adjusted mgP/l 13.2 23.7 18.5 15.9 20.1 16.3 20.1 21.9 20.5 19.3 16.2 23.0
VSS mgVSS/l 4476.0 4797.3 4718.0 4733.0 4742.0 4595.3 4619.3 4569.3 4594.7 4564.0 4515.3 4538.7 4496.7
Carbon Gas Mass mgC 0.0 141.8 268.5 404.9 523.0 617.1 676.5 767.8 804.7 811.1 857.9 863.5 879.9
CH4 mol mol CH4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
pH pH 7.3 7.2 7.2 7.1 7.1 7.1 7.1 7.1 7.1 7.1 7.2 7.2
VFA COD mgCOD/l 205.9 218.0 242.0 241.8 225.1 196.5 208.3 226.2 261.1 307.2 0.0 0.0 0.0
Total Alk mg/l as CaCO3 1297.2 1365.0 1389.6 1417.1 1442.0 1429.6 1449.5 1454.2 1479.3 1484.9 1459.7 1441.5 1462.4
CT mg/l 295.7 312.3 322.9 333.9 347.1 350.5 355.5 349.3 353.1 341.2 376.0 371.3 378.2

Total COD mgCOD/l 13192.6 12991.8 12469.7 12931.5 12188.6 13092.2 11867.3 11124.3 9457.7 9377.4 6686.6 7730.8 8273.0
Soluble Organic COD mgCOD/l 5542.1 5602.3 5120.4 4939.7 4578.2 4497.9 4317.2 4216.8 3453.8 3293.1 1787.1 2710.8 1847.4
Carbonate Alk mg/l as CaCO3 644.6 836.0 998.0 1110.0 1204.1 1372.9 1395.4 1451.2 1722.5 1782.4 2064.0 2131.9 2356.8
VFA Conc mg/l as Acetate 282.1 1121.5 1257.5 1266.9 1235.3 1116.9 1078.4 1027.3 805.7 750.6 502.1 418.1 207.3
FSA mgN/l 168.0 431.9 502.3 553.7 532.0 473.2 510.3 537.6 529.2 529.2 527.1 523.6 557.9
OP mgP/l 23.8 48.4 52.8 55.1 70.5 51.5 60.7 49.7 41.7 43.2 47.2 71.6
OP Adjusted mgP/l 20.3 45.4 48.8 55.1 62.5 51.5 54.7 49.7 41.7 43.2 42.2 43.8
VSS mgVSS/l 4291.3 3753.3 4026.7 2872.7 4070.7 3952.7 3858.0 3994.7 3868.7 3948.0 3978.7 3857.3 3869.3
Carbon Gas Mass mgC 0.0 341.4 698.9 894.8 1055.1 1215.4 1375.4 1735.0 2003.5 2191.8 2796.6 2946.6 3456.3
CH4 mol mol CH4 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2
pH pH 7.1 6.7 6.7 6.8 6.8 6.9 6.9 7.0 7.0 7.1 7.3 7.3
VFA COD mgCOD/l 300.9 1196.2 1341.4 1351.4 1317.7 1191.4 1150.3 1095.7 859.4 800.6 535.6 445.9 221.1
Total Alk mg/l as CaCO3 903.2 1798.7 2079.6 2209.3 2287.6 2352.3 2348.3 2363.3 2444.8 2464.1 2555.8 2553.3 2608.3
CT mg/l 177.4 266.7 311.8 337.0 356.5 397.7 400.8 406.7 477.8 487.3 536.0 553.9 609.8

MC1

Control Reactor Average

Test Reactor Average
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Table E. 2: MP1 Data 

 

Date 22.02.18 23.02.18 24.02.18 25.02.18 26.02.18 27.02.18 28.02.18 01.03.18 02.03.18 03.03.18 05.03.18 06.03.18 07.03.18 09.03.18 10.03.18 12.03.18 14.03.18 16.03.18 19.03.18 22.03.18 23.03.18
Time 0 23 47 71 95 119 142 167 191 215 263 286 311 359 383 431 479 527 599 671 695

Total COD mgCOD/l 8730.2 8662.7 8042.0 7475.3 8055.5 7731.7 7082.2 7243.2 7109.1 6961.5 5861.6 6210.4 5933.3 6680.0 6693.3 6693.3 6173.3 6120.0 6308.0 6308.0 6852.5
Soluble Organic COD mgCOD/l 2078.0 1551.7 1268.4 1281.9 1349.3 1322.3 1247.4 1247.4 1448.6 1260.9 1153.5 1354.7 1253.3 1106.7 1053.3 1160.0 1106.7 1186.7 1049.1 1168.6 1115.5
Carbonate Alk mg/l as CaCO3 1139.4 1192.6 1112.1 1216.7 1232.1 1238.3 1238.9 1222.2 1220.2 1262.2 1271.0 1280.4 1282.5 1331.1 1336.4 1321.8 1318.9 1309.8 1339.6 1324.6 1352.9
VFA Conc mg/l as Acetate 0.7 0.7 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 103.3 6.9 4.7 4.9
FSA mgN/l 171.5 177.3 180.3 189.6 186.7 206.1 207.7 212.2 213.7 217.8 264.3 217.5 219.5 230.7 231.8 294.9 248.3 224.9 234.6 264.1 256.5
OP mgP/l 14.4 14.1 18.1 19.0 20.7 22.3 24.7 20.4 19.2 9.7 18.3 20.8 23.7 18.2 19.1 18.8 14.1 20.0 23.7 20.5 19.5
VSS mgVSS/l 5019.3 4530.0 4404.0 4349.3 4197.3 4308.7 4098.7 4107.3 4336.0 4184.7 4156.0 4031.3 4150.0 4064.0 4081.3 3960.7 3800.0 3920.7 4060.7 3995.3 3987.3
CH4 mol mol CH4 0.000 0.011 0.017 0.020 0.023 0.026 0.026 0.027 0.028 0.030 0.031 0.032 0.032 0.033 0.034 0.034 0.034 0.033 0.034 0.034 0.034
pH pH 7.3 7.3 7.3 7.3 7.2 7.2 7.2 7.2 7.2 7.2 7.2 7.2 7.2 7.1 7.2 7.2 7.1 7.2 7.2 7.2 7.2
VFA COD mgCOD/l 0.8 0.8 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 110.2 7.4 5.1 5.2
Total Alk mg/l as CaCO3 1166.2 1218.3 1142.3 1247.3 1263.0 1272.1 1275.6 1254.1 1250.1 1282.0 1300.3 1312.2 1315.9 1356.6 1364.6 1352.7 1341.9 1424.8 1378.4 1357.9 1385.9
CT mg/l 299.0 310.0 289.9 318.0 325.2 326.2 325.6 321.9 322.0 334.2 338.6 338.9 341.1 360.2 357.2 351.5 354.7 347.8 358.6 357.2 363.0

Total COD mgCOD/l 11428.9 9998.6 10160.5 9769.2 10160.5 10025.5 9322.3 8986.9 8343.1 8812.6 6948.1 6787.1 6720.0 6946.7 6786.7 7093.3 6626.7 6360.0 6308.0 6799.4 6812.6

Soluble Organic COD mgCOD/l 2010.5 1916.1 1673.2 1713.7 1983.5 1821.6 1609.6 1703.5 1743.7 1757.1 1395.0 1368.2 1346.7 1106.7 1226.7 1146.7 946.7 1133.3 1009.3 1128.8 969.4

Carbonate Alk mg/l as CaCO3 473.0 679.8 675.2 620.5 615.5 627.2 644.8 639.9 724.2 733.5 796.5 817.9 862.5 974.3 983.0 1007.1 1004.1 1004.7 1028.5 1013.3 1018.7
VFA Conc mg/l as Acetate 191.8 106.2 153.8 234.6 253.6 255.2 260.9 246.4 221.3 209.1 152.6 104.5 89.3 0.0 0.0 0.0 0.0 0.0 0.0 1.6 0.0
FSA mgN/l 89.8 125.4 116.1 138.3 131.8 131.1 145.6 140.7 144.7 153.5 164.6 161.5 152.1 151.2 160.1 164.7 165.7 163.3 160.5 211.1 212.8
OP mgP/l 17.7 20.7 16.9 23.1 22.4 27.7 23.8 24.3 24.7 11.1 22.0 25.4 24.8 22.4 23.8 23.5 19.1 26.9 24.3 20.3 23.2
VSS mgVSS/l 6502.0 4980.7 5207.3 4799.3 4936.0 4862.7 4548.7 4594.7 4521.3 4514.0 4234.7 4156.7 4021.3 4163.3 4063.3 3964.0 4240.0 3823.3 3978.0 3812.7 3839.3
CH4 mol mol CH4 0.000 0.022 0.038 0.052 0.065 0.080 0.091 0.102 0.114 0.125 0.148 0.159 0.167 0.177 0.182 0.186 0.186 0.184 0.187 0.186 0.187
pH pH 6.9 6.9 6.7 6.6 6.5 6.5 6.6 6.6 6.7 6.7 6.7 6.8 6.8 6.8 6.9 6.9 6.9 7.0 6.9 6.9 6.9
VFA COD mgCOD/l 204.6 113.3 164.0 250.3 270.5 272.2 278.3 262.8 236.1 223.0 162.7 111.5 95.3 0.0 0.0 0.0 0.0 0.0 0.0 1.7 0.0
Total Alk mg/l as CaCO3 648.3 788.0 816.3 829.7 838.1 854.8 875.6 859.8 925.2 916.0 940.3 925.6 957.8 993.3 1005.8 1030.4 1023.6 1031.7 1052.3 1035.6 1042.2
CT mg/l 136.4 194.4 204.8 202.7 209.0 209.5 213.0 207.6 228.8 229.4 245.9 245.8 256.0 291.6 283.4 286.5 289.9 285.1 294.1 291.7 290.7

Control Reactor Average

MP1

Test Reactor Average
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Table E. 3: MP2 Data 

 
 
 
 
 
 
 
 
 
 
 
 

Date 08.05.18 09.05.18 10.05.18 11.05.18 12.05.18 13.05.18 14.05.18 15.05.18 16.05.18 17.05.18 18.05.18 21.05.18 23.05.18 25.05.18 28.05.18 30.05.18 01.06.18
Time 0 23 47 71 97 120 144 167 191 215 239 311 359 408 480 528 576

Total COD mgCOD/l 9544.7 10106.9 9009.2 8406.8 9223.4 9333.3 9480.0 9253.3 8546.7 10093.3 9040.0 8546.7 8853.3 9093.3 8333.3 8906.7 9306.7
Soluble Organic COD mgCOD/l 831.3 937.1 1191.4 1151.3 1204.8 1293.3 1253.3 1213.3 1226.7 1360.0 1386.7 1266.7 1066.7 1360.0 1020.0 1133.3 1026.7
Carbonate Alk mg/l as CaCO3 1338.6 1390.7 1439.2 1449.8 1495.5 1491.2 1505.8 1592.0 1516.5 1498.9 1532.7 1539.7 1563.0 1617.3 1642.6 1651.3 1674.1
VFA Conc mg/l as Acetate 35.6 23.5 0.0 23.7 18.6 35.0 60.3 11.2 64.5 89.0 50.6 59.6 94.6 0.0 0.0 0.0 0.0
FSA mgN/l 254.3 245.0 246.4 247.8 253.9 248.7 252.9 294.9 308.9 295.4 296.8 310.3 306.1 299.0 320.6 305.9 296.8
OP mgP/l 5.4 9.4 7.0 5.9 8.5 5.6 10.6 14.9 12.1 16.1 15.2 23.8 13.3 14.6 14.4 19.0 13.6
VSS mgVSS/l 5634.0 5486.0 5404.7 5205.3 5184.0 5179.3 5071.3 4315.3 4450.0 4889.3 103740.7 4700.7 4638.7 4539.3 4515.3 4464.7 4530.0
CH4 mol mol CH4 0.000 0.012 0.024 0.037 0.050 0.062 0.072 0.084 0.093 0.102 0.105 0.113 0.114 0.116 0.117 0.118 0.119
pH pH 7.4 7.3 7.2 7.1 7.1 7.1 7.2 7.1 7.1 7.1 7.1 7.1 7.1 7.3 7.3 7.3 7.3
VFA COD mgCOD/l 37.9 25.1 0.0 25.3 19.9 37.3 64.3 12.0 68.8 94.9 54.0 63.6 100.9 0.0 0.0 0.0 0.0
Total Alk mg/l as CaCO3 1388.0 1430.7 1455.4 1483.7 1527.2 1532.8 1567.7 1625.1 1591.8 1597.4 1598.6 1622.3 1664.3 1648.1 1677.5 1691.3 1704.0
CT mg/l 346.9 367.8 385.9 393.8 405.9 410.1 409.1 435.8 413.2 411.3 420.3 420.9 426.8 423.9 424.2 425.1 438.9

Total COD mgCOD/l 8821.8 6519.3 7576.9 7242.2 8513.9 8013.3 8466.7 8320.0 7840.0 8733.3 7533.3 7453.3 6800.0 6693.3 5693.3 6440.0 6626.7

Soluble Organic COD mgCOD/l 1151.3 1044.2 1271.7 1245.0 1325.3 1453.3 1360.0 1346.7 1253.3 1120.0 1213.3 1093.3 1040.0 1160.0 933.3 986.7 1120.0

Carbonate Alk mg/l as CaCO3 649.2 731.7 823.3 824.7 848.7 869.8 885.3 905.8 945.2 877.5 961.8 1061.4 1065.6 1155.1 1148.5 1175.0 1193.4
VFA Conc mg/l as Acetate 133.8 145.4 101.2 117.1 85.4 95.7 105.9 82.5 57.9 59.2 61.8 18.1 55.2 0.0 0.0 0.0 0.0
FSA mgN/l 167.1 229.1 171.9 189.5 178.3 183.9 196.9 249.7 227.7 231.5 234.7 222.1 221.2 219.3 224.9 224.6 219.3
OP mgP/l 7.6 9.8 9.4 8.0 9.3 8.7 12.0 14.6 13.7 19.4 14.8 16.3 15.2 14.2 14.2 14.7 13.9
VSS mgVSS/l 4146.0 3371.3 3664.7 3770.7 3984.7 4017.3 3700.7 3879.3 3730.0 3884.0 3061.3 3484.7 3247.3 3086.7 3068.0 2406.7 2962.7
CH4 mol mol CH4 0.000 0.010 0.019 0.028 0.037 0.045 0.053 0.066 0.076 0.087 0.096 0.132 0.150 0.163 0.174 0.175 0.177
pH pH 7.0 6.9 6.9 6.8 6.8 6.8 6.8 6.8 6.9 6.9 6.9 6.9 6.9 7.1 7.1 7.2 7.1
VFA COD mgCOD/l 142.8 155.0 107.9 124.9 91.1 102.1 112.9 88.0 61.7 63.2 65.9 19.4 58.9 0.0 0.0 0.0 0.0
Total Alk mg/l as CaCO3 771.4 864.7 917.9 930.9 929.2 957.8 982.3 988.8 1007.6 945.3 1028.6 1094.6 1128.0 1175.9 1171.5 1199.4 1214.8
CT mg/l 182.8 213.6 242.6 249.0 256.4 268.2 266.5 275.7 282.6 262.7 286.2 306.5 311.6 316.4 308.5 313.2 324.9

MP2

Control Reactor Average

Test Reactor Average
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Table E. 4: MP3 Data 

 
  

Date 07.12.18 08.12.18 09.12.18 10.12.18 11.12.18 12.12.18 13.12.18 14.12.18 15.12.18 16.12.18 18.12.18 20.12.18 22.12.18 24.12.18 26.12.18
Time 0 22 45 66 90 114 139 162 193 212 257 306 355 404 452

Total COD mgCOD/l 13306.3 13038.6 12891.4 12610.2 12556.7 12386.7 12720.0 12453.3 12986.7 12773.3 12413.3 11893.3 11440.0 12213.3 11493.3
Soluble Organic COD mgCOD/l 1834.0 1753.7 1419.0 1405.6 1204.8 1226.7 1253.3 1133.3 1280.0 1226.7 1360.0 1266.7 1280.0 1226.7 1333.3
Carbonate Alk mg/l as CaCO3 1224.6 1333.1 1369.0 1370.6 1439.7 1470.4 1472.7 1549.0 1532.0 1546.3 1561.8 1513.2 1549.8 1572.8 1525.8
VFA Conc mg/l as Acetate 83.0 118.0 96.4 124.7 134.6 116.2 106.7 34.5 74.3 75.5 74.0 101.3 128.1 112.2 140.6
FSA mgN/l 273.5 287.9 296.3 284.2 313.1 311.7 316.9 313.1 319.2 325.3 325.7 326.5 326.2 324.3 330.4
OP mgP/l 12.7 17.4 18.6 18.1 20.1 17.9 19.8 18.6 18.6 26.7 22.1 20.8 21.6 19.9 23.4
VSS mgVSS/l 5911.3 5978.7 6164.7 5956.0 6092.7 5881.3 5841.3 5892.0 5428.7 5643.3 5668.0 5482.0 5528.7 6022.0 5299.3
CH4 mol mol CH4 0.000 0.012 0.023 0.033 0.044 0.052 0.058 0.062 0.066 0.069 0.073 0.075 0.078 0.078 0.079
pH pH 7.4 7.2 7.1 7.1 7.1 7.1 7.1 7.1 7.1 7.1 7.1 7.1 7.1 7.2 7.2
VFA COD mgCOD/l 88.5 125.9 102.8 133.0 143.6 123.9 113.8 36.8 79.2 80.5 79.0 108.0 136.6 119.6 150.0
Total Alk mg/l as CaCO3 1322.8 1460.9 1477.1 1500.0 1579.2 1592.2 1588.8 1604.9 1620.0 1643.1 1653.7 1628.3 1687.6 1697.1 1678.2
CT mg/l 317.3 354.9 372.4 376.2 398.1 407.6 407.3 425.0 424.2 428.4 430.7 411.6 423.1 425.2 410.3

Total COD mgCOD/l 15207.3 14564.7 14725.3 14069.4 14685.2 13853.3 13840.0 13733.3 14800.0 13600.0 13560.0 12640.0 12160.0 11600.0 11440.0

Soluble Organic COD mgCOD/l 1820.6 1713.5 1713.5 1459.1 1713.5 1613.3 1626.7 1626.7 1360.0 1346.7 1386.7 1226.7 1306.7 1173.3 1306.7

Carbonate Alk mg/l as CaCO3 511.0 678.7 726.7 726.8 756.6 768.0 782.4 942.7 883.6 937.5 1025.4 1068.9 1093.9 1149.0 1156.7
VFA Conc mg/l as Acetate 231.7 234.7 217.2 259.2 268.4 266.9 259.9 212.9 176.2 166.9 103.7 66.1 92.5 87.2 105.3
FSA mgN/l 158.7 190.9 217.9 208.6 225.9 222.1 230.5 226.3 228.7 215.6 233.3 236.1 243.1 233.8 239.4
OP mgP/l 14.2 19.8 19.3 21.2 21.9 21.4 21.8 24.7 22.2 26.6 23.3 22.3 22.8 21.7 21.1
VSS mgVSS/l 6994.0 6538.7 6500.7 6495.3 6272.7 6053.3 6087.3 5956.0 5810.0 5664.0 5697.3 5456.7 5192.7 4704.0 4915.3
CH4 mol mol CH4 0.000 0.013 0.025 0.033 0.045 0.054 0.064 0.075 0.091 0.101 0.125 0.145 0.166 0.181 0.193
pH pH 6.8 6.8 6.7 6.7 6.6 6.6 6.6 6.7 6.7 6.7 6.8 6.8 6.9 6.9 6.9
VFA COD mgCOD/l 247.2 250.3 231.6 276.5 286.2 284.7 277.2 227.1 187.9 178.1 110.6 70.5 98.7 93.0 112.3
Total Alk mg/l as CaCO3 715.4 890.0 922.7 957.1 993.9 1003.6 1012.6 1138.0 1046.8 1095.7 1131.5 1145.1 1192.3 1243.4 1266.3
CT mg/l 156.1 207.7 226.1 232.7 248.2 253.3 257.6 297.7 279.7 297.1 313.6 317.0 325.9 336.1 335.6

Control Reactor Average

Test Reactor Average

MP3
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Appendix F: Sulphidogenic Batch Test (AugBSP) Data 

Table F. 1: SC1 Data 

 

Date 13.03.19 14.03.19 15.03.19 16.03.19 17.03.19 18.03.19 19.03.19 20.03.19 21.03.19 22.03.19 23.03.19 27.03.19 29.03.19
Time 0 24 48 72 96 120 144 168 192 216 240 336 384

Total COD mgCOD/l 755.0 720.9 702.8 728.9 761.0 730.9 745.0 741.0 722.9 756.0 785.1 718.9 730.9
Total Soluble COD mgCOD/l 417.7 405.6 409.6 419.7 407.6 395.6 395.6 400.6 385.5 413.6 403.6 400.6 404.6
Soluble Organic COD mgCOD/l 117.5 91.4 114.5 100.4 94.4 87.3 100.4 96.4 76.3 94.4 67.3 72.3 91.4
Sulphide COD mgCOD/l 300.2 314.3 295.2 319.3 313.2 308.2 295.2 304.2 309.2 319.3 336.3 328.3 313.2
Particulate COD mgCOD/l 337.3 315.3 293.2 309.2 353.4 335.3 349.4 340.4 337.3 342.4 381.5 318.3 326.3
Carbonate Alk mg/l as CaCO3 502.4 535.7 552.6 539.9 526.4 555.1 562.2 539.8 563.4 - 562.3 567.1 582.9
Sulphide Alk mg/l as CaCO3 185.9 182.9 178.1 194.1 186.6 186.2 176.1 181.8 178.4 - 198.3 186.1 182.7
Total Alk mg/l as CaCO3 692.0 721.8 734.7 738.4 736.0 755.0 742.9 725.2 746.0 - 763.7 757.1 778.7
FSA mgN/l 7.6 7.7 7.7 7.7 9.4 8.1 7.5 7.0 7.1 - 8.9 8.7 8.8
OP mgP/l 2.3 2.2 2.7 2.1 2.3 2.3 3.3 2.4 2.6 - 2.0 2.8 2.1
VSS mgVSS/l 213.5 178.0 338.5 272.5 418.0 274.0 257.0 463.5 195.5 - 221.3 209.5 254.5
VFA Conc mg/l as Acetate 0.0 0.0 0.0 1.3 23.4 12.3 0.0 0.0 0.7 - 0.0 0.0 11.9
pH pH 7.6 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.4 - 7.5 7.4 7.5
Sulphate mgSO4/l 693.9 652.9 673.6 662.3 687.0 575.8 580.3 584.0 622.5 - 554.5 561.3 573.4
CT mgC/l 126.4 136.9 139.9 136.4 133.7 140.6 142.8 137.1 144.4 - 143.2 146.0 148.9

Total COD mgCOD/l 781.1 805.2 741.0 757.0 712.8 743.0 730.9 755.0 726.9 753.0 720.9 763.0 763.0
Total Soluble COD mgCOD/l 604.4 578.3 576.3 598.4 558.2 586.3 570.3 570.3 550.2 494.0 558.2 556.2 578.3
Soluble Organic COD mgCOD/l 467.9 393.6 359.4 333.3 257.0 204.8 222.9 200.8 164.7 149.6 108.4 118.5 131.5
Sulphide COD mgCOD/l 136.5 184.7 216.9 265.1 301.2 381.5 347.4 369.5 385.5 344.4 449.8 437.7 446.8
Particulate COD mgCOD/l 176.7 226.9 164.7 158.6 154.6 156.6 160.6 184.7 176.7 259.0 162.6 206.8 184.7
Carbonate Alk mg/l as CaCO3 173.5 219.6 300.3 397.3 463.7 540.7 577.1 554.6 586.2 - 622.5 657.2 677.0
Sulphide Alk mg/l as CaCO3 46.2 59.9 79.5 112.1 129.9 172.1 163.7 173.7 179.8 - 210.9 215.4 221.6
Total Alk mg/l as CaCO3 234.9 309.3 434.1 556.1 607.1 716.9 745.3 733.4 770.9 - 838.2 878.5 910.2
FSA mgN/l 6.4 14.8 26.8 29.3 29.0 29.5 29.7 29.4 29.8 - 31.4 34.6 35.8
OP mgP/l 3.4 3.4 2.4 3.2 5.1 3.3 2.7 3.3 3.3 - 3.0 3.5 3.3
VSS mgVSS/l 129.0 129.5 189.0 195.0 270.0 196.5 207.0 191.0 146.5 - 148.5 147.5 142.5
VFA Conc mg/l as Acetate 15.2 33.0 62.7 51.8 9.7 0.0 0.8 0.8 0.8 - 0.9 1.0 8.0
pH pH 6.8 6.7 6.8 7.0 7.0 7.1 7.1 7.1 7.1 - 7.1 7.1 7.2
Sulphate mgSO4/l 1096.0 1058.0 1007.3 927.8 886.0 713.5 717.8 727.9 748.5 - 664.8 646.0 678.8
CT mgC/l 52.4 67.4 88.2 111.1 129.1 148.4 156.4 150.3 159.3 - 168.9 175.8 180.6

Control Reactor Average

Test Reactor Average

SC1
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Table F. 2: SP1 Data 

 
 
 
 

 

Date 12.11.18 13.11.18 14.11.18 15.11.18 16.11.18 17.11.18 18.11.18 19.11.18 20.11.18 22.11.18 24.11.18 26.11.18 28.11.18 29.11.18 30.11.18
Time 0 22.5 46 70 94 118 142 166 190 238 286 334 382 406 430

Total COD mgCOD/l 1492.0 1325.3 1313.2 1437.7 1437.7 1429.7 1510.0 1485.9 1460.0 1594.4 1638.5 1698.8 1373.5 - 1759.0
Total Soluble COD mgCOD/l 621.0 614.0 649.6 653.6 661.6 665.7 641.6 636.5 658.0 676.7 664.6 683.7 672.7 - 699.8
Soluble Organic COD mgCOD/l 52.6 45.6 43.2 56.2 50.2 50.2 52.2 47.2 52.0 56.2 55.2 55.2 72.3 - 90.4
Sulphide COD mgCOD/l 568.4 568.4 606.4 597.4 611.4 615.5 589.3 589.3 606.0 620.5 609.4 628.5 600.4 - 609.4
Particulate COD mgCOD/l 871.0 711.3 663.6 784.1 776.1 764.0 868.5 849.4 802.0 917.7 973.9 1015.0 700.8 - 1059.2
Carbonate Alk mg/l as CaCO3 875.0 909.5 906.2 932.9 920.0 918.7 921.6 914.3 902.5 905.1 941.5 952.7 954.9 - 949.8
Sulphide Alk mg/l as CaCO3 348.6 348.5 360.6 358.6 367.4 362.0 346.2 335.0 352.6 361.6 356.9 361.3 350.8 - 360.2
Total Alk mg/l as CaCO3 1229.5 1264.0 1279.1 1306.2 1316.0 1319.3 1299.0 1280.9 1297.1 1311.3 1329.0 1342.9 1333.6 - 1386.6
FSA mgN/l 15.2 17.5 17.5 17.7 18.3 18.0 18.1 17.3 19.2 18.6 18.5 18.3 - 18.7
OP mgP/l 3.6 3.5 3.7 3.7 5.0 12.5 3.8 4.5 3.8 6.4 4.4 3.9 3.8 4.1 3.9
VSS mgVSS/l 536.0 432.5 442.5 471.5 421.5 478.0 491.0 464.0 495.0 533.0 575.5 543.0 624.5 650.0 720.5
VFA Conc mg/l as Acetate 0.0 0.0 7.6 10.4 25.0 26.1 30.5 30.2 43.2 42.4 28.7 27.6 26.5 - 84.7
pH pH 7.6 7.5 7.5 7.5 7.5 7.5 7.5 7.4 7.5 7.5 7.5 7.5 7.5 7.4 7.5
Sulphate mgSO4/l 143.0 58.6 24.5 18.2 0.0 145.8 155.0 146.8 148.6 136.8 136.8 135.9 137.4 136.0 -
CT mgC/l 220.6 229.3 230.3 236.5 233.2 234.1 235.0 235.1 230.6 231.2 240.2 244.2 243.8 - 241.7

Total COD mgCOD/l 1507.8 1404.7 1349.4 1477.9 1445.8 1441.7 1542.1 1510.0 1500.0 1538.1 1662.6 1718.8 1654.6 - 1714.8
Total Soluble COD mgCOD/l 413.7 464.3 555.2 633.5 666.7 674.7 703.8 694.8 699.0 704.8 732.9 728.9 712.8 - 733.9
Soluble Organic COD mgCOD/l 69.4 92.3 86.3 70.3 58.2 57.2 53.2 54.2 54.0 58.2 61.2 58.2 74.3 - 91.4
Sulphide COD mgCOD/l 344.2 372.0 468.9 563.2 608.4 617.5 650.6 640.6 645.0 646.6 671.7 670.7 638.5 - 642.6
Particulate COD mgCOD/l 1094.2 940.4 794.2 844.4 779.1 767.1 838.3 815.2 801.0 833.3 929.7 989.9 941.8 - 980.9
Carbonate Alk mg/l as CaCO3 366.4 507.3 703.3 837.9 896.1 917.0 940.7 960.5 966.3 992.3 982.3 1023.1 1034.7 - 1033.6
Sulphide Alk mg/l as CaCO3 181.9 186.0 223.5 288.1 318.8 321.4 329.6 317.7 324.8 328.0 349.1 345.7 333.0 - 339.9
Total Alk mg/l as CaCO3 553.5 699.0 948.4 1136.1 1223.6 1243.6 1281.3 1290.9 1306.4 1333.9 1353.9 1386.2 1381.7 - 1388.1
FSA mgN/l 10.2 15.1 14.2 13.7 14.4 14.7 14.8 15.2 15.9 16.6 16.6 16.8 - 17.5
OP mgP/l 3.0 3.5 3.3 5.2 3.7 3.5 3.5 5.2 3.7 3.7 9.9 6.9 3.7 4.0 4.0
VSS mgVSS/l 580.5 564.5 493.0 487.3 425.5 427.0 417.5 452.0 426.0 495.5 492.0 600.5 590.0 590.0 616.5
VFA Conc mg/l as Acetate 1.7 1.7 21.5 4.5 4.6 0.7 7.9 7.9 12.8 10.6 17.1 10.8 11.0 - 11.1
pH pH 7.4 7.3 7.2 7.3 7.3 7.3 7.3 7.2 7.3 7.3 7.3 7.3 7.3 7.2 7.3
Sulphate mgSO4/l 947.6 783.9 608.2 482.2 372.8 351.5 271.5 258.5 224.5 203.0 193.0 184.8 187.8 146.0 -
CT mgC/l 96.1 135.2 189.8 221.6 235.5 241.4 249.5 256.3 256.8 263.2 258.7 270.1 272.3 - 270.9

Control Reactor Average

Test Reactor Average

SP1
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Table F. 3: SP2 Data 

 
 
 
 
 
 
 
 
 
 
 

 

Date 27.01.19 28.01.19 29.01.19 30.01.19 31.01.19 01.02.19 02.02.19 03.02.19 04.02.19 05.02.19 07.02.19 10.02.19 11.02.19 12.02.19 13.02.19 14.02.19 15.02.19 16.02.19 18.02.19 19.02.19
Time 0 24 48 72 96 120 144 168 192 216 264 336 360 384 408 432 456 480 528 552

Total COD mgCOD/l 1194.4 1214.2 1224.9 1164.6 1184.7 1192.8 1160.6 1156.6 1104.0 1216.8 959.8 - - 1409.6 1277.1 - 1289.1 - 1228.9 -
Total Soluble COD mgCOD/l 604.1 603.1 608.4 610.4 658.6 638.5 642.6 645.6 619.0 649.6 646.6 - - 666.7 684.7 - 689.7 - 683.7 -
Soluble Organic COD mgCOD/l 83.3 72.4 63.3 84.3 110.4 107.4 108.4 112.4 100.0 90.4 77.3 - - 98.4 116.5 - 114.5 - 123.5 -
Sulphide COD mgCOD/l 520.8 530.7 545.2 526.1 548.2 531.1 534.1 533.1 519.0 559.2 569.3 - - 568.3 568.3 - 575.3 - 560.2 -
Particulate COD mgCOD/l 590.2 611.1 616.5 554.2 526.1 554.2 518.1 511.0 485.0 567.3 313.2 - - 743.0 592.4 - 599.4 - 545.2 -
Carbonate Alk mg/l as CaCO3 897.0 937.9 984.2 1002.6 971.3 975.7 987.4 972.6 985.0 962.2 944.8 979.9 938.6 - 931.3 - 919.2 - 966.6 -
Sulphide Alk mg/l as CaCO3 320.9 311.0 320.3 302.8 314.4 307.1 306.8 315.7 302.2 330.0 341.4 333.9 339.4 - 345.3 - 350.1 - 337.3 -
Total Alk mg/l as CaCO3 1223.1 1252.4 1309.1 1326.6 1327.6 1328.6 1349.0 1350.7 1356.9 1375.3 1376.5 1399.3 1402.8 - 1400.0 - 1430.0 - 1400.6 -
FSA mgN/l 13.8 13.2 13.9 14.0 13.9 13.7 14.0 15.0 15.1 14.8 14.7 15.4 15.8 - 16.1 - 16.1 - - -
OP mgP/l 3.0 2.1 2.9 4.6 3.0 2.9 2.8 2.9 2.9 3.1 3.2 3.2 3.1 - 3.2 - 3.4 - - 3.4
VSS mgVSS/l 333.0 319.0 359.0 397.0 347.0 420.5 445.5 409.0 408.0 367.0 410.5 401.5 293.0 452.5 - - 326.5 - 351.0 -
VFA Conc mg/l as Acetate 0.0 0.0 0.0 17.7 44.8 49.7 60.6 69.3 78.2 94.0 102.3 96.6 143.9 - 141.8 - 186.3 - 116.2 -
pH pH 7.6 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.6 7.5 7.5 - 7.6 - 7.6 - 7.6 7.5
Sulphate mgSO4/l 323.5 317.4 267.5 271.2 251.4 249.6 259.3 203.8 216.9 207.3 214.4 206.6 204.9 - 198.2 - 204.5 - 169.1 -
CT mgC/l 225.9 239.2 250.9 256.9 249.1 249.7 253.1 247.3 251.6 244.9 239.5 249.8 238.2 - 235.3 - 232.2 - 244.8 -

Total COD mgCOD/l 1630.8 1698.3 1622.5 1598.4 1522.1 1642.5 1642.5 1526.1 1484.0 1590.3 1269.1 - - 1554.2 1634.5 1662.6 1586.3 - 1582.3 -
Total Soluble COD mgCOD/l 396.8 475.2 539.1 608.4 716.9 719.9 746.0 757.0 722.0 775.1 762.0 - - 798.2 822.3 811.2 806.2 795.2 819.3 -
Soluble Organic COD mgCOD/l 91.3 107.1 90.4 98.4 110.4 118.5 114.5 108.4 106.0 103.4 79.3 - - 114.5 126.5 112.4 136.5 118.5 126.5 -
Sulphide COD mgCOD/l 305.5 368.0 448.8 510.0 606.4 601.4 631.5 648.6 616.0 671.7 682.7 - - 683.7 695.8 698.8 669.7 676.7 692.8 -
Particulate COD mgCOD/l 1234.0 1223.1 1083.3 989.9 805.2 922.7 896.6 769.1 762.0 815.2 507.0 - - 756.0 812.2 851.4 780.1 - 763.0 -
Carbonate Alk mg/l as CaCO3 408.4 508.1 666.5 804.6 900.3 978.3 1023.2 1013.7 1077.1 1046.7 1063.6 1101.3 1040.1 - 1013.9 - 1036.2 - 1014.9 -
Sulphide Alk mg/l as CaCO3 122.7 141.3 181.0 218.2 258.1 259.3 271.0 287.8 276.1 300.7 320.8 308.2 317.9 - 331.5 - 317.1 - 325.9 -
Total Alk mg/l as CaCO3 533.9 651.9 855.0 1037.0 1166.7 1259.5 1313.4 1346.7 1385.6 1400.2 1461.6 1493.6 1483.8 - 1439.8 - 1492.3 - 1434.8 -
FSA mgN/l 9.5 11.4 12.0 12.1 12.3 13.1 13.1 13.8 13.8 14.1 14.7 17.0 16.8 - 16.4 - 16.4 - 16.9 -
OP mgP/l 3.0 2.7 3.1 4.6 2.8 3.0 2.9 3.5 3.6 3.2 3.9 6.7 3.4 - 3.9 - 4.0 - 3.7
VSS mgVSS/l 565.0 587.0 610.5 559.0 512.0 429.0 516.5 477.5 403.5 421.5 495.0 437.0 451.0 413.5 - 394.5 - 381.0 -
VFA Conc mg/l as Acetate 0.0 0.0 5.5 11.8 6.3 22.6 19.5 49.9 34.4 59.3 87.4 92.9 146.6 - 108.0 - 161.7 - 112.8 -
pH pH 7.0 7.0 7.0 7.1 7.1 7.1 7.1 7.1 7.1 7.1 7.2 7.1 7.2 - 7.2 7.3 7.2 - 7.2 7.1
Sulphate mgSO4/l 883.4 742.1 575.7 417.8 285.0 223.9 185.6 138.7 167.9 98.0 65.7 2.6 13.7 - 105.2 198.9 85.3 164.9 81.0 -
CT mgC/l 115.8 146.9 189.5 224.5 251.5 272.2 285.1 279.5 296.1 287.8 288.3 302.1 282.8 - 273.7 - 280.2 - 274.9 -

Control Reactor Average

Test Reactor Average

SP2
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Table F. 4: SP3 Data 

 
 

 

Date 04.04.19 05.04.19 06.04.19 08.04.19 09.04.19 11.04.19 12.04.19 14.04.19 15.04.19 18.04.19 19.04.19 22.04.19 23.04.19
Time 0 22.5 46 70 94 118 142 166 190 238 286 334 382

Total COD mgCOD/l 916.6 873.0 847.4 971.9 1056.2 1028.1 979.9 927.7 932.0 1012.0 895.6 923.7 935.7
Total Soluble COD mgCOD/l 411.7 409.7 395.6 429.7 422.7 424.7 415.7 396.6 394.0 425.7 380.5 395.6 395.6
Soluble Organic COD mgCOD/l 87.3 101.2 71.3 100.4 107.4 96.4 72.3 56.2 54.0 70.3 44.2 46.2 44.2
Sulphide COD mgCOD/l 324.4 308.5 324.3 329.3 315.3 328.3 343.4 340.4 340.0 355.4 336.3 349.4 351.4
Particulate COD mgCOD/l 504.9 463.3 451.8 542.2 633.5 603.4 564.2 531.1 538.0 586.3 515.1 528.1 540.2
Carbonate Alk mg/l as CaCO3 572.6 630.9 641.2 630.8 658.0 667.6 663.6 661.8 665.0 670.0 687.6 701.0 699.2
Sulphide Alk mg/l as CaCO3 194.7 167.5 187.2 181.5 172.7 178.8 190.4 183.0 180.7 194.7 182.1 188.3 190.6
Total Alk mg/l as CaCO3 771.2 801.8 836.2 815.6 834.5 851.4 857.2 856.9 854.9 868.4 874.4 893.6 894.7
FSA mgN/l 7.1 8.8 7.9 8.9 8.0 7.8 8.4 8.3 8.4 9.2 10.4 9.8 9.3
OP mgP/l 2.7 2.5 2.6 2.4 2.8 2.1 2.4 2.2 2.7 2.8 2.6 3.3 3.8
VSS mgVSS/l 287.5 335.5 334.5 364.0 334.5 350.0 749.0 376.0 393.5 363.5 350.5 543.5 626.0
VFA Conc mg/l as Acetate 0.0 0.0 5.1 0.0 0.0 2.6 0.0 11.0 7.0 0.0 1.5 0.0 0.0
pH pH 7.5 7.3 7.4 7.3 7.3 7.3 7.3 7.3 7.3 7.3 7.3 7.3 7.3
Sulphate mgSO4/l 594.7 588.8 559.3 510.7 527.8 529.1 539.3 514.2 520.3 539.6 534.9 510.4 558.6
CT mgC/l 145.2 164.2 164.2 163.6 170.9 173.7 171.8 172.7 174.1 174.0 179.1 182.9 182.1

Total COD mgCOD/l 1166.6 1091.2 1112.4 1301.2 1261.0 1273.1 1277.1 1224.9 1192.0 1353.4 1164.6 1224.9 1184.7
Total Soluble COD mgCOD/l 267.8 283.7 323.3 492.0 529.1 536.1 533.1 547.2 539.0 573.3 541.2 556.2 557.2
Soluble Organic COD mgCOD/l 92.3 96.2 84.3 112.4 105.4 92.4 69.3 63.3 58.0 83.3 51.2 42.2 48.2
Sulphide COD mgCOD/l 175.6 187.5 239.0 379.5 423.7 443.8 463.8 483.9 481.0 490.0 490.0 514.0 509.0
Particulate COD mgCOD/l 898.8 807.5 789.1 809.2 731.9 736.9 744.0 677.7 653.0 780.1 623.5 668.7 627.5
Carbonate Alk mg/l as CaCO3 216.8 271.7 388.1 560.5 646.9 715.5 711.7 718.5 739.6 772.8 781.8 788.9 788.5
Sulphide Alk mg/l as CaCO3 57.4 62.1 93.2 170.4 192.9 198.0 211.8 220.2 213.3 228.8 219.6 236.0 241.7
Total Alk mg/l as CaCO3 278.4 337.6 483.8 733.2 842.4 915.9 926.2 941.8 956.6 1005.3 1004.2 1028.5 1034.3
FSA mgN/l 5.7 6.6 6.6 6.2 6.6 6.9 6.6 6.6 6.9 7.4 7.6 8.1 8.2
OP mgP/l 2.4 3.5 3.1 2.3 2.6 2.3 2.5 2.3 3.0 2.8 2.7 3.4 3.7
VSS mgVSS/l 530.0 458.0 490.0 425.5 398.5 398.0 524.5 370.5 385.5 367.5 350.5 428.0 267.5
VFA Conc mg/l as Acetate 3.1 1.6 0.0 0.0 0.0 0.0 0.2 0.8 0.8 0.8 0.0 0.0 0.0
pH pH 6.8 6.8 6.9 7.0 7.0 7.1 7.1 7.0 7.0 7.1 7.0 7.1 7.1
Sulphate mgSO4/l 974.1 926.2 844.1 611.5 566.7 516.1 523.0 481.0 482.2 467.5 466.7 427.6 473.7
CT mgC/l 66.4 82.8 111.6 154.2 177.1 197.1 194.7 196.8 204.1 209.9 214.9 215.4 213.2

Control Reactor Average

Test Reactor Average

SP3
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Appendix G: Casein Analysis 

Table G. 1: Data for Casein Wet Chemistry Analysis for 1g/l  

 
 
Table G. 2: Summary Casein Wet Chemistry Analysis for 1g/l 

 
  

Dilution Unit 
5x mgTKN/l 139.3 134.4 140.7 105 136.5 126.7 135.8 133

10x mgTKN/l 161 - 141.4 144.2 145.6 - - -

20x mgTKN/l 156.8 151.2 - - - - - -

Dilution Unit 
0x mgFSA/l - - 10.6 10.8 10.9 11.9 11.6
5x mgFSA/l 14.0 11.9 16.8 14.7 - - -
10x mgFSA/l 14.0 12.6 - - - - -
20x mgFSA/l 25.2 16.8 - - - - -

Dilution Unit 
5x mgCOD/l 1280 1260 1240 1160 1260 1300
10x mgCOD/l 1280 1280 1240 1240 - -
20x mgCOD/l 1200 1280 - - - -

Dilution Unit 
0x mgTP/l - - 3.7 3.7 7.9 7.9
5x mgTP/l 8.7 8.3 - - - -
10x mgTP/l 7.9 8.6 - - - -
15x mgTP/l 6.3 6.4 - - - -

Dilution Unit 
0x mgOP/l 3.0 2.9 3.1 3.1 3.2 2.9
5x mgOP/l 2.7 2.6 - - - -
10x mgOP/l 3.0 2.6 - - - -

Alkalinities Unit 14.02.2019 16.02.2019 20.02.2019
Carbonate+H2O mg/l as CaCO3 22.31 20.92 20.46
Ammonia mg/l as CaCO3 0.50 1.15 0.29
Phosphate mg/l as CaCO3 3.02 4.08 2.78
Sulphide mg/l as CaCO3 0.00 0.00 0.00
VFA mg/l as CaCO3 31.37 33.33 35.54
VFA Conc mg/l as Acetate 37.71 40.01 42.76
Total Alk mg/l as CaCO3 57.20 59.49 59.07

Date
Alkalinity

14.02.2019 16.02.2019

14.02.2019 16.02.2019 20.02.2019

14.02.2019

20.02.2019

OP
Date

20.02.201914.02.2019 16.02.2019

TP
Date

16.02.2019 20.02.2019

Date
COD

TKN

FSA
Date

Date
14.02.2019 16.02.2019 20.02.2019

COD TKN FSA TP OP Carbonate+H2O Ammonia Phosphate Sulphide VFA VFA Conc Total
1251.67 139.40 13.99 7.74 2.89 21.23 0.65 3.30 0.00 33.41 40.16 58.59

fcv fn fn fp fp fc
1.252 0.139 0.014 0.008 0.003 0.005

Casein Data for 1g/l
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