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Abstract

The emergence of the circular economy, together with the changing paradigms in resource and
environmental management, has resulted in a call to (1) convert wastewater treatment plants
(WWTPs) to water resource recovery facilities (WRRF) and (2) diversion of organic waste (i.e.,
food waste) from landfills. Due to excess anaerobic digester (AD) capacities at most WWTPs, it
has been proposed to co-digest sewage sludge and food waste in the AD at WWTPs to enhance
resources (mainly energy and nutrient) recovery. However, suitable options for sustainable food
waste handling (i.e., separation and transport) and the characteristics of food waste have not been
established, particularly in South Africa. Without characterising food waste, it is impossible to
include it in WWTP simulation models. In this study, food waste and sewage sludges were

limited to the household food waste and primary sludge categories, respectively.

A detailed review on alternative sustainable solid waste separation and food waste transport
systems was carried out and a review paper was submitted to Environmental Challenges journal
for publication. The experimental investigation of the study focused on identifying the
biodegradable organic composition of selected substrates, i.e., primary sludge (PS), food waste,
and PS and food waste blend. PS was obtained from Belville Wastewater Treatment Works
(BWWTW) in Cape Town, while food waste was manually simulated. The augmented
biomethane potential (ABMP) experiment was used to obtain the required research data. The
ABMP data was used to determine the substrates’ biodegradable composition. The biodegradable
composition was carried out using two approaches. The first approach is the mass balanced
bioprocess stoichiometric calculations, which used the measured start and end concentrations of
the ABMP experiment. The second approach is the parameter estimation procedure, which used
the mass balanced steady-state AD model of Ikumi et al. (2015) together with its built-in
parameter estimation function. With the exception of methane COD produced, there were slight
to moderate differences between the measured and modelled experiment results. However, the
modelled experiments produced significantly higher methane COD than the measured
experiment, suggesting a high-level error associated with the gas measurement. As a result, the
modelled experiment and the substrates’ composition obtained using parameter estimation were

chosen to be more accurate and reliable.



Vi

The results revealed that anaerobic digestion of food waste and co-digestion of primary sludge
and food waste produces 41% and 21% more methane than the anaerobic digestion of primary
sludge, respectively. The methane produced is equivalent to the potential energy recoverable.
These findings suggest that diverting food waste from landfills to WWTP’s AD systems can
potentially enhance energy recovery. This highlights the potential need to revise urban
wastewater systems to include solid waste separation and food waste diversion to AD systems to

enhance resource recovery.
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1. Introduction

1.1 Background to problem

The introduction of the circular economy concept has caused a shift in resource and
environmental management paradigms. As a result, there have been calls for wastewater
treatment plants (WWTPs) to be converted to water and resource recovery facilities (WRRF)
(Arnell et al., 2016). Besides WWTPs’ processes being energy-intensive, they also possess great
resources recovery potential (Nghiem et al., 2017). Resources recoverable from WWTPs include
clean water for irrigation or drinking, nutrients used for making fertilisers and biogas. However,
conventional WWTPs are designed for wastewater treatment to address public health and
environmental safety and are thus not suitable for resource recovery. Therefore, optimisation of
WWTPs’ design and operation is necessary for resource recovery and circular economy in

general.

Anaerobic digestion (AD) systems are used worldwide for the treatment and co-treatment of
sewage sludge and/or organic solid waste. The main driver for co-treatment of wastewater and
organic solid waste in an anaerobic digestion system is resource recovery in the form of biogas
and nutrients such as nitrogen and phosphorus (N&P). In an AD system, a biological process
mediated by four types of microorganisms (acidogens, acetogens, acetoclastic methanogens and
hydrogenotrophic methanogens) is used to break down biodegradable organics and convert them
to biogas (Stillwell et al., 2010). Biogas, being a form of renewable energy, has made the AD
process popular for treatment of waste sludge due to the potential to recover energy from waste.
For example, the East Bay municipality WWTP in the United States of America (USA) became
energy neutral after introducing co-treatment of wastewater and solid organic waste (food waste)
(Hagey, 2011; Shen et al., 2015). Furthermore, even though biogas is not yet commercialised in
South Africa, studies have shown that energy recovery via AD from WWTPs is feasible (Burton
et al., 2009; Ferry & Giljova, 2015).

On the other hand, solid wastes, including organic solid waste and wastewater sludge, are
traditionally disposed of at landfills. However, landfilling of organic waste is incompatible with

the circular economy, significantly contributes to greenhouse gas emissions, potentially
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contaminates groundwater and is generally costly (Stillwell et al., 2010; Zan et al., 2020). As a
result, new legislations are restricting the disposal of organic waste to landfills, tasking local
authorities with seeking new sustainable solutions for organic waste management (De Clercq et
al., 2017; Petterson, 2019).

This study aims to investigate the potential for source separation of solid waste, diverting organic

solid waste to WWTPs and including organic solid waste in WWTPs’ optimisation models.

1.2 Research problem and questions

Discarding household food waste with other municipal solid waste at city landfills leads to high
emission of biogas (including methane, a greenhouse gas, which is 22 times more harmful than
carbon dioxide) into the atmosphere, besides leachate production that potentially contaminates
groundwater. Alternatively, food waste can be discharged into sewers through in-sink macerators
or by trucking them to WWTPs. If discharged to sewers, on entering the WWTP, the food waste
will be settled out using primary sedimentation tanks (PSTs) and contribute to the formation of
primary sludge (PS). The PS is then fed to AD systems. If it is to be trucked, food waste will
undergo pre-treatment before discharge directly to the AD system. In the AD, methane gas is
generated via the biological breakdown of organics. The methane produced is usually converted
to electricity and can contribute to powering the WWTP. The potential methane generated can

be calculated using validated mathematical models.
To determine the impact of diverting food waste from landfills to WWTPs, the following is to
be quantitatively investigated:
i.  What are the characteristics of sewage sludge and general characteristics of food waste?
ii.  What are the ideal possible solid waste separation and food waste transportation systems?

iii.  Which existing models can be used/extended to simulate food waste and sewage sludge
co-digestion?
iv.  How much more energy can be recovered from the co-digestion of food waste and sewage

sludge?

v.  Will the diversion of food waste compromise the capacity of a plant to carry out its
function efficiently?

Chapter 1: Introduction



vi. How can the growing sludge volume resulting from the inclusion of food waste be

managed?
1.3 Aims and Objectives

The main objective of this research is to assess the potential to revise urban wastewater systems
to include solid waste separation and discharge organic waste (i.e., food waste) to sewer systems
in order to enhance resource recovery at WWTPs (instead of losing the methane from landfills
to the atmosphere associated with GHGS). In order to achieve the main objective, the following

specific objectives will be implemented:

i.  Review alternative sustainable systems to divert organic (food) waste to WWTPs or
WRRFs

ii.  Utilise augmented batch experiments to determine the characteristics of sewage sludge

and food waste.

iii.  Use existing models to simulate anaerobic co-digestion of sewage sludge and food waste.

1.4 Scope and limitations

In this thesis, the term food waste is limited to household food waste. Food wastage or losses
occur at all levels of the food supply chain. However, not all food losses end up in landfills. For
example, agricultural waste (also referred to as food waste in some studies) is often composted.
However, the final destination of household food waste is, in most cases, landfills. Therefore,

with a view of solving the landfill crisis, the study was limited to household food waste only.

Due to the limited time to complete this project, it was not possible to carry out the investigation
on the impact of food waste on all the unit operations in the entire WWTP. Therefore, the study
was limited to the anaerobic digester (AD) unit of operation of the WWTP. Furthermore, the AD
influent (before introducing food waste) was assumed to be primary sludge only. In other words,
the influence of food waste on other possible AD influent streams (i.e., waste activated sludge-
WAS) is beyond this project's scope. Furthermore, this study did not evaluate the processing and

management of AD products (i.e., dewatering liquor or stabilised sludge).
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The augmented batch-test experiment, used to obtain data, was limited to methanogenic
conditions only. In addition, due to extensive work and details required to carry out complete
characterisation, the study did not focus on unbiodegradable particulate organic (UPO)
composition because UPO composition data for wastewater is readily available in the literature.
The study, therefore, focused on biodegradable particulate composition (BPO). In addition, the
determination of kinetic parameters was outside the scope of the study because they require
frequent measuring at the dynamic period of augmented batch experiments, which was not
carried out in this study. The steady-state AD model, which was used in this study, does not allow
simultaneous solving of BPO and biodegradable soluble organics (BSO) and, therefore, in this
study, BPO includes soluble organics. Furthermore, the steady-state AD model is not calibrated
to characterise heavy metals. Thus, the elemental composition in this study excludes heavy
metals. As a result, the study was limited to obtaining the biodegradable fraction of the waste
sludge organics and the elemental composition of the biodegradable organics in the food waste

and the primary sludge.

Lastly, the experimental investigation was run parallel to another project which involved
calibration of the primary settling tank (PST) that generated the primary sludge (PS) used in this

project. Hence the control batch reactors were shared between these projects.
1.5 Study structure

This thesis report is made up of seven chapters. In Chapter 1, the background and motivation of
the study and research questions are discussed. In addition, the objectives and scope of the study
are also discussed in Chapter 1. In Chapter 2, the relevant literature on previous studies and other
areas of importance in relation to the study are reviewed. The materials and methods, experiments
setup and operation, analytical procedures and model descriptions are explained in Chapter 3.
Details of the research results and results discussion of the experiments are presented in Chapter
4. Chapter 4 also includes the characterisation of wastewater and food waste. Results for
simulation of experiments carried out in Chapter 4 are discussed in Chapter 5. Finally, the report
is concluded based on the research findings and recommendations are made for further research

in Chapter 6. Figure 1-1 shows a summary of the thesis structure.
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2. Literature Review

2.1 Introduction

This chapter serves to review the literature relevant to the subject of co-digestion of wastewater
and food waste at wastewater treatment plants (WWTPs). The literature information was used to
identify gaps in the existing knowledge and select suitable experimental methodologies and
models for this study. The literature reviewed included wastewater treatment optimisation,
anaerobic digestion, modelling, wastewater and food waste co-digestion, alternative sustainable
food waste transportation systems and wastewater biodegradability tests method. The section on
review of alternative sustainable food waste transport systems (i.e., Section 2.6) was submitted
to a journal as a review paper for publication. Finally, a summary of the literature review is

presented at the end of the chapter.

2.2 Wastewater treatment optimisation

2.2.1 Overview

The primary reason for wastewater treatment is to ensure protection of public and environmental
health. However, the changing paradigms towards more environmentally, socially and
economically sustainable infrastructure resulted in a requirement for WWTPs to implement
resource recovery and thus be converted to resource recovery facilities (WRRF). As a result, the
design and operation of WWTPs have intensified over the years. Mathematical models have been
known to contribute towards improved, and optimised operations hence can be useful in decision
making for future WRRF. In a successful WRRF model, the input values must be well known to

ensure accurate predictions of system outputs.

2.2.2 Typical wastewater treatment overview

The wastewater treatment process at a WWTP is carried out by a chain of physically
interconnected units of operation. Each unit of operation has a defined function that facilitates

the treatment process (Ikumi, 2011). By common practice, the products of wastewater treatment

Chapter 2: Literature Review



are treated effluent and wastewater sludge. The treated effluent is discharged to water streams

while sludge is discarded to landfills or composited.

The primary treatment process is sited before the activated sludge (AS) system. It consists of
operational units such as screening, grit removers and primary settling tank (PST). The PST
removes easily settleable substances from the influent flow wastewater. In the PST, wastewater
fractionates into two distinct products: (1) settled wastewater(overflow supernatant) which has
reduced strength, and (2) primary sludge (PS), which settles at the bottom of the PST (Wentzel
& Ekama, 2003). From the PST, settled wastewater is channelled to the AS system for secondary
treatment. The AS system consists of a biological reactor that carries out the actual organic
degradation(treatment) and a secondary settlements tank (SST) that clarifies treated mixed liquor
to produce effluent and sludge. The PS from PST is channeled to the anaerobic digester (AD; see
Section 2.3) for further treatment too. The different WWTPs unit of operation discussed above,
works as an integrated system. Which means, changes in upstream processes (i.e., change in

influent feed), affects the downstream process (i.e., energy recovery potential in AD or effluent

quality).

2.2.3 Major challenges in wastewater treatment

The water sector in general and wastewater treatment operations in particular is an energy-
intensive sector. For example, it is estimated that household wastewater treatment alone
(excluding industrial wastewater treatment, which is more expensive) accounts for 3% of world’s
energy needs (Li et al., 2015). South Africa is closely following this trend whereby it is reported
that wastewater treatment accounts for over 55% of the energy used in the entire water sector
(Swartz et al., 2013). Moreover, these energy demands are likely to keep rising owing to
population increases, ageing infrastructures and stricter effluent requirements. Therefore,
wastewater treatment processes significantly contribute to the energy-water nexus (Stillwell et
al., 2010).

Wastewater treatment also plays a significant role in drinking water security, particularly in
water-stressed regions such as South Africa. This is because when poorly treated effluents are
discharged into low volume (stressed) water bodies (such as rivers), it causes a high concentration
of pollutants to these water bodies. In turn, it becomes difficult to treat water from these streams
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and thereby threatening drinking water security (Donnenfeld et al., 2018; Zhen et al., 2018).
Moreover, regions that depend on groundwater recharged with wastewater treated effluents (i.e.,
Atlantis, Western Cape, South Africa) depend on efficient wastewater treatment processes to
ensure the sustainability of groundwater utilisation (Tredoux et al., 1999). For example, studies
by Donnenfeld et al., (2018 and Zhen et al., (2018) reported that 45% of wastewater effluents
discharged into natural water streams are inadequately treated. Undoubtably, these poor effluents
will threaten drinking water supply if not addressed.

Maintaining energy efficiency and sufficiently treated effluents, as discussed above, are some of
the expectations from the wastewater treatment sector. However, the parallel demand for energy
efficiency (including energy recovery) and meeting effluent standards is not a simple fix. To
meet the required final effluent quality standards, the activated sludge (AS) system must be
operated at a long sludge age, which is energy intensive. This because, to achieve sufficient
effluent qualities require the operation of long sludge ages in the activated sludge (AS) system,
which is energy-intensive. At the same time, long sludge age produces waste activated sludge
(WAS) with a low biodegradable fraction and thus low energy recovery potential. Maintaining a
balance between high-quality effluent and energy efficiency in the AS system is one of the
complex challenges in wastewater treatment operations. To overcome these challenges, require

optimisation of WWTPs’ operation processes as discussed in Section 2.2.4.

2.2.4 Wastewater treatment optimisation

For efficient and sustainable operation, wastewater treatment processes need to be optimised.
Wastewater treatment optimisation includes developing models with capacities to simulate
complex physical, chemical and biological processes which can aid efficient design and
operation of wastewater treatment plants (Xie et al., 2016). As a result, models are today regarded
as vital tools for analysing, designing and optimising wastewater treatment processes (Seco et
al., 2020). The development of models has evolved from simple unit of operation models to
complex plant-wide models (PWM) (Ekama, 2017). The development of mass balanced PWMs
aimed at evaluating control strategies in WWTPs under real-time dynamic conditions and
exposing significant interactions between various units of operation has been ongoing for the
past two decades (Ekama, 2017). The growing popularity of improved models has encouraged

the evaluation of potential simultaneous treatment of wastewater with organic waste (i.e., PS
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with WAS or food waste) at WWTPs (Igbal et al., 2020). Modelling and co-treatment of
wastewater with organic waste are discussed in detail in Sections 2.4 and 2.5.3, respectively.

2.3 Anaerobic digestion

2.3.1 Overview

Anaerobic digestion (AD) is one of the world’s oldest technologies used in wastewater treatment
and is still widely used globally. The reasons the AD technology has remained relevant up to
date include its capability to reduce volatile solids significantly, produces energy-rich biogas and
has capability other organic waste such as WAS, PS and solid organic waste slurries (Sétemann
et al., 2005a). Owing to their wide application and complex operation processes, mathematical
models have been developed to reduce the design and operation of anaerobic digesters on

experience and empirical guidelines.

2.3.2 Biological AD processes and organisms

During AD, biodegradable organics are degraded by fermentation processes to form biogas and
release inorganics such as NH4*, POs* and S% into the bulk solution (Van Lier et al., 2008). The
biodegradation of organics occurs in a chain of stages, and at each stage, degradation is facilitated
by different organism groups. The stages of organic degradation during AD include hydrolysis,
acidogenesis, acetogenesis, acetoclastic methanogenesis and hydrogenotrophic methanogenesis.
There exist numerous conceptual schemes that describe biological processes in literature. Based
on the University of Cape Town anaerobic digestion model (UCTADML1) scheme of Sétemann

et al. (2005), the AD process can be described as below:

2.3.2.1 Hydrolysis

Hydrolysis is a process by which complex organic materials (i.e. carbohydrates, lipids and
proteins) are broken via extracellular steps to form soluble substrates (i.e. short-chain fatty acids,
SCFA) (Sétemann et al., 2005). In UCTADM1, different organic materials are combined,
represented by a generic form of CxHvyOzNaPs (S6temann et al., 2005). The conversion of

complex substrates into soluble substrates is necessary because organisms in the subsequent
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stages after hydrolysis cannot break down complex organisms and thus require soluble
substrates. The hydrolysis stage is facilitated by the acidogens, and the product of hydrolysis is
glucose. The hydrolysis rate is generally slow and thus considered as the rate-limiting step in

wastewater sludge AD (Sétemann et al., 2005).

2.3.2.2 Acidogenesis

The acidogens organisms group facilitates Acedogenesis. The acidogens ferment glucose, which
is produced by hydrolysis to produce biomass, and intermediate products such as propionate
(HPr), acetate (Ac), hydrogen and butyrate (Gujer & Zehnder, 1983; Mosey, 1983). Acetate is
the preferred acidogenesis product because it provides the acidogens organisms with a high
energy yield for growth. In addition, it supplies the acetoclastic methanogens(in the subsequent
stage) with their primary substrate required for methane production (Mosey, 1983). Acidogenesis
is assumed to be highly influenced by hydrogen partial pressure, a process that allows for a
reasonable description of digester failure (Ghoor, 2020; Gaszynski, 2021). For example, in the
presence of high hydrogen partial pressure, acidogens produce propionate and butyrate. The
formation of propionic acid causes a reversal in the hydrogen production process to the extent

that organisms can control the redox potential during heavy surge loads (Gaszynski, 2021).

2.3.2.3 Acetogenesis

The acetogenesis process is facilitated by acetogens organisms which converting short-chain
fatty acids, with two or more carbon atoms(higher than Cz), such as propionic and butyric acids,
to acetate and hydrogen (Gujer & Zehnder, 1983; Mosey, 1983). This process is essential because
methanogenic organisms do not utilise such SCFAs. Low hydrogen partial pressure is required
to effectively convert SCFAs to acetate (forward reaction) (Ghoor, 2020). Therefore, effective
acetogenesis requires hydrogen utilising organisms (hydrogen methanogens) to operate at their

optimum levels.

2.3.2.4 Acetoclastic methanogenesis

The acetoclastic methanogenesis process is facilitated by the acetoclastic methanogen organisms,
which converts acetate to methane and carbon dioxide (Sétemann et al., 2005). The acetoclastic
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methanogens are responsible for about 70% of methane gas produced by the AD, while
hydrogenotrophic methanogens (see Section 2.3.2.5) produce about 30% (Gujer & Zehnder,
1983; Ristow et al., 2005). The acetoclastic methanogens are very sensitive to pH and thus are
susceptive to inhibitory compounds. The inhibition can result from a high accumulation of
products from precedent processes such as acetate, ammonia, hydrogen and hydrogen sulphide
(Ristow et al., 2005). Therefore, propionate and acetate need to be utilised as soon as they are
produced to ensure effective digester operation. In turn, this ensures that the digester pH is
maintained at around seven, which is the optimum operating pH of the acetoclastic methanogens
(Sétemann et al., 2005).

2.3.2.5 Hydrogenotrophic methanogenesis

The hydrogenotrophic process is facilitated by hydrogenotrophic methanogens organisms, which
convert hydrogen and carbon dioxide produced by the preceding process into methane and water
(Mosey, 1983). The removal of hydrogen in the digester is important for maintaining a low
hydron partial pressure to ensure favourable conditions for acetogens, as discussed earlier. Like
the acetoclastic methanogens, hydrogenotrophic methanogens are also inhibited by low pH.

Figure 2-1 shows a summary of the conceptual process for anaerobic digestion for UCTADM1.

Influent Organics
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Figure 2-1. UCTADML1 biological processes of AD (Ghoor, 2020)
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2.4 Modelling in wastewater treatment

2.4.1 Overview

As discussed at the end of Section 2.2.4, models are valuable tools for analysing, designing, and
optimising wastewater treatment processes. Wentzel et al. (2008) state that models have helped
evaluate existing WWTPs’ performances and detect potential requirements for upgrades, design
new plants, train plant operators, and carry out sensitivity analysis. There has been significant
development in both steady-state and dynamic models over the years.

In the past, models were developed for each unit of operation separately and resulted in two types
of standard models, namely activated sludge models (ASMs) and anaerobic digestion models
(ADMs). However, compatibility difficulties have been experienced when coupling these models
together because these models have different variables. For example, while carbon is not a
requirement for ASMs, it is a requirement for ADMs (Ikumi et al., 2014). As a result, building
models in isolation has been deemed ineffective for the design and operation of WWTPs (Brink,
2008; Wu, 2015). Therefore, most recent research and modelling efforts are focused on plant-
wide modelling (PWM), whereby a WWTP is modelled as a whole in an integrated fashion
(Brink, 2008; Seco et al., 2020). This section discusses some developments in the steady-state

and dynamic models.

2.4.2 Steady-state models

Steady-state models are relatively simple models that require constant flows and loads as input
(Ekama & Wenzel, 2008). Steady-state models are important because they are used to determine
the design parameters (i.e., reactor volumes, sludge ages and recycle ratios) which are required
inputs for dynamic models. (Ekama, 2009). Additionally, they are easy to use and require less
data input as compared to dynamic models. During steady-state modelling, it is assumed that
most bioprocesses reach completion, which allows them to be analysed using stoichiometry
(Ekama, 2009).

Table 2-1 lists some development in steady-state models as well as their relevant literature.
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Table 2-1. A Steady-state models

Model Type

System/Process/Model component

Relevant literature

Activated Sludge (AS)
Models

Organic removal

Marais & Ekama (1976),
Ekama & Wentzel (2004)

Nitrogen removal

Ekama & Wentzel (2008)

Biological excess phosphorus removal | Mebranhtu (2007)
(BEPR)
Nitrification-Denitrification biological | Wentzel et al. (1990),

excess phosphorus removal (NDBEPR) | Harding (2009)

system
Anaerobic digestion | UCT anaerobic digestion model | S6temann et al. (2005)
(AD) models (UCTADM)

WAS +PS and WAS hydrolysis rate Ikumi et al. (2014)
Secondary  settlement | SST 1DFT Ekama et al. (1997)
tank (SST) model Takacs & Ekama (2008)
Plant-wide models | Plant-wide steady-state model (PWSSM) | Wu (2015)
(PWM) design and analysis program

Optimis_ation of WRRF for energy | Ekama (2017)

generation

Mass balance bioprocess stoichiometry Ekama (2009)

Three Phase PWSSM Ikumi et al. (2015)
Ikumi (2011)

2.4.3 Dynamic models

Dynamic models are very complex compared to steady-state modes, with varying flows and loads

besides time factors (Ekama & Wenzel, 2008). They employ ordinary and partial differential

equations to simulate reaction mechanisms for various processes acting on various wastewater

elements. Due to this complexity, they are often simulated in software (Ekama, 2009; Ikumi,
2011). PWM_SA tool, a subset of WRRF simulation software platform WEST®, is typical for
dynamic wastewater modelling, specifically in South Africa (Ghoor, 2020; Ikumi et al., 2015).

Table 2-2 below is a summary of some common dynamic models.
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Table 2-2. Dynamic models

Model Type

System/Process/Model component

Relevant literature

Dynamic

activated

sludge models (ASM)

IWA AS models (i.e., ASM1, ASM2, ASM2d,
and ASMQ)

Henze et al. (1995, 2000)

ASM2-3 phase

Ikumi (2011)

Dynamic

anaerobic

digestion models

IWA AD Models (i.e., ADM1)

Batstone et al. (2002)

University of Cape Town Dynamic Model
(UCTDM)

Sétemann et al. (2005)

Plant Wide Model SA anaerobic digestion
model (PWM_SA_AD)

Brouckaert et al. (2010);
Ikumi et al. (2015); Ghoor
(2020)

Plant-wide  dynamic | Continuity Based Interfacing Method (CBIM) | Volcke, van Loosdrecht &
model Vanrolleghem (2006)

The Supermodel Approach Jones & Takacs (2004)

The Transformation—Based Approach Grau, Vanrolleghem &

Ayesa (2007)

Mass Balance Based Plant-Wide Modelling
Approach (i.e., PWM_SA)

Brouckaert et al. (2010);
Ikumi (2011); Ikumi et al.

(2015)

2.4.4 Steady-state AD model

Sotemann et al. (2005) developed a steady-state model for sewage sludges by simplifying the
UCTADML1 (dynamic) model of S6temann et al. (2005). The UCTADML process was discussed
in Section 2.3.2. Ikumi et al. (2015) extended the AD steady-state model of S6temann et al.
(2005) by adding phosphorus component, digestion of WAS and a solid phase—making it a three-
phase (liquid, gas, solid) phase model. The steady-state AD model of Ikumi et al. (2015) is a
mass balanced model that can predict the release of N and P during AD, track elemental
compounds, and identify potential mineral precipitation problems. Steady-state models, in
general, are suitable for modelling experiments in which many bioprocesses can be assumed to
have reached completion' (Ekama, 2009). For example, Maake & lkumi (2021) deliberately

operated AD batch reactors at a long sludge age to ensure complete utilisation of biodegradable

1 An experiment is assumed to have reached completion when the substrate biodegradable organics are used up,

which reduces the bioprocesses to stoichiometry only.
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organics and used the steady-state AD model of Ikumi et al. (2015) to simulate the experiments.
However, to date, both steady-state AD models of S6temann et al., 2005 and Ikumi et al., (2015)
are only calibrated for hydrolysis of PS and WAS. Nevertheless, the steady the steady-state
model of Ikumi et al. (2015) was selected for modelling the batch ABMP batch reactors..

2.45 PWM_SA_AD Model

Brouckaert, Ikumi & Ekama (2010) developed the PWM_SA_AD model by extending the UCT
AD model (UCTADM1) of Sétemann et al. (2005) to include a solid phase of mineral
precipitation. The PWM_SA_AD model is developed as a sub-model of the Plant Wide Model
South Africa (PWM_SA) model. The PWM_SA model is a three-phase (aqueous-gas-solid)
plant-wide model developed by the Universities of Cape Town and KwaZulu Natal and coded
into the WRRF simulation software platform WEST® (Brouckaert et al., 2010; Ikumi et al.,
2015). As a sub-model of the PWM_SA model, the PWM_SA_AD model contains all features
of the PWM_SA model. PWM_SA_AD model is commonly used in the Water Research Group
(WRG) at UCT for simulating anaerobic digestion. In addition, the model is regularly updated

as per ongoing research within the WRG.

2.5 Energy recovery from wastewater

2.5.1 Overview

Traditional energy sources are becoming exhausted due to escalating energy demand from rising
populations and economies. Therefore, the world is challenged to identify alternative sustainable
energy sources, and biogas is one of the alternatives with so much potential. In wastewater
treatment, biogas is generated during anaerobic digestion of biodegradable organics. However,
biogas generated during wastewater treatment is often not utilised due to their non-
commercialisation. This section discusses factors affecting biogas recovery and how biogas

recovery can be enhanced.
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2.5.2 Influence of wastewater composition

Energy is produced from wastewater treatment during the AD process, whereby AD organisms
(see Section 2.3.2) biologically break down biodegradable organics to produce methane-rich
biogas. Therefore, the influent wastewater composition highly influences the quality and quantity
of biogas produced from the AD. Wastewater with high biodegradable organics in the influent is
preferred for high biogas yield (Musvoto & lkumi, 2016). A study by Ekama (2017) also
confirms that diverting more organics to the AD systems by increasing the removal efficiency of
the PST increases biogas yield. In addition, when the PST removes more organics, it results in
little organics in settled wastewater (i.e., the overflow from the PST) which reduces aeration
costs in the AS system.

To enhance biogas recovery, it is therefore required to increase the organics discarded to AD
systems. Some methods for increasing organic discarded to AD systems include co-digestion of
wastewater with other organic wastes and increasing PST removal efficiency (Ekama, 2017;
Nghiem et al., 2017). However, additional organic loading to AD systems may also result in
negative consequences, leading to unit operations or plant failure. For example, when additional
organics are added to influent wastewaters, it increases the organic content of PS. Consequently,
it enhances biogas production, but it also causes significant variations in the settled wastewater
characteristics (Ekama, 2017). This variation in settled wastewater composition can subsequently
lead to a change in AS system design parameters (i.e., increased settled wastewater organic load
requires an increased sludge age, reactor volume and SST area). Therefore, it is crucial to
thoroughly evaluate the plant’s loading capacity, particularly the AD and AS systems, before
introducing an additional source of wastes or changing PST removal efficiencies (Igbal et al.,
2020).

2.5.3 Wastewater and food waste co-digestion

2.5.3.1 Food waste composition

In general, food waste refers to food losses arising throughout the entire food supply chain and
the food that is discarded by the consumer (Nahman & de Lange, 2013). However, in the scope
of this thesis, the term food waste is limited to avoidable and unavoidable food discarded by
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households. Household food waste is largely biodegradable organics, and when it is discarded to
landfills, it significantly contributes to GHG emissions and leachate production (Hagos et al.,
2017; Mehariya et al., 2018). Leachate can potentially contaminate groundwater, while GHG
contributes to global warming. Furthermore, when food waste is disposed to landfills, we miss

out on potentially recoverable resources such as biogas and nutrients (Zan et al., 2020).

Food waste has not been well documented in South Africa, indicating how food waste is still not
regarded as a resource. However, subsequent studies by Nahman et al. (2012), Nahman & de
Lange (2013) and Oelofse & Nahman (2013) attempted to quantify the magnitude of food waste
produced throughout the food supply chain, including household level. Table 2-3 shows the
estimated food waste composition and quantity produced by households in South Africa

annually.

Table 2-3. Annual household food waste generation in South Africa (Nahman & de Lange,

2013)
Commaodity Group Weight (1000 tonnes) per year
Cereal 2 605
Roots and tubers 955
Oilseeds & pulses 346
Fruits and vegetables 4491
Meat 753
Fish and seafood 225
Milk 831
Total 10 206

To the best of the author’s knowledge, available literature in South Africa on the food waste
subject focused on quantification and physical composition. However, to accurately determine
the potential biogas recoverable from food waste, the food waste organic composition is required
to be known. Furthermore, food waste’s organic composition varies significantly from location
to location due to varying income levels and diet patterns, resulting in varied biogas yield per
mass of food waste. Therefore, it is critical to determine the characteristics of food waste at a

local level rather than using projected figures.
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2.5.3.2 Food waste management: Challenges and opportunities

Food waste is a substantial fraction of the organic fraction of municipal solid waste (OFMSW).
However, due to its very putrescible nature, food waste management is generally a challenging
task worldwide. If not adequately handled, food waste significantly contributes to public health,
environmental and social challenges (lacovidou et al., 2012; Zan et al., 2018). For example, in
Europe, food waste alone contributes up to 16% of global warming potential. Traditionally, food
waste and other organic waste are disposed of in landfills. However, due to paradigm shifts in
environment management, landfilling of organic waste, including food waste, is regarded as
unsustainable. As a result, landfilling of food waste is banned in some countries like Germany
and Italy and levied in Australia (Nghiem et al., 2017). In fact, various countries across the globe
have put up strategies and policies that promote smart waste management and food waste
reduction (De Clercq et al., 2017).

On the other hand, opportunities exist in diverting food waste from landfills through smart waste
management practices. Because food waste is mostly organic, it contains nutrients and resources
that can potentially be recovered. Anaerobic digestion (AD) is a leading technology used to treat
organic-rich wastes to produce methane-rich biogas, which can be converted to energy such as
electricity. Apart from energy, scarce nutrients such as phosphate and nitrogen, which can be
used for fertilisers, can also be recovered from anaerobic digestion of organic-rich substrates
such as food waste (Sikosana et al., 2016, 2017). The process of AD was discussed earlier in
Section 2.3.2. Despite overwhelming evidence of science supporting resource recovery from
anaerobic digestion of food waste, various technical and social challenges exist. Thus, AD of

food waste is not commonly practiced.

Due to technical challenges of anaerobic mono-digestion of food waste, researchers have
proposed anaerobic co-digestion of food waste with other substrates. Co-substrates to food waste
can be one or more organic wastes such as wastewater sewage or sludge, ground coffee, manure,
dairy waste (Menardo & Balsari, 2012; Nghiem et al., 2017). It is believed that co-digestion of
food waste with other organic waste offers better process efficiency by offering complementary
benefits such as nutrient availability, lower feed volume, better biogas yield than mono-digestion
(Mehariya et al., 2018).
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2.5.3.3 Wastewater and food waste co-digestion

The overall progress made in water conservation and slow population growth has left AD at
many WWTPs with excess capacity that is unlikely to be used in the future (Nghiem et al., 2017).
Thus, the wastewater sectors are actively exploring options to utilise the excess digester
capacities. Food waste and wastewater co-digestion for biogas recovery is one of the available
promising options to utilise the excess capacities of digesters at WWTPs. Full-scale wastewater
and food waste co-digestion projects are already taking place in some parts of the world,
including Italy and Germany (Nghiem et al., 2017; Cecchi & Cavinato, 2019), California (Gray
et al., 2008) and Sweden (Davidsson et al., 2017).

Food waste and wastewater co-digestion is driven by economic and environmental benefits
(Nghiem et al., 2017). The environmental benefits are driven by the diversion of organic waste
to landfills, while economic benefits are driven by resource recovery/circular economy.
However, it is believed that food co-digestion of food waste and wastewater has more
environmental benefits than the true economic gains, resulting in the slow full-scale

implementation of food waste and wastewater co-digestion projects (Nghiem et al., 2017).

To enhance the true economic benefits of food waste and wastewater co-digestion requires
optimisation of system-wide processes. As discussed in Section 2.5.2, resource recovery from
wastewater is greatly dependent by the influent wastewater characteristics. Therefore, by
improving the quantity and quality of food waste entering the wastewater and subsequently, the
AD can greatly enhance resource recovery. Improving the quantity and quality of food waste
require effective solid waste separation and food waste transport to the WWTP system.
Therefore, identifying alternative sustainable solid waste separation and food waste transport to
WWTPs systems was an essential objective of this project. Different sustainable solid waste
separation and food waste transport systems were identified and rigorously reviewed in Angula
& Ikumi (2022) and summarised in Section 2.6.
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2.6 Alternative sustainable food waste handling systems

2.6.1 Overview

The objective of this section is to rigorously review various alternative sustainable systems for
solid waste separation and transportation of food waste to wastewater treatment facilities for co-
digestion with wastewater sludge, which was an important objective of this study. This section
IS an extract from a review paper by Angula & Ikumi (2022), which has been submitted to a
journal for publication. This thesis and write up of the journal paper were carried out in parallel
by the same lead author. The identified systems were discussed with reference to full-scale case-
studies. Finally, the identified systems were analysed and compared in terms of their strengths,

weaknesses, opportunities and threats (SWOT analysis).
2.6.2 Sustainable solid waste separation and food waste transport systems

2.6.2.1 Decentralised systems

Decentralised food waste and sewage sludge co-digesting WWTPs receive food waste, with
transport modes differing from site to site. Upon their arrival at a WWTP, food waste must
undergo physical and mechanical pre-treatment before co-digesting it with sewage sludge. The
pre-treatment process includes removing coarse contaminants and inert materials(i.e. plastics,
glass and bones) and grinding food waste into smaller particles (Hagey, 2011; Edwards et al.,
2017). The products of pre-treatment are a liquid food waste slurry and residual inert solid waste.
The food waste slurry is stored in storage tanks before discharging it to the WWTP's anaerobic
digester where it will be co-digested with the wastewater sludge. Residual inert solid waste is

dewatered on site before getting sent to landfills or incinerating facilities.

The Rovereto plant (Italy) and East Bay Municipality Utility District (EBMUD) WWTP (USA)
are examples of decentralised food waste and wastewater co-digesting WWTPs equipped with
on-site pre-treatment facilities (Hagey, 2011; Nghiem et al., 2017). Figure 2-2 below shows the
process of food waste pre-treatment at a WWTP at EBMUD WWTP. Food waste pre-treatment
is believed to be a complex and capital and energy intensive process (Bernstad et al., 2013,

Nghiem et al., 2017). As a result, some WWTPs such as Moosburg (Germany) eliminate pre-
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treatment process by only accepting liquid food waste such as brewery, diary wastes and pre-

treated food waste from food waste processing plants (Sembera et al., 2019).
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Figure 2-2. Food waste and wastewater co-digestion at EBMUD WWTP(Gray et al., 2008)

2.6.2.2 Centralised systems

In a centralised system, food waste pre-treatment take place at a central food waste processing
plant. Centralised food waste processing facilities’ primary business is to pre-treat food waste
sourced from various industries and make the pre-treated food waste slurries available to
resource/nutrient recovery facilities, including co-digesting WWTPs. Centralised food waste
facilities are built to pre-treat rich-organic substrates and thus offer the flexibility and capacity
to co-process food waste with other types of organic waste, depending on availability (Nghiem
et al., 2017). The operation of a food waste processing plant includes removal of inert materials
by mechanical processing, hygienisation, removal of fats, oil and grease (FOG) by centrifuging,
followed by storing and transporting the pre-treated slurry to WWTPs (Nghiem et al., 2017;
Macintosh et al., 2019).

The Oberding food waste processing plant (Germany) has been described as the leading example
of a centralised food waste processing plant with up to date technologies (Nghiem et al., 2017;
Cecchi & Cavinato, 2019; Macintosh et al., 2019). Food waste is hauled, via trucks, from
different sources as far as 200km from the plant. Following the pre-treatment stage, the pre-
treated food waste is made available mainly to the local WWTP (Moosburg) and other resource
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recovery plants. The pre-treated slurry is transported in tankers with a capacity to maintain a
temperature not lower than 90°C to prevent food waste from solidifying (Nghiem et al., 2017).
The operation flow of Oberding is illustrated in Figure 2-3. Case studies of wastewater co-
digestion with pre-treated food waste from Oberding plant reported that food waste greatly
enhanced methane (biogas) potential but also caused problems such as inconsistent biogas
quality, solid sedimentation, reduced sludge dewaterability and increased nitrogen backload
(Macintosh et al., 2019; Sembera et al., 2019).
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Figure 2-3. Process flow diagram at Oberding food waste processing plant (Nghiem et al.,

2017)
2.6.2.3 Food waste disposer systems

Food waste disposers (FWD) or in-sink macerators are devices built on the underside of kitchen
sinks that grind food waste into fine particles and flush the effluent into the sewerage system, as
depicted in Figure 2-4 (Thomas, 2011). They have been in existence for about a century, initially
used for hygiene purposes, but most recently used as an effective means for diverting food waste
from landfills (lacovidou et al., 2012). Although they are common in countries like USA, New
Zealand and Australia, to the rest of the world they are still at a novel stage because their impacts
to the sewer and WWTP systems have not been well established (Evans, 2012). The use of FWDs
is largely being promoted as an alternative sustainable method that reduces transportation costs
and odours which are prevalent in manual handling of food systems discussed in Sections 2.6.2.1
and 2.6.2.2.
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Food waste

Sewer system

Figure 2-4. Food waste discharge to sewers using FWD

It has been widely reported that the use of FWD greatly enhances biogas recovery at the WWTP
(Bernstad Saraiva et al., 2016; Davidsson et al., 2017; Igbal et al., 2020). However, because of
poor knowledge of the impact of FWD on the sewer networks and WWTPs infrastructure, their
use is either banned or regulated by several European countries (Thomas, 2011; lacovidou et al.,
2012). Reasons for their objections include (1) energy and water consumption of FWDs, (2)
potential corrosion in concrete pipes, (3) clogging due to oil and grease loads, (4) poor effluent
qualities, settling in sewerage systems and (5) potential need to retrofit sewer and WWTPs
infrastructure (Bolzonella et al., 2003; Guven & Ozturk, 2018; Cecchi & Cavinato, 2019).
Nevertheless, the consequences of adopting FWDs will vary from location to location due to
variations in food waste characteristics and different levels of sewer infrastructure (Guven &
Ozturk, 2018; Zan et al., 2020).

2.6.3 Discussion

Angula and Ikumi (2022) compared the alternative sustainable systems discussed in Section 2.6.2
using the strength, weakness, opportunity and threats (SWOT) analysis. In summary of their
discussion, it was found that the centralised and decentralised systems, which have nearly similar

operation processes, also share nearly similar strengths, weaknesses, opportunities and threats.
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The centralised system was described to be more efficient than the decentralised system. In
addition, food waste handling (collection and transportation) and pre-treatment were identified
as the major components of the two systems that made them unattractive and a major challenge
to full-scale implementation of food waste and wastewater sludge co-digestion. This is because
manual handling of food waste results in significant loss of organic (which results in loss of
potential losses and GHG generation) and unhygienic, while pre-treatment is often not
economically viable. On the other hand, the FWD system potentially eliminates the need for
manual handling and pre-treatment, which are the major setbacks in the decentralised and
centralised systems. However, being a novel technology, the impact of using FWD on the sewer
and WWTPs has not been well established to date.

The selection of suitable solid waste separation and food waste transport systems will vary from
location to location because it is influenced by various factors, including the main driver for solid
waste separation. For example, for a system designed to optimise energy recovery, food waste
characteristics, food waste handling (i.e., transportation from source to WWTP) and capacity for
modelling and simulating WWTPs to optimise energy recovery are critical factors (Mehariya et
al., 2018). Nevertheless, this study selected the FWD system for system-wide modelling because
its strengths and opportunities outweigh the weaknesses and threats. In addition, the lack of its
implementation is mainly because of unestablished facts on its impact on existing sewer systems,
which can be addressed in a system-wide study (extending investigations beyond a WWTP
boundary, i.e., from the waste sources to the products generated by the WWTP unit operations).

2.7 Biodegradability test

2.7.1 Overview

The two primary tests used to determine the strength of organics (pollutants) present in
wastewater are chemical oxygen demand (COD) and biochemical oxygen demand (BOD).
Typical methods commonly used to test the biodegradability of wastewater include BOD
measurements and respirometry methods (Hulsbeek et al., 2002; Vanrolleghem, 2002).
However, these test methods employ complex and costly procedures, and thus most
municipalities do not have the capacity to carry out these tests. Moreover, although BOD is

closely related to biodegradability, standardised anaerobic biodegradability tests are
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recommended to conduct biodegradability tests for wastewaters (Van Lier et al., 2008). Standard
anaerobic biodegradability tests are carried out by exposing a test sample to an inoculum. The
cumulative amount of methane produced after digestion is complete is equivalent to the quantity

of biodegradable organic in the test sample (Van Lier et al., 2008).

2.7.2 Biomethane Potential Test

The biochemical methane potential or biomethane potential (BMP) test is a common standard
anaerobic biodegradability test method (Angelidaki et al., 2009; Holliger et al., 2016). The BMP
test compares two anaerobic digestion seeding conditions, namely the control and test reactors.
The control reactor is fed with AD inoculum only, while the test reactor contains the same
inoculum and organic substrate. The control and test reactors are run in parallel. The measured
difference in methane potential volume of the test and control reactor is equivalent to the
biodegradability of the test sample (Angelidaki et al., 2009; Holliger et al., 2016).

The BMP test is carried out either in a continuously fed reactor or batch reactor. According to
Owen et al. (1979) cited in Gaszynski (2021), BMP continuously fed reactors reasonably
replicate full-scale AD operation, but the test procedure is complex and costly. As a result, BMP
batch testing is the commonly used BMP test owing to its simplicity and inexpensiveness.
However, the BMP batch test method is not sufficient on its own to carry out wastewater
biodegradable organics composition because it does not involve aqueous measurements
necessary to track changes in particulates and dissolved constituents taking place during

degradation of organics (Gaszynski et al., 2019).

2.7.3 Augmented Biomethane potential

To address the shortcomings of BMP regarding the agueous measurements, Botha (2015)
extended the BMP test to augmented biomethane potential (ABMP). Besides biogas
measurement, ABMP also measures additional parameters, including total and soluble COD,
FSA, OrthoP, alkalinity, VSS, and pH. Therefore, a complete characterisation of organic
substrates or wastewaters can possibly be carried out by employing the ABMP test, which is

relatively inexpensive. The ABMP setup is simple and similar to the BMP setup, employing a
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control and test rest reactor operated in parallel. Figure 2-5 shows a layout of an ABMP

experiment setup.
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Figure 2-5 An ABMP experiment setup (Gaszynski, 2021)

Both BMP and ABMP use similar gas measurements methods, either volumetric, manometric or
gas chromatography. The volumetric gas measurement, which is most common, uses a liquid
displacement technique, whereby the gas produced from the reactor is directed through a carrier
liquid, and the volume of displaced liquid is equivalent to the volume of biogas produced (Raposo
et al., 2011). Gas measurement is the leading cause of inaccuracy in BMP and ABMP, and it
primarily results from the choice of carrier liquid (Parajuli, 2011). Gaszynski (2021) have also

confirmed BMP errors resulting from gas measurement.

In an attempt to improve the BMP test method, Gaszynski (2021) also augmented the BMP test

and developed a novel biodegradability test — the Augmented Biochemical Sulphide Potential
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test (ABSP). The ABSP test uses sulphate reducing bacteria instead of methanogenic organisms
and is carried out on a sealed reactor without a headspace. In ABSP tests, all measurements are
carried out in an aqueous phase, which alleviates the gas measurement error associated with the
ABMP test (Gaszynski, 2021).

2.8 Literature review summary

The wastewater treatment sector has embarked on a journey to evolve from the traditional end-
of-pipe treatment philosophy to a more sustainable method of circular economy (resource
recovery) whereby WWTPs are required to transform into WRRFs. To enhance resource
recovery from wastewater requires optimisation of wastewater treatment processes by building
mathematical models with capacities to simulate the complex processes which can aid efficient

design and operation of WWTPs.

Anaerobic digestion (AD) was identified as one of the units of operation of the WWTP with
resource recovery (i.e., mainly biogas and nutrients). Literature provided background into AD
modelling with a specific focus on organisms that facilitate the AD process. In addition, a
background of the steady-state models, dynamic models and plant-wide models was discussed.
Following the review of various models, the steady-state AD model of Ikumi et al. (2015) was

selected as the most suitable model for use in this project.

The process of energy (biogas) recovery from wastewater was discussed, focusing on how energy
recovery is influenced by influent wastewater composition and how energy recovery can be
enhanced by co-digesting wastewater and food waste. A rigorous review of solid waste
separation and food waste transport system was carried out and identified the use of food waste
disposers (FWD) as a potentially more sustainable option, compared to trucking food waste to a

WWTP or centralised food waste processing plant.
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3. Research Materials and Methodology

3.1 Introduction

In order to determine the existing (i.e., without food waste) and probable (i.e., with food waste)
influent wastewater characteristics, laboratory experiments were carried out, followed by some
model implementations. This chapter presents a detailed discussion on the research materials,
experiment setup and procedure, analytical test procedure, evaluation of experiment results and
model description and implementation procedure. The flow of chapter 3 is illustrated in Figure
3-1.
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Figure 3-1. Chapter 3 layout
3.2 Parent anaerobic digester

A stable seed or inoculum obtained from an active anaerobic digestion (AD) is required for an
augmented biomethane potential (ABMP) experiment. A suitable inoculum can be obtained by

feeding an AD with a complex comprising a wide variety of microbes. In this study, two
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methanogenic parent anaerobic digesters (PAD) were operated to grow the required seed for the
ABMP experiment. Two PADs were set up to ensure there was an adequate seed for ABMP
experiments. The PADs were operated at approximately similar sludge age (~50 days) and was
fed with primary sludge (PS) obtained from Belville Wastewater Treatment Works (BWWTW)

in Cape Town. Figure 3-2 shows a picture of a PAD under operation.

i:igure 3-2. A lab-scale parent anaerobic digester (PAD)

3.2.1 Feed preparation

Primary sludge (PS) used for feeding the PADs was sampled from the bottom of the PST pump
station at BWWTW. A total of 100 PS sample was collected and transported in 2x 50¢ drums
to the Water Quality Lab (WQL) at UCT. In the laboratory, the PS from one of the drums was
ground with a 1000W Russell Hobbs blender (Model number RHB315) to obtain a homogeneous
PS mixture. The ground mixture was then transferred into 5x 10€ containers. Four of these 10€
containers and the remaining 50¢ drum were stored in a freezer at -20°C. The remaining 10£

container was stored in a cold room at -4°C and used for daily feeding the PADs.
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Primary sludge (PS) usually undergoes considerable anaerobic fermentation, even at low
temperatures of -4°C. This fermentation causes an increase in short chain fatty acids (SCFA)
concentration of the stored PS. Therefore, to limit the prospect of characteristic alterations, PS
storage required storage under cool temperatures that reduced the rate at which fermentation
would occur. This allowed PS to be stored for a maximum period of two months without
significant alteration of PS feed characteristics. To prepare frozen samples for daily feeding, a
sample container (10€) was removed from the freezer and thawed in the cold room for about 3-
5 days. The container was removed from the freezer just before the container stored in the cold
room finishes (~5 days). Then, the process was repeated until the feed was finished, upon which
more PS was collected from BWWTW.

3.2.2 Setup and operation

The PADs were operated as continuously stirred tanks reactors (CSTRs), which, apart from their
volumes, had identical setup and operations. They were made of Perspex material and were fitted
with an electric motor, a 200W submersible aquarium fish tank heater and an electric temperature
controller. An electric motor fixed at the digester lid was used to provide a continuous stir in the
digester to ensure the digester content is kept homogeneously mixed and maintains the same
temperature throughout the digester. A fish tank heater was used to heat the digester, while an
electric temperature controller was used to regulate the temperature. Additionally, the digesters
had an inlet port located at the top of the digester used to feed it and an outlet port near its bottom,

which was used to waste the effluent. Figure 3-3 below shows the layout of the PAD.
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Figure 3-3 Methanogenic PAD setup layout (Gaszynski, 2021)

The anaerobic digestion process produces biogas. The biogas produced left the digester through
the gas port (also located at the top of the digester), passes through a gas line and was captured
in the wet-tip gas meter. The gas meter contained a tipping mechanism made from plastic and
was set on a central pivot of the gauge. This tipping mechanism collects the gas bubbles in the
water (contained in the gas gauge). Every time 45m{ of the gas is collected in the wet-tip gas
meter, the tipping mechanism tips and releases the gas. In addition, an electric counter, which
recorded the number of tips, was connected to the gas meter. This helped monitor the consistency
in biogas production, which was a simple way to ensure that the PAD was working. The PADs
were operated under mesophilic conditions at 36°C, and each was fed the same volume and of
PS daily (daily batch-wise feeding). Long sludge ages of approximately 50 days were
intentionally selected to set steady-state conditions in the PADs. The steady-state conditions were
desired in order to reasonably estimate the PAD effluent biomass concentration using steady-
state model equations. The biomass concentration was needed to calculate the kinetics, which

were ancillary aspects of the project. The two PADs are summarised in Table 3-1.
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Table 3-1 Operating conditions of the PADs

AD | Start date Total Operating | Headspace | Feed Waste Sludge
ID volume(£) | volume(€) | volume (£) | volumet/d) | volume(€/d) | age (d)
1 24/02/2021 | 20 17 3 0.35 0.35 48.6
2 15/05/2021 | 30 26 4 0.50 0.50 52.0

Feeding took place once every day and was carried out in the shortest time possible (~1 minute)
to prevent oxygen from entering the digester. Furthermore, alkalinity (Na2CQOs3) was added at the

start of the experiment to increase digester pH to around seven, where it was maintained.

3.3 Augmented Biomethane Potential (ABMP) Experiment

3.3.1 Overview

The ABMP test is used to measure the potential yield of biogas from anaerobic digestion of
organic material besides the wastewater standard characterisation measurements. The standard
measurement tested in this study is summarised in Table 3-5. The experimental setup comprised
two main seeding conditions: the control batch reactors fed with the inoculum (seed) only and
the test batch reactors which was fed with inoculum and organic substrates of interest. Analytical
tests were performed on each reactor at the start and end of the experiment. The results were used

to determine the composition of the organic substrates, which was the experiment's objective.

3.3.2 Feed preparation

The ABMP reactors were fed as batch reactors. The control reactors were fed with seed
(inoculum) only, while the test reactors were fed with the seed and an organic substrate of
interest. The substrates of interest in this study were PS, food waste and a blend of PS and food
waste. The use of three substrates means three seeding conditions were required for test reactors,
resulting in a total of four seeding conditions (one control and three tests). The inoculum used
was taken from the PAD on the day the experiment started, while the PS was obtained from
Belville Wastewater Treatment Works (BWWTW). The PS was stored in a freezer at -20°C and

subsequently thawed in a cold room at 4°C before it was used for feeding.
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Real food waste was not readily available. As a result, food waste was manually simulated based
on South Africa’s typical food waste composition of Nahman & de Lange (2013). The study by
Nahman & de Lange (2013) estimated the quantities and composition of food waste from
previous waste stream studies that attempted to characterise the overall waste stream in terms of
the relative contribution of different waste groups (including food waste). Table 3-2 shows the
typical food waste composition, commodity weighed contribution, and the actual products used
to prepare food waste for this study. The products chosen to prepare food waste were chosen to
best suit the form in which the commaodity representative can be found at the household level.
i.e., wheat bread instead of wheat grains. Meat products were de-boned and boiled on a kitchen
stove for approximately 10 minutes before mixing. Boiling them was done for three reasons,

namely:

i.  Heating them will help break down sugars and other enzymes, which changes the
hydrolysis rate and subsequently lower the sludge age;

Ii.  pathogens and other bacteria groups present in fresh meat are capable of inhibiting the
growth of methanogens and

iii.  meat products are rarely wasted in their raw form in households (Cronje et al., 2018).

Furthermore, all solid particles were cut into smaller pieces which enabled them to be weighed

out in small quantities and made them easy for grinding.

After weighing the required food waste samples, they were ground to form a liquid food waste
slurry. Then, grinding was carried out in a way that simulated a typical food waste disposer
(FWD) operation. This was done by macerating food waste with water on a ratio of 1¢ of tap
water per 100g of food waste (i.e., 1£/100g F) for roughly 60 seconds (Zan et al., 2018). In the
absence of an actual FWD /macerator in the WQL, a 1000W Russell Hobbs blender (which was
also used to macerate PS) was used for macerating food waste. Given that the blender’s capacity
is only 1.75€ and the food mass was 1800g, maceration was done in 18 batches (1¢ water +100g
FW each batch). The 18 batches of the macerated food waste slurries were mixed in a big bucket
after that. In the remainder of this report, the water and food waste mixture prepared above is
referred to as food waste. Table 3-2 shows the typical food waste composition according to

Nahman & de Lange (2013) and the actual preparation of food waste in this study.
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Relative contribution to household food waste
(Nahman & de Lange, 2013)

Actual products used to prepare food waste

Commodity group Commodity Product description Req. Actual
representatives mass(g) mass (g)
Group Weight | Product Weight
Cereals 26% | Maize 75% | Maize meal porridge 351.00 351.15
Wheat 25% | Whole grain bread 117.00 117.15
Roots and tubers 9% | Potatoes 81% | Potatoes 131.22 131.29
Onions 19% | Onions 30.78 30.99
Oil seeds and pulses 4% | Sunflower 65% | Sunflower cooking oil 46.80 46.90
Soya beans 35% | Savoury soya mince 25.20 25.33
Fruits and vegetables 44% | Tomatoes 45% | Fresh tomatoes 356.40 356.47
Citrus 55% | Citrus oranges 435.60 435.67
Meat 7% | Chicken 55% | Boiled chicken thighs 69.30 69.28
Beef 27% | Boiled beef mince 34.02 34.12
Lamb 6% Boiled lamb steak 7.56 7.63
Pork 12% | Boiled pork steak 15.12 15.25
Seafood 2% | Hake 100% | Fried hake fillet 36.00 36.07
Milk 8% Milk 100% | Full cream milk 144.00 144.12
Total 100% - 1800.00 | 1801.42

After food waste mix preparation, the container containing food waste was stored in the freezer

at -20°C and subsequently thawed in a cold room at 4°C before it was used for feeding. Lastly,

the blend of PS and food waste was prepared on the day of seeding.

3.3.3 Experimental Setup

The ABMP experiment was set up for volumetric gas measurement and was adopted from

(Gaszynski et al., 2019). For statistical significance, the experiment was carried out in triplicates,

therefore utilising three reactors for each seeding condition (see Section 3.3.4 for more about

seeding). Four seeding conditions were carried out, resulting in a total of twelve reactors required

for the experiment. The setup comprises batch-fed AD reactors, a water bath, and inverted

columns supported by a purpose-made rig. Glass aspirator bottles were used as the reactor in this

experiment. Due to not having enough bottles of the same size available for the experiment, a
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combination of three different sizes of bottles were used. However, the difference in the control
reactor volume sizes was accounted for in the evaluation of the results. The aspirator bottle

volumes used are summarised in Figure 3-3.

Table 3-3. Summary of aspirator bottle volumes used

Seeding conditions Quantity and volume of aspirator bottles Total
2.5¢ 6L
Control reactors 2 2 4
Test reactors 1 - 3 3
Test reactors 2 - 3 3
Test reactors 3 - 3 3
Total 2 11 13

Control reactors were shared between this project and another project that was run parallel to this
project as discussed in Section 1.4, which influenced the choice and number of aspirator bottles
used for the control reactors. Furthermore, in this report, the two types of control reactors are
differentiated as type | control reactors (6¢£) and type 11 control reactors (2.5¢).

The top of the reactor was covered with a rubber stopper with three holes drilled on it. A tube
was inserted in the first hole, and this hole served as the feed inlet. The second hole was used for
biogas escape from the reactor, while the third hole served as a conduit for a heater cable.
Additionally, the inlet tube was kept airtight during the entire experiment to maintain anaerobic
conditions. Another reactor hole located just above its bottom served as an outlet for taking
samples out of the reactor. The outlet port was sealed with a rubber stopper and a syringe. A
syringe was used to draw a sample from the reactor. A syringe was preferred over a tap valve
because it pushes the fluid back into the reactor after sampling, preventing particles from

accumulating in the outlet port.

Provisions were made to ensure that usual mesophilic anaerobic digester operating conditions
were preserved. The reactors’ mesophilic temperature was maintained at 34°C by using 100W
underwater fish-tank heaters. Moreover, the reactors were mixed manually about two times each
day by gently shaking the reactor in a horizontal motion for around 20 seconds. Maximum efforts

were made to guarantee that the reactor has no liquid leaks, is gas-tight, and that any biogas

Chapter 3: Research Materials and Methodology



36

generated exits solely through the biogas escape pipe. Additionally, neutral pressure was

maintained inside the reactor, as illustrated in Figure 3-4.
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Figure 3-4. ABMP experimental setup

The gas escape hole was connected to the bottom of the inverted column, which was submerged
in the water bath. Then, inverted columns were placed on a custom-built rig. The rig used in this
experiment was made by Gaszynski (2021) consist of twelve inverted columns. The columns,
which were made from Perspex, have a height of 2m, an interior diameter of 60mm and were
graduated using a measuring tape pasted on their outer surface. However, three columns on this
rig were used by a parallel study (parallel study is discussed in Section 1.4). Since twelve
columns were required for this project (a column for every reactor), three additional columns
were added to the rig as a temporary solution. As a substitute for columns, 1€ graduated

volumetric glass cylinders were used. The purpose of using graduated columns is to determine
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the produced gas volume during the experiment. Therefore, it was assumed that different column

types for gas collection do not affect the experiment results.

The inverted columns were submerged in a water bath filled with tap water and kept at room
temperature. The Perspex columns were filled with water from the bath, which was sucked into
the inverted column by a vacuum pump connected at the top of the column. The volumetric
cylinder columns, which only have an opening on one end, were filled to the 1€ mark with tap
water, flipped upside down while covering the opening with the hand, and submerged in the
water bath. Once the column was positioned, it was then bolted on the rig to prevent them from

moving during the experiment.

Figure 3-5 An ongoing ABMP experiment photograph
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3.3.4 Seeding Procedure

Seeding refers to the process of feeding the batch reactors just before starting the ABMP
experiments. The experiment used two main general seeding conditions recommended by
Angelidaki et al. 2009 and Holliger et al. (2016). The first seeding condition was the control
batch reactor, which consisted only of the inoculum (biomass from PAD). The second seeding
condition was the test batch reactor which was fed with the inoculum and substrate. Since two
substrates were under investigation in this project, more than one test batch reactor was required.
With the substrates being PS and food waste, the following substrate combinations were used in
this project: (i) PS only, (ii) Food waste only, and (iii) PS + food waste (1:1 by volume). This
resulted in a total of four distinct seeding conditions (including the control batch reactor). The
same inoculum mass was added in all mixtures (controls and tests) as recommended by (Holliger
et al., 2016). This was done to set a clear baseline for the products released from the control
reactors. Therefore, any product released above this baseline in test reactors was due to the
substrate.

It is recommended that the inoculum to be used for ABMP should either be used as fresh as
possible or degassed if used from storage (Holliger et al. 2016). For this project, fresh biomass
taken directly from the PADs on the day the experiment began was used as the inoculum.
Residual biodegradable organics in the inoculum were accounted for in the control reactors. The
biomass from the two PADs was first mixed before diluting it with distilled water (1:1 by
volume) before seeding the ABMP. Dilution of the original biomass was necessary to ensure
there was enough biomass for all the reactors. This diluted biomass was then used for seeding all
the reactors. Therefore, the term biomass in this section refers to this initially diluted biomass.
As recommended by Angelidaki et al. (2009), it was ensured that the substrate
concentration(COD, TSS or VSS) in the reactor is less than the inoculum concentration. This
was done by first testing the inoculum and substrates’ COD concentrations, and after that,

appropriate seeding ratios were determined empirically.

Only inoculum and water were used in the control reactors. The mixture was prepared in a 20¢
bucket by mixing biomass and distilled water. This resulted in a mixture of 14£, which was
distributed to the four individual control reactors as shown in Table 3-4. Type | control reactors

were labelled C-1 and C-2, while type Il control reactors were labelled C-3 and C-4. Because
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both type | and type Il control reactors were fed the same mixture, the concentrations in all
control reactors are the same but have different masses caused by the difference in reactor

volumes.

The three test seeding conditions contained inoculum (biomass), substrate and water. The
substrates were prepared as follows; (i) 1€ of PS only (substrate 1), (ii) 1¢ food waste only
(substrate 2) and (iii) 0.5¢ PS + 0.5¢ food waste (substrate 3). The test samples containing
substratel, substrate 2 and substrate 3 are referred to as test A(TA), test B(TB) and test C(TC),
respectively, in the remainder of the report. Test A reactors were labelled TA-1, TA-2, TA-3,
whereas test B reactors were labelled TB-1, TB-2, TB-3 and test C reactors were labelled TC-1,
TC-2 and TC-3. Preparation of PS and food waste used is described in Section 3.3.2, while the
inoculum was identical to that used in the control sample. For each test sample, a total of 15¢
sample was prepared by mixing the inoculum, distilled water and substrate before distributing

the mixture to three reactors in equal volumes for each test as shown in Table 3-4.

Table 3-4 ABMP experiment starting mixtures

Total mix
Component volumes unit Control Test A TestB TestC
biomass e 8.00 8.00 8.00 8.00
Water e 6.00 5.80 5.80 5.80
Primary sludge L 0.00 1.20 - 0.60
Food waste L 0.00 - 1.20 0.60
Total volume e 14.00 15.00 15.00 15.00

Individual reactors
unit | Control I | Control Il Test A TestB Test C

Mix volume added L 5.00 2.00 5.00 5.00 5.00

Even though the same mass of inoculum was added to both mixtures (control and tests), the
concentration of the inoculum was different. Unequal mixing conditions caused these unequal
concentrations. This varying inoculum concentration needed to be accounted for to set the same

baseline in all reactors. Therefore, since the tests and control mix volume were 15¢ and 14¢

Chapter 3: Research Materials and Methodology



40

respectively, it resulted in the concentration of the inoculum in the test reactors to be diluted by
1.071 (i.e., 15+14). This dilution factor was crucial to consider during substrate fractionation and
composition determination, as discussed in section 3.7.3 and 3.6.3.

It was vital to ensure that the mixtures were not contaminated during and after mixing and that
the reactors maintained inert conditions. To avoid contamination and substrate degradation by
oxygen, mixing and transferring the mixture to reactors were performed as quickly as possible.
The mixture was poured into the reactor via the top opening and was closed immediately with
the specially prepared rubber stopper. Furthermore, the reactors were continuously flushed with
nitrogen gas before and during the pouring of the mixture. After pouring, the reactor headspace
was again flushed with nitrogen and sealed with a rubber stopper as quickly as possible. Flushing
with nitrogen ensured initially inert gas-phase conditions in the reactors.

3.3.5 Sampling of reactors

Sampling from reactors and testing after that was required to track changes in reactor parameters.
In addition, the change in reactor concentrations throughout the experiment is used to determine
the substrate composition. Therefore, the major reactor sampling points were the experiments'
first (day 0) and last (day end) days. This project’s scope did not include determining kinetics
parameters such as hydrolysis and substrate uptake rates; therefore, reactor composition was not
prioritised between day 0 and day n points. However, various intermediate sample points were
collected and tested between days 0 and end to check the consistency and trend of changes taking
place in the reactors. The last day was chosen when there was no substantial change in reactor

activity, i.e., no significant biogas generation.

A sample was obtained from the reactor through a syringe located on its outlet port, as shown in
Figure 3-4. Unlike a tap valve, a syringe allows the residual effluent to be pushed back into the
reactor after sampling. Before sampling, the reactor was vigorously mixed by shaking it with
hands. During sampling, a nitrogen gas-filled gas bag was connected to the feed outlet. This was
done to avoid the negative pressure that would result if the reactor had been sealed during
sampling. Nitrogen is an inert gas, and it was found to be suitable to maintain anaerobic

conditions in the reactor. A sample between 70-100 m¢ was drawn from the reactor, and pH was

Chapter 3: Research Materials and Methodology



41

measured immediately after sampling. Other additional measurements carried out on the sample

are discussed in Section 3.4.

3.3.6 Gas measurement

Biogas produced by the ABMP reactors was captured on the inverted water columns. In other
words, the biogas produced in by the reactor displaces the water in the column, and the volume
of water displaced is equivalent to the volume of biogas produced. For control reactors, 1000 m¢
graduated cylinders were used as columns which allowed the produced biogas volume to be read
from the columns directly. The test reactors used purpose-made 60mm diameter columns with a
measuring tape attached, which allowed the gas volume to be calculated from height drop and

column diameter.

To capture the methane potential curve, regular measurements of columns’ water levels were
taken. However, the gas volume inside the inverted columns was impacted by the column water
level relative to the bath water level. As a result, column pressure adjustments were made when
calculating the biogas’s methane molar and COD equivalents. The bathwater level was at
atmospheric pressure. However, the column water level was higher than the bath water level,
resulting in low gas pressure in the water column. This means, the higher the column water level
relative to the bath water level, the larger the volume the biogas occupies. Therefore, the column

pressure was calculated using Equation 3.1.

P = pgh 3.1
Where; p = density of water

g=9.81 m/s?

h= column water level(height) relative to bath water level
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3.4 Experimental testing methods

3.4.1 Overview

Table 3-5 summarises the analytical measurements performed on the samples collected from the

ABMP reactors. The analytical tests were carried out using wet chemistry analysis.

Table 3-5. Measurements performed on the ABMP reactor

COD Nitrogen | Phosphorus | Solids Alkalinity pH Gas
Total TKN TP TSS Carbonate pH Gas composition
Soluble | FSA OoP VSS Ammonium Methane COD mass
ISS Phosphate
VFA
Total

Except gas composition test, all other tests were conducted in the Water Quality Lab (WQL)
(Department of Civil Engineering, UCT). Gas composition test was carried out in the Centre for
Bioprocess Engineering Research (CeBER) (Department of Chemical Engineering, UCT). These
experimental tests were used for substrates characterisation and in modelling carried out under

this project. The tests are described in further detail from Section 3.4.2 to 3.4.9.

3.4.2 COD tests

Chemical oxygen demand (COD) is the measure of electron donating capacity or energy of the
organics. In this study, it was required to measure the unfiltered (total) and unfiltered(soluble)
COD. The COD tests were carried out in accordance with Standard Methods (1985), which uses
dichromate and sulphuric acid open flux method, followed by titration with ferrous ammonium
sulphate (FAS). In addition, the test principle uses standard potassium dichromate (K2Cr207)
solution (~0.25 Normality) as an electron acceptor while the organics contained in the sample
and FAS are the electron donors. To ensure that all tests use same sample, the sample used for
unfiltered COD test was taken from the sample used for TKN and TP tests (discussed in Sections
3.4.3 and 3.4.4). Similarly, the sample used for filtered COD was taken from the sample used for
FSA, OP, VFA and alkalinities tests (discussed in Sections 3.4.5 and 3.4.7). Furthermore, in
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some parts of this thesis, the phrases total and unfiltered COD as well as soluble and filtered

COD may have been used interchangeably.

COD testing was carried out immediately (as fast as possible) after sampling. The sampling
process was described in Section 3.3.5. The filtered samples were prepared by centrifuging a
50m{ in a centrifuge for 10 minutes at 6000 rpm. After that, the centrifuged sample was filtered
through a glass fibre (S&S GF 52), followed by a 0.45um membrane (S&S ME 25/21 ST) filter
paper using a vacuum filter. Additionally, all samples (filtered and unfiltered) were diluted to

appropriate dilutions for required tests.

3.4.3 TKN

Total Kjeldahl Nitrogen (TKN) is the measure of combined organic nitrogen (OrgN), and free
(NHz3) and saline ammonia (NH4") (FSA) (i.e., excluding oxidised nitrogen such as NOs and
NO2). TKN was measured using the micro-Kjeldahl distillation method (Standard Methods,
1985, Method 420B). The test procedure involves digesting the test sample with a digestion mix
(containing H2SO4, HgO and K2SOa solutions) which releases organically bound nitrogen as
ammonia (Wentzel et al., 2003). This is then followed by steam distillation with NaOH to
vapourise FSA, and the vapour is collected in boric acid. Finally, the sample collected in boric
acid was titrated with standard sulphuric acid (H2SO4) solution (Normality=0.001N). Only
unfiltered TKN measurement was measured in this study. The sample preparation is discussed

in section 3.4.2.

344 TP

Total Phosphorus is a measure of combined ortho-phosphate (OP) species (i.e., PO4>, HPO4>,
H2POgsand H3POa4) and organic phosphorus (OrgP). TP was measured using the persulphate
digestion method (Standard Methods, 1985, Method 424 Cl1l). First, the test sample was digested
using H2SO4 and H2S20s (potassium persulphate) solutions on the boiling water bath at 96°C.
Following the digestion, the samples were tested using the Vanadomolydate (‘colour’) reagent
in a spectrophotometer (Standard Methods, 1985, vanadomolybdophosphoric acid colourimetric
method). The colour intensity of the sample was analysed using the Gallery Discrete Analyser
(ThermoFisherScientific Gallery).
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3.4.5 FSA and OP

The concentration of FSA and OP were measured in the Gallery Discrete Analyser (or simply
the gallery). A filtered sample (as prepared in 3.4.2) of about 2m¢{ was used to test both FSA and
OP. The Gallery used ammonia and phosphate standard reagents? to test for FSA and OP,

respectively.

3.4.6 Solids

The Solids tests gives a quantitative indication of the solids contained in the reactors. The solid
classes measured include the concentrations of total suspended solid (TSS), volatile suspended

solids (VSS) and inorganic suspended solids (ISS).

The concentrations of total suspended solids (TSS) and volatile suspended solids (VSS) were
determined using Standards Methods (1985, 2540(D) and 2540(E), respectively. To measure TSS
and VSS, A 50 m{ sample was centrifuged for 10 minutes at 3500 rpm in a centrifuge. Following
centrifugation, the supernatant in the tube was decanted and the solids accumulating at the bottom
of the tube were transferred to an evaporating dish and dried in the oven for 24 hours. TSS
concentration was then calculated as equivalent to the remaining mass of oven-dried solids.
Following TSS measurement, the evaporating dish (containing its dried sample) was incinerated
in a furnace at 550°C for about 20 minutes to determine the concentration of inorganic suspended
solids (ISS). ISS was calculated using the mass of solids remaining after incineration. The

concentration of VSS was calculated by subtracting ISS from TSS, i.e.

VSS =TSS —ISS

2 The reagents were supplied by the Gallery Discrete Analyser manufacturer and the composition of these reagents

is not disclosed
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3.4.7 Alkalinity and VFA

The 5-pH point titration method was used to measure alkalinity and volatile fatty acids (VFA)
(Moosbrugger et al., 1993). In addition to total alkalinity, the method also allows the
determination of subspecies alkalinities such as hydrogen alkalinity, ammonia alkalinity. The
test used a filtered sample of 10-50 m( that was titrated to five predetermined pH points with a
dilute hydrochloric acid (HCI) while gently stirring the sample. The predetermined pH points are
the initial sample pH, 6.7, 5.9, 5.2 and 4.3. The cumulative HCI titrated to the sample, and the
pH closest to each of the predetermined points are entered into the 5-pH point titration program.
The program then calculates the H2.COs alkalinity (mgCaCOs) and VFA (acetate, Ar). In addition
to HCI volumes and pH titration points, sample FSA and OP measurements (as determined in
Section 3.4.5) needed to be entered into the 5-pH point titration program to determine the

ammonia and phosphate subspecies alkalinities.

3.4.8 pH

The pH was determined using an Accsen pH metre and an Accsen pH probe. To minimise
significant carbon dioxide loss, pH was measured as fast as possible after the sample was taken
from the reactor.

3.4.9 Gas production and composition

The biogas produced by the reactors was captured in the water column. The biogas volume was
then determined as equivalent to the volume water displaced in the column as discussed in
Section 3.3.6. This means, the volume of biogas produced was measured indirectly by measuring
the column water level. Therefore, the columns’ water levels were taken regularly to give the

cumulative biogas volume and methane potential curve of each reactor.

Biogas composition (CH4 partial pressure) was measured with a Shimadzu gas chromatograph
(GC) (Nexis GC-2030). The biogas sample was taken from the reactor headspace through the
feed line using a syringe. To avoid gas loss from the syringe, the gas samples were taken just
before testing took place. The Shimadzu GC used a flame ionisation detector (FID) to determine

the fraction of methane in the biogas. The test was carried out by injecting a 50t of biogas with
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the column oven and FID temperatures set at 170°C and 250°C, respectively. Lastly, a standard
curve was generated using 24.08% and 48.13% methane. Nitrogen gas(N2) was used as a makeup

gas at a flow rate of 24.0 m{/min.

3.5 Experimental results evaluation

3.5.1 Overview

The repeatability and accuracy of the experiment result were evaluated using two approaches.
The first approach was the experimental error and uncertainty, which uses statistical analysis and
the second approach was the mass balance method which is based on the mass conservation
principle. The experimental and error and uncertainty and the mass balanced methods are

explained in Sections 3.5.2 and 3.5.3.

3.5.2 Experimental error and uncertainty

To guarantee the repeatability of the experiment, the ABMP experiment was conducted in
triplicates (i.e., by replicating each seeding condition three times), which allowed statistical

analysis of the measured data.

The triplicates were fed with the same mixture, and the experiments were conducted in parallel
and under similar conditions. However, replication does not guarantee accurate and reliable
results because systemic and random errors are very common, especially in laboratory
experiments, which leads to inaccurate data. Therefore, the repeatability and accuracy in this

project were evaluated by calculating the mean and standard deviation.

The mean is an indicator of the central value for multiple replicates for a particular data point,
while the standard deviation measures the deviation of the measured replicates around the central
value (mean). In other words, the mean was used to represent the central point of all the replicates
analysed for each seeding condition, while standard deviation was used to show the spread of the
replicates’ results relative to the central point (mean). The mean and standard deviation were

calculated using Equations 3.2 and 3.3, respectively.

Chapter 3: Research Materials and Methodology



47

N 3.2

w33

i=1

" 33
o = ﬁ;(n ~ ()

Where:

(x) - mean

N - Total number of replicates
x; — Individual replicate value

o,- Standard deviation

For this project, instead of analysing results for every individual replicate, the mean value, which
(central point of the combined replicates) was used. Therefore, in some cases, the experiment
results are presented in terms of mean and standard deviation in the format of x = (x) + g, .
However, in some cases after careful analysis of the results, some replicates’ results were not

included in the mean calculation.

3.5.3 Mass Balances

Mass balances are governed by the fundamental principle of mass conservation, which states that
the mass into the system is equal to the mass out of the system. Therefore, mass balances are a
suitable method to check the reliability and accuracy of the experimental results. Mass balance
checks were carried out on COD, TKN and TP over the ABMP experiment. However, obtaining
100% mass balances in laboratory experiments is challenging due to systematic and random
errors, such as instrument calibration, poorly maintained equipment, and inaccurate readings.
Therefore, it was adopted that COD balances within 100%+10% and TP and TKN balances with
balances within 100%+20% indicates accurate and reliable results. However, in this study, COD
balances within 100%+20% were also considered accurate after careful data evaluation. The

general formula for calculating mass balance is given in Equation 3.4.
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Mass flux
Mass Balance = M
Mass fluxns

3.5.3.1 COD Mass Balance

x 100

%) 3.4

The ABMP experiment reactors are simply AD reactors, whereby COD from the influent organic

substrate is converted to biogas (comprised mainly of CHs and COz2) and particulate AD biomass.

Therefore, to carry out a COD balance, COD contained in the influent, effluent, and AD evolved

gas were accounted for. The ABMP reactors were batch fed once; therefore, influent COD mass

was equal to the COD measured on the starting day of the experiment multiplied by the total feed

volume of the ABMP reactor. The effluent streams include samples drawn from reactors for

analytical tests (as discussed in Section 3.3.5), biogas (i.e., the COD of all the CH4 evolved during

the experiment) and the COD mass remaining in the reactor at the end of the experiment. The
distribution of COD during the ABMP experiment is depicted in Figure 3-6.

CH4 COD IN
BIOGAS

J

COD REMAINING
AFTER EXPERIMENT

REACTOR

COD IN SAMPLES
DRAWN

N—

Figure 3-6. ABMP COD influent and effluent streams

The ABMP reactor COD balance is summarised by Equation 3.5.
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MCODp,; = MCOD¢y, + MCODpey, + MCODsgy,  (MgCOD) 3.5

The COD mass in the influent was calculated by multiplying the starting COD concentration by
the liquid volume fed into the reactor. The COD mass drawn or sampled from the reactor was
determined by multiplying each sample’s liquid volume by its measured concentration. These
individual COD masses drawn from the reactor were added together to form accumulated
sampled COD mass.

The calculation of equivalent methane COD mass in biogas had a higher level of complexity.
Biogas volume was measured using inverted columns, and the partial pressure of methane was
determined using gas chromatography, as previously mentioned in Sections 3.3.6 and 3.4.9.
Therefore, the daily methane gas production is the product of methane partial pressure and
cumulative biogas volume. By use of universal gas law, it was possible to calculate methane
molar equivalent. Methane COD equivalent is then equal to methane molar equivalent multiplied
by 64 gCOD/mol. i.e.

PV 3.6
n= RT (mol)
MCODcy, = 640001 (mgCoD) 3.7

Where; P = gas pressure (as described in Section 3.3.6)

R = universal gas law constant
T = atmospheric temperature

The COD mass balance and thus Equations 3.5 to 3.7 can then be combined into Equation 3.8.
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CODInf X VOlInf

PV
= 64000 + CODyeyy X Volyem

Last day
+ E (CODggmp X Volsamp) (mgCoD) 38
i=day 1

3.5.3.2 TKN and TP Mass balances

The conservation of TKN and TP masses were also checked using mass balance. During AD, the
hydrolysis of complex organics results in FSA and OP released from organic N and organic P,
respectively, into the aqueous solution. Some of the released FSA and OP are used up as nutrients
for the AD biomass growth, while the remainder stays in the aqueous phase to form the AD
effluent (i.e., all influent TKN & TP transformed components remain part of the TKN & TP in
the effluent). This means the influent concentrations of TKN and TP and effluent concentrations
of TKN and TP, respectively, are equal. This also translates to equal influent and effluent masses
because unfiltered TKN and TP measurements include total flux of N and P, respectively,
accounting for both inorganic and organic concentrations. The TKN and TP mass balances were

calculated using Equation 3.4 above.

3.5.4 Percentage change

The percentage (%) change was used to describe the average change in concentration of different

parameters (for each seeding condition). Equation 3.9 was used to calculate the % change.

% ch _ Avg.initial conc. —Avg. final conc. 100 o 3.9
ochange = Avg. initial conc. g )

Positive per cent change is reported as an increase, while negative per cent change is reported as

a decrease in concentration.
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3.6 Influent fractionation

3.6.1 Overview

In wastewater treatment, influent substrates can be fractionated into the four main organic groups

namely:

1) Biodegradable soluble organics (BSO), which further fractionate into volatile fatty
acids (VFA) and fermentable biodegradable soluble organics (FBSO);

i) Biodegradable particulate organics (BPO);

iii) Unbiodegradable soluble organics (USO) and

iv) Unbiodegradable particulate organics (UPO).

Based on each group's COD, C, H, O, N and P concentrations, each group is assigned a unique
CHONP composition (more to this in Section 3.7.3). A CHONP composition for each of the

organic groups is a required input for most wastewater models such as PWM_SA model. Figure

3-7 shows an example of COD fractionation into different groups.

Total Influent COD

v
Biodegradable

Biodegradable
Particulate (BPO)

I__________‘L __________________________

v

Unbiodegradable

Unbiodegradable
Particulate (UPO)

Unbiodegradable
Soluble (USO)

Total soluble COD
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Figure 3-7: Example of COD fractionation

Substrate fractionation in this project was based on the observed changes in the ABMP control
and test reactor. This is possible because, during AD, biodegradable organics are broken down,
and as a result, organics and inorganics materials are released into the bulk liquid or as gas.
Therefore, the changes observed in measured parameters between the start and end of the

experiment was attributed to biodegradable organics.

3.6.2 Substrate concentration

Influent fractionation required the substrate concentration to be determined. Although only test
reactors contained substrate, the determination of the substrate concentration required both
control and test reactor results. During the experiment, residual biodegradable organics in the
inoculum (both in control and test reactors) and substrate biodegradable organics (in the test
reactors only) were broken down, resulting in a release of inorganics into the aqueous solution
and biogas. In other words, the changes observed in the reactors during the experiment were due
to the breakdown of biodegradable organics. Therefore, for each reactor, the concentrations of
the biodegradable organics (various constituents) were determined by taking the difference of
the experiment’s initial concentrations and end concentrations. The determination of

biodegradable organics’ various concentrations can be simplified as follows:

a) The carbon (C) content was based on weak acid/base chemistry whereby the release of C
was calculated from the changes in (1) CH4 and CO2 concentrations, and (2) H2COs

alkalinity.
b) The nitrogen (N) content was calculated from the change in FSA concentration
c) The phosphorus (P) content was calculated from the change in OP concentration
d) The COD content was determined from the change in COD concentration
e) The VSS content was determined from the change in VSS concentration

f) The contents of hydrogen (H) and oxygen (O) is not measured directly, however their

mass ratios can be calculated if the contents listed from a)-e) above are known

Chapter 3: Research Materials and Methodology



53

For both control and test reactors, these biodegradable concentrations results were required to
quantify the biodegradable organics contained in the inoculum and substrates: The control
reactors were used to establish the baseline that quantified the products released due to the
breakdown of biodegradable organics present in the inoculum. Therefore, products released
above this baseline inside the test reactors were due to the substrate present in the reactors. The

concentration of the substrate in the test reactor is given by Equation 3.10.

Sub.Concentration = [(TeStopg — TeStsiqre) — (Controlg,g — Controlgig,t)] 3.10

3.6.3 Influent fractionation

Equation 3.10 indicates that the substrate’s biodegradable concentration is represented by the
products released or taken up in the test reactor minus the influence of the inoculum in the test
reactor. Using the concentration obtained as discussed in Section 3.6.3, the fractionation of the

influent can be summarised below:

) Residual biodegradable materials present in the inoculum was quantified by the

decrease in COD and VSS of the control reactor throughout the experiment.

i) The concentration of COD and VSS at the end of the experiment represented
unbiodegradable material present in the control reactors. This is because it was
ensured that the sludge age was long enough to ensure the degradation of all residual

biodegradable organics.

iii) The decrease of COD and VSS between the start and end of the experiment in the test
reactors quantified biodegradable material present in the inoculum and the selected

substrate.

iv) Lastly, the COD and VSS concentration at the experiment's end in the test reactors
quantified the unbiodegradable material present in both the inoculum and selected

substrate.

Figure 3-8 below illustrates the theoretical fractionation process in the control and test reactors.
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Figure 3-8: ABMP fractionation in control and test reactors (Gaszynski, 2021)

However, it should be noted that the inoculum in the test reactors was diluted 1.07 times relative
to the control reactors in this project (see Section 3.3.4). Therefore, the influence of the inoculum
in the test reactors was 1+1.07 (0.93) times the influence of the inoculum in the control reactors.

This dilution factor in the test reactors was accounted for at all times.

3.7 Organic composition

3.7.1 Overview

The substrates’ organic composition fractionates into unbiodegradable and biodegradable
organics. The available data and model utilised in this study only allowed unbiodegradable
organics to be characterised in terms of unbiodegradable fractions of the total organics, while
biodegradable organics were identified in their chemical (CHONP) composition, using
stoichiometry. Both unbiodegradable and biodegradable characterisation used relied on the

changes observed in the ABMP experiments
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In this project, the stoichiometric method was used for biodegradable organics composition
identification, which was calculated from the change in elemental concentration during the
experimental period. Therefore, composition determination required the ABMP initial and final

concentrations measurements and relied on these results’ accuracy and validity.

3.7.2 Unbiodegradable fractions

As mentioned in Section 3.6.3, it was assumed that the final organic concentration (measured on
the last day of experiment, i.e., day 41) represent the unbiodegradable organic fraction of the
feed. Therefore, the unbiodegradable fraction of the inoculum was calculated simply by dividing
the final concentration by initial concentration. Likewise, the unbiodegradable fraction of the
substrates in the test reactors were calculated as the fraction of final and initial concentration,
taking into account the influence of the inoculum in the test reactors. Equations 3.11 and 3.12

were used to calculate unbiodegradable fractions for inoculum and substrates, respectively.

_C 3.11
f’u (inoc.) — end(ABMP,C)
Cstart(ABMP,C)
f'u (sub.) = [Cstart,capmp,r) = Cena(anmp,n)] = [Cstart(apmp,c) = Cenacanmp,0)] 3.12
. CStart.(ABMP.T) - CStart(ABMP,C)
Where;

Cstart(apmp,c) - ABMP control reactor initial concentration
Cena(amp,c) - ABMP control reactor end concentration
Cstart,capmp,) - ABMP test reactor initial concentration
Cena(apmp,ry - ABMP test reactor end concentration

Only unbiodegradable fractions for COD (UPO; fsu and USO; fsus) and VSS (i.e., fov) were
evaluated in this study. Due to insufficient measurement data, the unbiodegradable carbon,

organic nitrogen, and organic phosphorus fractions were not calculated. Furthermore, the
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chemical composition of the unbiodegradable composition was outside the scope of the study as
discussed in Section 1.4. Nevertheless, simulation of wastewater process in models such as the
steady-state AD model of Ikumi et al., (2015) and PWM_SA requires input of unbiodegradable
composition. Therefore, during the experiment simulation, characterisation of unbiodegradable
relied on literature data such as mass fractions and elemental composition. However, the use of
this literature data may have an effect on the simulation results, particularly substrates containing
food waste (tests B and C), because of limited literature data on food waste.

3.7.3 Biodegradable organic composition

In bioprocess stoichiometry, there are two unknowns involved, namely, (1) the organic present
in the reactant (substrate) and (2) biomass (from growth stoichiometry). Because of mass-
balanced stoichiometry, the concentration of the compounds, both in the aqueous and gas phase,
depends on the two unknowns. Therefore, the composition of the two unknowns can be identified

by tracking the changes in the aqueous and gas-phase concentrations (Brouckaert et al., 2021).

In the ABMP experiment, the control reactor tracks the aqueous and gas phase concentrations to
quantify the inoculum’s biomass (Zab + Sbp) concentration. Likewise, the test reactor tracks the
aqueous and gas-phase concentrations to quantify the concentration of biomass and organic
substrate present in the reactor. Therefore, the influence of the organic substrate is the difference
between the test and the control reactor. The two unknowns (biomass and organic substrate) can
be determined from measured aqueous and gas phase start and end concentrations (COD, VSS,

FSA, OP, H2COs alkalinity and biogas) of the control and test reactors.

3.7.4 Elemental composition

Organic elemental composition are vital inputs of wastewater models. These models accept an
input of organic elemental composition in the generalised form of CxHyOzNaPbSc (CHONPS).
However, the S content was not considered for this project, resulting in a CHONP generic form.
The subscripts x, y, z, aand b in CHONP are elemental mass ratios representing the mass of each
element relative to the total mass of the organic compound (i.e., mass of element/mass of

compound). Therefore x,y,z,a and b mass ratios are defined by fc (gC/gVSS), fu (gH/gVSS) fo
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(9O/gVSS), fn (g OrgN/gVSS) and fe (g OrgP/gVSS) respectively (Ekama, 2009). Because of

elemental mass balance, the sum of these mass fractions is equal to one, i.e.,

fetfutfotfvtfr=1 3.13

The fc, fn and fr mass ratios can be determined directly from the analytical measurements taken
during the experiment. However, fo and fu cannot be determined from commonly measured
parameters but can be obtained using the COD/VSS (fcv) mass fraction, which uses commonly
measured parameters of COD and VSS together with fc, fn and fp. In this project, the mass ratios
were determined from the change in aqueous and gas concentrations between the start and end

of the ABMP experiment, i.e.,

Q) change in COD and VSS concentration (fcv);
(i) change in C concentration (C in H2COs alkalinity, C in gas (CO2 and CHa4)) (fc,);
(iii)  change in N concentration (N in FSA) (fn), and

(iv)  change in P concentration (P in OP) (fr).

These changes that occurred during the ABMP experiment represent the influence of

biodegradable organic material in the substrates (Ekama, 2009).

Using fev, fc, fn and fp obtained above, fu and fo were calculated using the Equations 3.14 and
3.15 obtained from Ekama, (2009)

2 44 10 71
fu=Q+fov —fet v —57fe) 3.14
and
_ 16 1 1 8 17 26 3.15

Once the mass ratios of all elements (C, H, O, N and P) were obtained, the elemental composition

of the organic substrate is given by Equation 3.16.
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CHy O, N, P, 3.16

f—H :f_O L and b:f_P

) VA
16 31

Were, x=f—c, y=7

12

) _141

Lastly, the elemental composition was adjusted to that of 1 mol of carbon (x = 1) by multiplying

through by ;—i i.e.

CiHyOzNaPp 3.17

X X X x

3.8 Modelling ABMP experiment

The mass balanced steady-state AD model of Ikumi et al., (2015), programmed into Microsoft
(MS) Excel, was used to simulate ABMP batch reactors in this project. The model has recently
been extended by Maake & Ilkumi (2022) to allow the modelling of augmented batch
experiments. Simulating the ABMP experiment required three main steps. (i) Firstly, the parent
AD (PAD) was replicated as accurately as possible using the steady-state AD model to estimate
the PAD effluent that was used to inoculate ABMP reactors. This required running a steady-state
AD model by providing the input characteristic feed and operational parameters to the AD model
such that the AD model could predict the effluent characteristics. (ii) Following the PAD
modelling, the control reactor was modelled to identify the compositions of residual
biodegradable and biomass present in the inoculum and eventually establish the baseline of the
test reactors that contained the substrates. This involved running the model backwards, such that
the input to the model was the AD effluent variables. Then, the solver function in MS Excel was
used to calculate the required input characteristic parameters that would allow for the given
(measured) ABMP effluent to equal the one predicted by the AD model. (iii) Lastly, the test
reactors were modelled to determine the biodegradable organic’s composition contained in the
test reactors. This was carried out in the same way for (ii), but characteristics of the seed sludge
(biomass and residual biodegradable organics) were also used as input to the model parameter

estimating calculation.
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The reason that the steady-state AD model could be used to run the ABMP experiment (which is
more of a dynamic scenario) in this case was that the ABMP experiment was carried out for a
very long solids retention time to the point at which reactions were deemed to be complete (i.e.,
all the biodegradable organics were utilised, there was no more biogas being generated and only
unbiodegradable organics remained in the reactor). The endpoint of the ABMP experiment, when
the reactors have been run for a long sludge retention time, is similar to conditions for a steady-
state AD experiment where the solids retention time is long, and the effluent contains
unbiodegradable organics. In addition, the steady-state AD that generated the seed sludge was
operated at a solid retention time of approximately 50 days; hence with the iterative calculation
of the seed sludge and feed characteristics, it was possible to reasonably predict the steady-state
AD effluent characteristics in (i). This is supported by Ekama (2009), who stated that
experiments in which many bioprocesses have reached completion could suitably be modelled
with steady-state models. Therefore, the ABMP experiments in this study were deliberately
operated at a long sludge age in this project to ensure that many bioprocesses have reached

completion.

3.8.1 Overview

3.8.2 Model description

The mass balanced steady-state AD model Ikumi et al. (2015) is an extension of the steady-state
AD model of S6temann et al. (2005). The steady-state model of Sétemann et al. (2005) is made
up of three steps that can be summarised as follows:

1. The kinetic hydrolysis part which determines the percentage of COD removal and

methane gas generated for a selected sludge age,

2. The stoichiometric part that determines the gas composition in terms of partial pressure
of COg2, and

3. A carbonate system weak acid-base (A/B) chemistry part calculate the pH from the CO2

partial pressure and the alkalinity generated during the digestion process.

The steady-state AD model of Sotemann et al. (2005) is calibrated for hydrolysis of PS only.
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The steady-state AD model Ikumi et al. (2015) was developed by making the following additions
to the steady-state AD model of Sétemann et al. (2005):

1. Phosphorus to the organics and biomass composition, polyphosphate (PP) in the phosphate

accumulating organisms (PAQ) and OP speciation in the aqueous phase.

2. Anaerobic digestion of WAS and WAS and PS blend, each with its separate CHONP

composition.

3. Three-phase (liquid-gas-solid) in the weak/acid-base chemistry part which allows struvite

precipitation to be modelled.

The abovementioned additions mean the mass balanced steady-state AD model of Ikumi et al.
(2015) has the ability to: (1) predict the release of N and P from the substrate during anaerobic
digestion and (2) track various compounds and elements such as COD, Carbon (C), hydrogen
(H), oxygen (O), N and P besides identifying potential mineral precipitation issues. Lately,
Maake & Ikumi (2022) modified the steady-state AD model of Ikumi et al. (2015) to simulate

augmented batch AD reactors, such as the ABMP experiment used in this study.

3.8.3 Parent AD modelling

The parent anaerobic digester (PAD) model was used to identify the active biomass concentration
(Zap) that was used to inoculate the ABMP reactors. The inoculum contained Zap and
biodegradable organics (Sbp). The Zap affects the kinetic rates of the ABMP reactors, while the
Sup affects the biogas generation in the ABMP reactors. However, it was challenging to separate
Sbp and Zao in the control reactors and Swp, Zap and substrate BPO in the test reactors. Therefore,
the steady-state equations of Sotemann et al. (2005) model were used to estimate biomass

concentration. The following steps summarise the procedure:

i) The hydrolysis rate of the organics can be determined based on the anaerobic digester

at a steady state by carrying out the mass balance on Zap, i.e.:

=222 4 b)) mgCoD/(e.d) 3.18
Yap R
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Where:

Ih = Hydrolysis rate (gCOD/¢.d)

Yap = Biomass yield (gCOD biomass/ gCOD organics)
R = Sludge age (d)

bap = Biomass death rate (¢/d)

i) Alternatively, the hydrolysis rate can be obtained can also be obtained based on

steady-state and carrying out the mass balance on biodegradable organics. i.e.:
T, = pr;# + bapZap mgCOD/(€.d) 3.19

Where:
Swpi = Influent BPO COD concentration
Sbp = residual BPO COD concentration
iii) The Zab concentration in the anaerobic digester and that of the effluent can then be

given by:

_ Yap(Sppi—S bp)

3.20
Zap = [1+bapR(1-Yap) mgcob/e

iv) Finally, the methane COD concentration (assuming that it all remains dissolved in the

solution) is given by:
Sm =0 —-Y,p)Rr, mgCOD/2 3.21

V) The COD concentration of the biomass in the reactor (and thus the effluent) was
calculated based on daily methane production (Sm), which was determined by

Chapter 3: Research Materials and Methodology



62

assuming a mass balanced system. In a mass balance system, Sm is equal to the
difference between unfiltered influent and effluent COD concentrations. Therefore,

biomass concentration can be calculated as follows:

— YapSm 3.22
Zap [1+bapR(1-Y ap)+Y apRbap(1-Y ap) mgCoD/¢

As mentioned in Section 3.2.2, the inoculum used to inoculate the ABMP reactors was obtained
from two AD systems which were operated at different but approximately similar long sludge
ages (i.e., 49 and 52 days). Therefore, the biomass concentration from each reactor was modelled
separately, and after that, they were combined into a single biomass concentration using Equation
3.23. Eventually, this combined Zap concentration was used as the biomass concentration, which

was used throughout the entire ABMP modelling process.

Combined Z,, = 24215 Zli iADZx & mgCOD/2 3.23
1 2

3.8.4 ABMP reactors modelling

The ABMP reactors were operated for a long sludge age sludge (i.e., 76 days) to ensure that they
reached a state at which bioprocesses were deemed to have been completed, making them
suitable for modelling with steady-state models, as explained above. The mass-balanced steady-
state AD model of Ikumi et al. (2015) was used as the AD model to replicate all ABMP reactors
virtually. The initial concentrations of the following components were fixed to the experiment
measured starting concentrations: unfiltered COD, FSA, TP, OP, VSS, ISS, pH and H2CO3
alkalinity. The experimentally observed end concentrations of the same components were also
inputted to the model, as target end values to be used in the parameter estimation (PE) procedure.

Moreover, the starting liquid volume of the ABMP reactors was fixed at 5¢.

In usual practice, the hydrolysis kinetic rate constants (km and Ks) are important inputs for AD
steady-state modelling. However, in this project, the sludge age at which the ABMP data was
collected (i.e., the endpoint of the experiment) was very long; hence, the bioprocesses were

deemed complete at this point. Thus, hydrolysis kinetics did not need to be applied — as long as

Chapter 3: Research Materials and Methodology



63

the kinetics resulted in all the influent BPO having been used up (i.e., converted to methane).
Despite the hydrolysis kinetics constants deemed unimportant for this project, the model still
required their input. Therefore, in all cases, the kinetics rates of primary sludge obtained from
Ikumi et al. (2014) (i.e., km= 1.80; Ks= 7.96) were used instead (these kinetics allowed for all
BPO breakdown within the long 76d sludge age period).

The BPO and UPO compositions of the substrates and the seed sludge were obtained by carrying
out the parameter estimation (PE) process as mentioned in Section 3.8.3. In this study, PE was
facilitated by a solver function, which is a function coded in MS Excel. This solver allows the
modeller to run iterative trial and error simulations to minimise the error between experimentally
observed results and modelled results. VVarious error criteria can be used in parameter estimation,

but the squared error criteria (Claeys, 2008) were used in this study.

3.8.4.1 Control reactor experiment

The ABMP control reactor was used to (1) determine the biodegradable organics contained in
the inoculum and (2) establish the baseline for the test reactors, which were fed with different
substrates. The inoculum's composition in the ABMP reactor can be fractionated into UPO, BPO
(residual biodegradable organics) and biomass. The UPO COD concentration was determined
through the parameter estimation (PE) process discussed below. However, it was challenging to
separate the inoculum’s biomass and residual biodegradable organics’ COD concentration, and
hence their composition. As a result, for the purpose of model simplicity, the composition of the
inoculum’s biomass and residual biodegradable have been lumped into one compound and hence
referred to as the ‘seed sludge’ in this study. Therefore, this seed sludge was used as the baseline
composition in the test reactors, as discussed in Section 3.8.4.2. Furthermore, because the
concentrations of particulate organics (both biodegradable and unbiodegradable) are relatively
much more significant than soluble organics, the soluble organics were lumped together with the
particulates (i.e., BPO include BSO and UPO include BSO). Figure 3-9 shows the fractionation
of organics during ABMP modelling.
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Figure 3-9: Organic component fractionation and lumping in ABMP modelling

A parameter estimation (PE) procedure was used to determine the composition of the seed sludge
contained in the control reactor. The biomass concentration obtained in PAD modelling (Section
3.8.3) was a direct input (accounting for the inoculum dilution during seeding as discussed in
Section 3.3.4). The model’s initial concentrations of unfiltered COD, FSA, TP, OP, VSS, ISS,
pH and H2COs alkalinity were set equal to the experiment’s measured starting concentrations of
the control reactor. The measured end concentrations were entered in the model as targets, which
were then compared to the modelled end concentrations. The influence of the seed sludge present
in the control reactor was then determined by the PE procedure, which was facilitated by a solver
function in MS Excel, as described in Section 3.8.1.

The seed sludge mass fractions (fev, fc, fn and fp) and fs-up were parameterised during the parameter
estimation process. In addition, the measured end concentration of VSS, H2COs alkalinity, ISS,
FSA, OP and pH were entered in the model as variables, from which objective values were
selected. The objective values were selected carefully by iterative trial and error such that a
suitable objective value is not an outlier and minimises the sum of squared errors. Therefore, the
solver was used to adjust the parameters by running multiple iterative trial and error simulations
until the slightest error between experimentally measured and model-predicted is obtained. In

addition, during PE iterations, it was also ensured that the obtained parameters were comparable
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with literature data where possible. Table 3-6 shows the ABMP control reactors parameters and

their objective values.

Table 3-6: ABMP control reactor parameters and objective values

Parameter Obijective Value
foup Final measured VSS
BPO fcv Final measured VSS
BPO f, Final measured FSA
BPO f» Final measured OP
BPO fc Final measured pH and H,COs

After finding the BPO fcv, fc, fn and fp mass ratios, the unknown mass fractions for fu and fo

and the elemental CHONP composition were calculated using equations from Section 3.7.3.

The model was also used to evaluate the composition of UPO and endogenous residue (ER) in
terms of its mass fractions (i.e., fcv, fc, fn and fr). The fcv was obtained from the modelled UPO
COD and OPO VSS. Because carbon was not reliably measured in this study, the UPO fc mass
ratio was obtained using the UPO TOC:COD ratio (UPO TOC:COD = 0.348 obtained from
(Ekama & Brink, 2007)) and the modelled UPO COD and UPO VSS. Finally, the UPO fn and fp
mass ratios were obtained by taking the fraction of measured unbiodegradable organic (UPO
OrgN and UPO OrgP) and the modelled UPO VSS. The UPO OrgN and OrgP were assumed to
be relatively much more significant than USO OrgN and OrgP (as is often the case), respectively,
and thus UPO and USO OrgN and OrgP were lumped together. Table 3-7 below summarises the

source of data used for UPO & ER composition.
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Table 3-7: Source of data for UPO composition determination

Parameter Source of data

UPO fcv Modelled UPO COD and VSSS

UPO f UPO TOC: COD ratio from Ekama & Brink (2007) and modelled OPO COD and VSS
UPO f, Measured UPO OrgN and modelled UPO VSS
UPO f, Measured UPO OrgP and modelled UPO VSS

3.8.4.2 Test reactors experiments

The ABMP test reactors were used to identify the composition of the substrates that were
contained in the test reactors, as discussed in Section 3.3.4. The test reactors contained the
baseline seed sludge (as obtained from Section 3.8.4.1) and a substrate of interest, as depicted in
Figure 3-8 above. The seed sludge used in the test reactor has the same composition as the one
used in the control reactor but had a different concentration due to seed sludge’s dilution in the
test reactors, as discussed in Section 3.3.4. Therefore, the modelled seed sludge composition (as
discussed in Section 3.8.4.1) was entered as a known parameter in the modelled test reactor
experiment. The substrates organic material compositions were then used in the model’s PE as
unknown parameters. In addition, similar to control reactor modelling, UPO & USO and BPO
and BPO & BSO were lumped into a single compound and simply referred to as UPO and BPO,
respectively. Figure 3-9 illustrates how the seed sludge and substrate in the ABMP modelled

experiment was fractionated.

A PE procedure was used to determine the BPO composition of the substrates, which were
present in the test reactors. The model’s initial concentrations of all constituents for each test
experiment group were adjusted and fixed to the average measured concentrations (test reactors
experiment measured concentrations results were discussed in Section 3.4). The measured end
concentrations were entered as objective values. The influence of the substrates’ biodegradable
organics in the test reactor was determined through a PE process by running iterative trial and
error simulation runs using MS Excel’s in build solver function. During the PE process, fswp and
the BPO mass fractions (fcv, fc, fa and fp) were parameterised. The objective target value for each
parameter was carefully selected after running multiple trial and error runs. An appropriate
objective value for a specific parameter was assigned such that this objective value is not an

outlier and minimizes the total resulting errors. Table 3-8 shows the ABMP test reactors
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Table 3-8: ABMP test reactors parameters and objective values

Parameter

Objective Value

Test A

TestB

Test C

fs’up

Final measured VSS

Final measured COD

Final measured COD

BPO fcv

Final measured VSS

Final measured COD

Final measured COD

BPO f,

Final measured FSA

Final measured FSA

Final measured FSA

BPO f»

Final measured OP

Final measured OP

Final measured OP

BPO fc

Final measured pH

Final measured pH

Final measured pH

After finding the BPO fcv, fc, fn and fp mass ratios, the unknown mass fractions for fu and fo
and the elemental CHONP composition were calculated using equations from Section 3.7.4. In
addition, these modelled parameters resulted in modelled end concentrations for COD, FSA, TP,

OP, VSS, ISS, pH and H2COs alkalinity. Furthermore, the UPO composition was determined

using the same procedure for the control reactor discussed in Section 3.8.4.1.

Chapter 3: Research Materials and Methodology




68

4. ABMP Experiment Results and Discussion

4.1 Introduction

This chapter presents the results of the augmented biomethane potential (ABMP) experiment.
The ABMP experiment consisted of control and test reactors, as discussed in Section 3.3.3.
However, control reactors and test reactors were analysed differently, and thus they have been
presented in separate sections under this chapter.

4.2 ABMP Control reactor results

Accurate analysis of control reactors results is critical because they set the baseline that quantifies
the substrate biodegradable organics present in the test reactors, as discussed in Section 3.6. The
baseline is set by quantifying the changes observed in the control reactors to identify the
inoculum's composition. The changes that occur in the control reactor are basically due to the
residual BPO present in the inoculum. The evaluation of the experimental results from the control
reactor includes: Firstly, checking for statistical significance and reasonable mass balances to
generate confidence in the experimental data. Secondly, determination of the inoculum’s residual

biodegradable organics’ composition.

Since there were slight changes observed in control reactors, the duration of the control reactor
depended on the test reactors (the test reactors were deemed to contain higher mass of
biodegradable organics, hence would require a longer retention time for completion of
bioprocesses through complete breakdown of these biodegradable organics). The experiment
lasted for 76 days (i.e., sludge age =76 days). Before day 76, no significant biogas was produced
by either control or test reactor for more than ten consecutive days (i.e., from day 66 onwards).
Lack of biogas production from reactors gave confidence that all biodegradable organics in both

control and test reactors had been utilised.
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4.2.1 Control reactor analytical results

The setup and operation of the ABMP control reactors is discussed in Section 3.3. Generally,
biomethane potential (BMP) and ABMP experiments are conducted in triplicates for results

reliability purposes (Holliger et al., 2016; Gaszynski et al., 2019).

The reactors were labelled C-1, C2, C-3 and C-4. The reactors were seeded with an inoculum
obtained from the parent anaerobic digester (PAD), diluted with distilled water before seeding,
as shown in Table 3-4 in Section 3.3.4. For each reactor, the concentration of different
constituents was measured using experimental test methods described in Section 3.4. Finally, the
mean ({x)) and standard deviation (o) of the four control reactors were computed. In this report,
the mean of the experimentally measured data was used. In Table 4-1, the control reactors results
are presented in a format of x=(x) + a,,, showing the mean experimental results and the spread

of the measured data.
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Table 4-1: Summary of ABMP control reactor results

Unit Start End Change (A)
Time Days 0 76.00 76
Unfiltered COD mgCOD/I 3076.8+-43 | 2408.8+64 -668
Filtered COD mgCOD/I 1579+8 103.7+£12 -54
Particulate COD mgCODI/I 2918.9 2305.1 -614
VFA COD as Acetate mgCODI/I -85 + 67 -51+13 34.18
TKN mgN/I 241.7x9 2452+ 12 4
FSA mgN/I 83+2 128 +3 45
TP mgP/I 584 +1 62.8+3 4
OP mgP/I 46%0 109+1 6
TSS mgTSS/I 2734 £ 59 2326 + 59 -408
VSS mgVSS/I 2054 £ 53 1628.5+63 | -426
ISS mgISS/I 680 +7 633.3 + 60 -47
pH pH 75+0.1 75101 0.0
Carbonate alkalinity mg/l as CaCO3 750 £ 57 929+ 70 179
VFA Alkalinity mg/l as CaCO4 -85 £ 67 -51+13 28
Total alkalinity mg/l as CaCO3 685+ 2 923+ 28 264
Cumulative CH4 gas mgCOD 0 443 £ NA 443
Cumulative C in gas mgC 0 0.2 £ NA 0.2

The results in Table 4-1 indicate that unfiltered COD concentration in the control reactor
decreased by 668 mgCOD/t (22% of the average influent COD) between start and day end. The
change in unfiltered COD concentration represents the amount of residual biodegradable
organics contained in the inoculum. Filtered COD concentration only decreased by 54 mgCOD/(,
indicating little soluble biodegradable COD in the inoculum. Low biodegradable organics
concentration was desired in the inoculum to ensure minimal influence of the inoculum in the
test reactors. A relatively low standard deviation in both unfiltered and filtered COD
measurements was observed, showing a relatively low disparity in the measured data. The
particulate COD concentration was calculated as the difference between mean unfiltered and

mean filtered COD concentrations.

A 5-pH point titration method was used to measure alkalinities (total, carbonate and VFA) and

VFA COD, as discussed in Section 3.4.7. However, statistical analysis illustrated a significant
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disparity in VFA alkalinity and VFA results, and as a result, VFA measurements for the entire
experiment were regarded as spurious and hence non-utilisable. Therefore, VFA concentrations
used for further analysis were set equal to zero, a decision based on the following assumptions:
(1) generally all VFA measurements were below zero, (2) there was no significant difference in
start and end pH and, (3) a long sludge ensured that all intermediate VFA produced was utilised

before end of experiment.

Unlike VFA measurements, other results from 5-pH point titration (i.e., total and carbonate
alkalinities) showed consistency and low disparities; and thus, they were utilisable. Both total
and carbonate alkalinities concentration increased. Furthermore, total and carbonate alkalinity
concentrations were nearly equal, which indicates that carbonate alkalinity was the dominant
alkalinity sub-species® in the solution. The change in carbonate alkalinity indicates the presence

of biodegradable carbon content in the inoculum.

There were slight changes observed in TKN and TP concentrations between the start and end of
the experiment. During anaerobic digestion, the organic content of TKN and TP are broken down
and subsequently released inorganic components of TP and TKN (FSA and TP respectively) into
the bulk liquid. Therefore, no changes in TP and TKN concentrations were expected. Thus, the
changes observed are deemed due to measurement errors. Furthermore, the intermediate results
(see Appendix A), shows that the concentration of TKN and TP were generally constant. On the
other hand, FSA and TP increased by 45 mgN/¢ and 6mgP/€, representing 54% and 130% in
FSA and OP, respectively. The changes in FSA and OP were quite significantly higher than
expected, considering the fact that the SSPAD was operated at a very long sludge age. These
changes in FSA and OP quantifies the organic N and P broken down and released into the bulk

liquid.

The concentration of all solids (TSS, VSS and ISS) decreased significantly as expected. VSS
concentration decreased by 21% throughout the experiment. This decrease in VSS quantifies the

biodegradable particulates contained in the inoculum, which was subsequently broken down

3 |n addition to VFA and carbonate, other sub-species such as ammonia and phosphate alkalinities may also be

present in the solution
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during the experiment. The ratio of change in particulate COD concentration to the concentration
of VSS utilised (UPO fcv, mgCOD/mgVSS) was 1.44. This UPO fcv values is comparable to the
UPO fcv value of 1.481, which is commonly used in wastewater activated sludge models (Marais
& Ekama, 1976).

4.2.2 Gas measurement for control reactors

The biogas produced by the control reactors was captured in the inverted columns as discussed
in Section 3.3.6. In order to determine the methane content of the biogas, a biogas sample was
collected from the reactors’ headspace and analysed for methane gas partial pressure. Using the
cumulative biogas measurements and gas composition, the methane potential curve (CH4 mass)

was determined.

4.2.2.1 Gas measurement

The biogas produced by the ABMP control reactors was captured in the inverted volumetric glass
cylinders (columns). The setup and description of gas measurement are discussed in Sections
3.3.3 and 3.3.6. Cumulative biogas volume produced was converted to methane COD mass by
using the universal gas law (see Equations 3.6 and 3.7 in Section 3.5.3.1 for the procedure for

calculating methane COD mass).

As discussed in Section 3.3.6, control reactors were made up of type | (6¢) and type-Il (2.5¢)
reactors seeded with the same concentration but different volumes (hence different masses) of
the inoculum. Due to this, the cumulative masses of biogas and methane produced from these
two types of reactors were different. Therefore, masses from type Il reactors were converted to
equivalent type | reactor mass. Type | control reactors were made a reference because they are
similar to reactors used by the test reactors. Therefore, as a general rule in this study, cumulative
gas mass from type Il control reactors was always multiplied by 2.5 to obtain type | equivalent
masses. The process is described in detail in Section 3.3.4. Figure 4-1 shows CH4 generated (as
mgCOD) over the experimental period by the control reactors. In Figure 4-1 , the cumulative
methane mass produced C-3 and C-4 (type Il control reactors) has been adjusted to type |

equivalent.
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Figure 4-1. ABMP control reactors methane COD masses

There was quite a significant variance in cumulative methane COD mass. C-1 and C-4 flattened
sooner than C-2 and C-3. However, it was observed that the aqueous COD concentration in all
four reactors was generally changing at the same rate (see Appendix A). Therefore, it is unlikely
that C-1 and C4 flattened off sooner due to the absence of biodegradable COD. Therefore, it was
concluded that the reason for the sudden end of gas production in C-1 and C-4 was a result of a
gas leak. As a result, C-1 and C-4 were not considered when calculating average masses of

methane COD or C contained in biogas.

4.2.2.2 Gas composition

Gas composition in terms of methane partial pressure was required to calculate methane COD
produced by the control reactors. Gas composition was determined using a Gas Chromatography
(GC) analyser. However, there was limited access to the GC equipment; thus, the methane partial
pressure tests were not conducted regularly. Therefore, gas compositions were used with caution
because they could not be tested for reliability. The average methane partial pressure for control

reactor was measured as 51.5%.
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4.2.3 Mass Balances

The mass balances of materials were used to evaluate the accuracy and validity of the control
reactors. Mass balance follows the principle of mass conservation of materials, which states that
the mass of materials entering the reactor should be equal to the mass of materials leaving the
reactor. To determine the per cent mass balance, the materials were tracked from the influent to
all the effluent streams. As discussed in Section 3.5.3, the influent in this study was made up of
a single batch feed, while the effluent was made up of the following: (i) samples drawn from a
reactor, (ii) biogas produced, and (iii) the liquid remaining in the reactor at the end of the
experiment. In addition, experiments that yielded 100+20% mass balances were considered

accurate and valid.

4.2.3.1 COD Balance

Equations 3.4 in Section 3.5.3.1 was used to calculate the fluxes of COD coming in and out of
the batch reactors. Table 4-2 summarises the control reactors’ COD balance. COD experiments
are usually accepted to be accurate and valid if COD mass balance of 100£10% is achieved.
However, in this study, experiments that achieved COD mass balances within 100£20% were
accepted as valid after careful analysis (by increasing methane partial pressure to 100% to

determine possible methane measurement error, as shown in Table 4-3) of the data.

Table 4-2. ABMP control reactor’s observed COD balance

Starting | Mass Remaining Total Average
Reactor | Mass Removed | Mass CH4 Mass effluent Balance balance

mgCOD | mgCOD | mgCOD mgCOD mgCOD | mgCOD | mgCOD
C-1 15264 2295 9964 264.066 12523 82.0
C-2 15456 2749 9612 432.084 12793 82.8

833122

C-3 6067 2319 2762 173.312 5255 86.6
C-4 6259 2433 2612 78.676 5124 81.9

None of the control reactors achieved a good COD balance as stipulated in Section 3.5.3.
Therefore, to determine the likely cause of low COD balances, methane partial pressure was

increased to 100% to determine the possible influence of methane partial pressure results,
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because it unreliably measured (see Section 4.2.2.2). The results after increasing methane partial

pressure are given in Table 4-3.

Table 4-3. Adjusted control reactors’ COD balance (100% methane partial pressure)

Starting Mass Remaining Total Average
Reactor | Mass Removed | Mass CH4 Mass effluent Balance balance

mgCOD mgCOD mgCOD mgCOD mgCOD | mgCOD | mgCOD
C-1 15264 2295 9964 861 13120 86.0
C-2 15456 2749 9612 839 13201 85.4

85.9+26

C-3 6067 2319 2762 337 5418 89.3
C-4 6259 2433 2612 153 5198 83.0

As shown in Table 4-3, increasing methane partial pressure to the maximum possible only
increased the overall COD balance by less than 3%, and still remained below permissible COD
balance stipulated in Section 3.5.3.1. This is an indication that unreliable gas composition data
had slight influence on COD balance. Considering the fact that the aqueous COD measurements
was statistically found to be accurate; it was therefore concluded that the poor COD balance
resulted from an inaccurate gas (production) measurement. Gas measurement errors are believed
to be common in BMP/ABMP experiments that uses cumulative gas measurement methods due
to COz2 that dissolve in water or other displacement fluids and possible gas leaks (Stromberg et
al., 2014; Gaszynski, 2021). Nevertheless, for this experiment, the control reactors’ COD

measurement (in exception of methane COD) was accepted to be accurate and valid.

4.2.3.2 TKN and TP Balance

The Equation 3.4 in Section 3.5.3.2 was used to calculate the mass balances shown in Table 4-4.
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Table 4-4. Control reactors TKN and TP mass balance

TKN mass balance TP mass balance
Reactor

TKNin | TKNOut | Balance | Average TPin | TPout | Balance | Average
Unit mgN % mgP %
C-1 1246 1183 94.9 290 300 103.3
C-2 1208 1218 100.9 299 298 99.6

100.4 +4 103.1 +8.5

C-3 459 465 101.2 115 132 114.8
C-4 493 515 104.5 120 114 94.7

Seven out of eight (i.e., ~88%) of the TKN and TP balance for control reactors were within the
acceptable limits of 100+£10% as stipulated in Section 3.5.3.2, and thus the results were accepted

to be accurate and valid.

4.2.4 Composition determination for inoculum in control reactor

Although there was no substrate present in the control reactor, the biodegradable composition of
the residual biodegradable organics in the inoculum was evaluated as an ancillary aspect of the
experimental investigation. The biodegradable composition was determined by a stoichiometric
approach. The stoichiometric composition method involves quantifying COD, VSS, C, N, and P
changes between the start and end of the experiment. Next, these changes were used to calculate
the biodegradable organics’ elemental mass ratios (fcv, fc, fn, fr, fo and fw). Finally, the mass
ratios were then used to determine the biodegradable composition in a generic format of
CxHyOzNaPs (CHONP elemental composition). The procedure for calculating mass ratios and

the CHONP elemental composition by stoichiometry is detailed in Section 3.7.4.

Observed changes in COD, VSS, C, N, and P were previously shown in Table 4-1 and the mass

ratios and elemental composition by stoichiometry results is shown in Table 4-5.
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Table 4-5. ABMP control reactor changes and stoichiometric composition

Measured component Unit Change (A)
Total COD mgCOD/I -623.5
FSA mgN/I 42.0
OP mgP/I 5.9
VSS mgVSS/I -397.1
Carbonate Alk mg/l as CaCO3 167.1
CH4 COD mgCOD 413.5
Cingas mgC 0.2
COD change

Biodegradable COD mgCOD/I 623.5
CH4 COD mgCOD/I 82.7
Carbon Change

Cingas mgCl/I 0.0
C in H2CO3 alkalinity mgCl/I 40.1
Total C mgC/I 40.1
VSS Change

Biodegradable VSS mgVSS/I 397.1
Mass ratio

fev gCOD/gVSsS 1.570
fc gC/gVvsS 0.101
fn gN/gVsSs 0.106
fp gP/gVSS 0.015
fu gH/gVSS 0.249
fo gO/gVsSS 0.529
Composition

C mol 1.000
H mol 29.567
@) mol 3.929
N mol 0.897
P mol 0.057

The biodegradable composition of residual biodegradable organics contained in the inoculum

can then be deduced from Table 4-5 as CiH29.56703.920N0.897P0.057. The carbon mass ratio was
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significantly low compared to the wastewater sludges literature adopted fc value of 0.515 (Marais
& Ekama, 1976). This low C mass ratio also resulted in an unusual subscript of H in the elemental
composition (CHONP). The low C mass ratio was possibly caused by an error in gas
measurement, because significant C leaves the system as COz2. Similar findings were reported by
Gaszynski, (2020), who obtained the inoculum’s residual biodegradable’s C mass fraction of
0.189 and a CHONP composition of C1H19.05001.681No.373Po0.010.

4.3 ABMP Test Reactor Results

The ABMP test reactors were used to identify the composition of biodegradable organics present
in the chosen substrates. The chosen substrates were PS, food waste and a mixture of PS and
food waste. Besides the substrates, the test reactors were also fed with the inoculum. The purpose
of the test reactors in the experiment was to identify the CHONP elemental composition of the
three substrates. This chapter presents the results, analysis and discussion of ABMP test reactors.

4.3.1 Test reactor analytical results

The substrates used in this experiment were PS (test A), food waste (test B) and a blend of PS
and food waste (test C). The PS was obtained from Bellville Wastewater Treatment Works
(BWWTW), while food waste was manually simulated to replicate a typical local food waste
composition. A detailed description and preparation of the substrates was discussed in Section
3.3.2.. The inoculum used in the test reactors was similar to the inoculum used in control reactors.
However, the inoculum in the test reactors was diluted 1.07 (15+14) times relative to the
inoculum in the control reactor (see Section 3.3.4). Therefore, the concentration of the reactants
taken up and products released into the test reactors due to the inoculum was 0.93 (14+15) times

that of the control reactor.

The concentrations of various constituents were measured per experimental methods discussed
in Section 3.4. The most critical measurement points were the starting day and end day, but some
intermediate measurement points were measured for use in ancillary aspects of the project and
to track consistency of the experiment. Both control and test reactors were carried out in parallel,
and were operated for a period of 76 days. Before day 76, there was no significant biogas

production observed for ten consecutive days (i.e., from day 66 onwards). Therefore, it was
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assumed that all biodegradable organics were utilised by day 76. Finally, the mean ({x)) and
standard deviations (o,) of the test results of each set of test reactors were computed as part of
statistical data analysis. In this report, the mean of the experimentally measured data was used

for further data processing.

The starting and end results (i.e., results for day 0 and day 76) for ABMP test reactors’ (tests A,
B and C) results are given in Table 4-6. The results are presented in a format of x=(x) £ g,

showing the mean experimental results and the spread (standard of the measured data
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Table 4-6: ABMP test reactors results

Test A TestB TestC

Unit Start End Change (A) Start End Change (A) Start End Change (A)
Time Days 0 76 76 0 76 76 0 76 76
Unfiltered COD mgCOD/I 4752 + 41 2693.1 + 47 -2059 4723.2+0 2520+ 34 -2203 4809.6 £ 95 2907.8 £ 77 -1902
Filtered COD mgCOD/I 531.2+1 826+3 -334 641.3+5 7781 -477 593.3+19 11717 -395
Particulate COD mgCOD/I 4220.8 2496.3 -1724.5 4081.9 2355.8 -1726.1 4216.3 2709.1 -1507.2
VFA COD as acetate mgCOD/I -19+ 34 -37+34 29 -3+17 -54 + 26 -51 -1+54 -17+3 -16
TKN mgN/I 2709 +1 295.1+5 24 27239 2746 +9 2 248.3+8 2716 +8 23
FSA mgN/I 106 +1 165+ 2 59 9% +1 148 + 2 52 99+0 156 + 2 57
TP mgP/I| 65.2+1 76.7+7 8 544+3 61.9+5 6 66.4+0 63.7+11 1
OP mgP/I 8.6+0 166+1 8 6.2+0 16+1 10 730 1770 10
TSS mgTSS/I 3910+ 31.2 2768 + 34 -1142 3458.7 £ 52 2475.3 £ 69 -983 37747 £52 2634 + 69 -1141
VSS mgVSS/I 3106 + 7 2045 + 24 -1140 2787.3+23 1894 + 55 -1203 3090 +119.3 1927.3 £ 60 -1280
ISS mgISS/i 804 + 26 764 + 24 -81 671.3+34 649 +7 -22 752+3 692 +76 -60
pH pH 730 710 0.0 720 70 0.1 730 6.9+0.1 -0.2
Carbonate alkalinity mg/l as CaCO3 812 + 38 1189 + 85 377 660 = 63 1060 * 65 400 756 = 68 1058 + 36 302
VFA alkalinity mg/l as CaCO4 -16 £ 28 -29+16 -13 -2+13 -1+£97 1 -1+44 -23+8 -22
Total alkalinity mg/l as CaCO3 804 + 16 1198 + 62 -126 663 £ 52 1082 + 62 419 761 +29 1053 + 47 292
Cumulative CH4 gas mgCOD 0 5595 + NA 5595 0 7087 £ NA 7087 0 6814 £ NA 6814
Cumulative C in gas mgC 0 1765 £ NA 1765 0 2193+ NA 2193 0 2295 + NA 2295

Note: Test A= Primary Sludge; Test B= Food waste; Test C= Primary sludge + Food waste
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The results of the three tests from Table 4-6 shows significant changes (all decreases) were
observed in both unfiltered and filtered COD concentrations between the start and end of the
experiment. All changes observed were above the baseline set by the control reactors (higher
observed changes in test reactors than the changes observed in the control reactors), indicating
that there was indeed an influence of the substrates used in each test reactor. The change in COD
concentrations in the test reactors quantifies the total biodegradable COD concentration in the
reactor, which is a sum of the substrate and inoculum biodegradable CODs.

Unfiltered COD concentration changes were between 40 and 47 per cent, with the highest change
observed in test B (food waste), followed by test A (PS) and lastly test C (PS and food waste
blend). On the other hand, the change (decrease) in filtered COD followed a different order from
unfiltered COD whereby the highest change was observed in test B and lowest in test A, with the
changes observed between 63 and 74 per cent. The particulate COD concentration was calculated

as the difference between mean unfiltered and mean filtered COD concentrations.

A 5-pH point titration method was used to measure alkalinities (total, carbonate and VFA) and
VFA COD, as discussed in Section 3.4.7. However, statistical analysis illustrated a significant
disparity in VFA alkalinity and VFA results for the entire experiment. As a result, VFA
measurements for the entire experiment were regarded as spurious and hence non-utilisable.
Therefore, VFA concentrations used for further analysis were set equal to zero, a decision based
on the following assumptions: (1) generally all VFA measurements were below zero, (2) there
was no significant difference in start and end pH and, (3) a long sludge ensured that all

intermediate VFA produced was utilised before end of experiment.

Unlike VFA measurements, other results from 5-pH point titration (i.e., total and carbonate
alkalinities) showed consistency and low disparities. Both total and carbonate alkalinities
concentration increased. Furthermore, total and carbonate alkalinity concentrations were nearly
equal, which indicates that carbonate alkalinity was the dominant alkalinity sub-species in the
solution. The change in carbonate alkalinity indicates the presence of biodegradable carbon

content in the inoculum.

The TKN and TP concentrations were expected to remain consistent throughout the experiment.

As expected, there were generally insignificant changes observed in TKN and TP results.
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However, there were a few cases where significant changes were observed, such as test A
whereby, an increase of about 13% in TP concentration was observed. In this particular case,
when intermediate measurements were observed, it was noted that the measurement on the first
day was not consistent with the trend observed from the rest of the results (see Appendix A).
This inconsistency suggests that there was an error in the first experiment TP results. Therefore,
where there are significant TP or TKN changes, it is because of an error measurement in either
the first or last day results.

The FSA and OP concentrations all increased significantly. For all tests, the observed increase
in FSA concentrations was nearly the same in all three reactors in a range of 55% and 57%. This
implies that both substrates have nearly similar biodegradable organic nitrogen content.
However, unlike FSA, the increase in OP concentration differed significantly across the different
tests. The highest OP increase was observed in test B (158%), followed by test C (143%) and
lastly, test A in which OP increased by 93%.

The concentration of all solids (TSS, VSS and ISS) also decreased significantly. TSS
concentrations of the three test reactors decreased between 28 and 30 per cent, while VSS
concentrations decreases ranged between 37 and 43 per cent. The change in VSS quantifies the
biodegradable particulates present in the reactor at the start of the experiment. To evaluate the
relationship between COD and VSS changes, the change in particulate COD concentration was
used. Therefore, the change in particulate COD to the concentration of VSS utilised, fcv ratios
(mgCOD/mgVSS) for tests A, B and C are 1.51, 1.43 and 1.18 respectively. The fcv ratio for test
C is significantly lower than the fcv ratios for wastewater sludges found in literature, i.e.,
fcv=1.481 adopted from Marais & Ekama, (1976).

The change in CHs COD and carbon masses were measured via biogas volume produced
throughout the experiment and the biogas methane partial pressure. However, gas measurement
was challenging due to possible CO2 dissolving in the column water (as discussed in Section
2.7.3) and possible gas leakage (the gas measurement error in this project was discussed in
Section 4.2.3.1). Therefore, to minimise the influence of these gas measurement errors, the
replicate with the highest gas volume observed was regarded as the most accurate representation
of gas produced. In other words, where results directly relied on gas measurement (i.e., the

masses of CH4 COD and C in gas), the highest gas reading was used instead of taking the average.
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Furthermore, due to the high-level error of gas measurement, using gas measurement results for

further processing was avoided where possible.

The gas results shows that the change in CH4 COD mass was highest in test B, followed by test
C, and lastly test A. The amount of CHs mass produced is directly proportional to aqueous COD
lost (i.e., COD is transformed from aqueous phase to gas phase). On the other hand, test C
recorded the highest carbon mass released as gas, followed by test B and lastly test C. The change
in carbon in gas quantifies the fraction of biodegradable carbon in the reactor that was released

as gas.

4.3.2 Gas measurement in test reactors

The biogas produced inside the batch test reactors was captured in the inverted columns. In order
to determine the methane content of the biogas, a biogas sample was collected from the reactor’s
headspace for gas composition analysis. The setup and description of the gas measurement

procedure is discussed in Section 3.3.6.

4.3.2.1 Gas measurement

The volume of gas produced by the batch reactors was converted to methane COD equivalence
before analysis. During the conversion of gas volume to methane COD, the variance between
atmospheric and column pressure was accounted for by using the universal gas law (Equation
3.6). Finally, the methane COD mass was calculated using Equation 3.7. Figure 4-2, Figure 4-3
and Figure 4-4 show the average cumulative methane COD mass for tests A, B and C reactors,

respectively
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Figure 4-4. Test C batch reactor’s methane COD mass

The results show a low variance in cumulative COD methane produced by test A and test B
reactors. The low variance in cumulative biogas production between reactors containing the same
substrate indicates that there was generally no difference in substrate behaviour in different
reactors. In the case of test C, a low variance was observed until day 10, from which there was
no significant methane production in reactor TC-1. It is suspected that there could have been a
gas leak that caused sudden biogas production in reactor TC-1, because the aqueous COD results
shows that TC-1 recorded a higher COD change than TC-2 and TC-3. Overall, there was low
variance in cumulative curves across each test, particularly at the start of the experiment which

indicates that the behaviours of different replicates were similar, and only started varying due to

gas measurement errors.
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4.3.2.2 Gas composition

Methane partial pressure was required to calculate methane COD produced by the test reactors,
and was determined using a Gas Chromatography (GC) analyser as discussed in Section 3.4.9.
However, there was limited access to GC equipment; thus, the methane partial pressure tests
were not conducted regularly, resulting in fewer samples collected. Table 4-7 shows a summary
of GC results.

Table 4-7. Test reactors’ methane partial pressure

Reactor number
Test Average
Units 1 2 3
Test A % - - 59.1 59.1
Test B % 64.5 56.4 62.4 61.1+4.2
Test C % 55.2 - - 55.2

4.3.3 Mass balances

The mass balances of materials, which follows the principle of mass conservation, were used to
evaluate the accuracy and validity of the test reactors. To determine the per cent mass balance,
the materials in the test reactors were tracked from the influent to all the effluent streams. As
discussed in Section 3.5.3, the influent in this study was made up of a single batch feed, while
the effluent was made up of the following: (i) samples drawn from a reactor, (ii) biogas produced,

and (iii) the liquid remaining in the reactor at the end of the experiment.

According to the principle of mass conservation of materials, the mass of materials entering the
reactors should be equal to the mass of materials leaving the reactor. For the batch test reactors,
materials were tracked from the influent to the effluent to determine the per cent mass balance.
The influent is made up of a single batch feed, while the effluent is made up of the following (i)
samples drawn from a reactor, (ii) biogas produced, and (iii) the liquid remaining in the reactor
at the end of the experiment. COD, TKN and TP mass balances were carried out as discussed in
Sections 4.3.3.1 and 4.3.3.2.
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4.3.3.1 COD Balance

Equation 3.4 in Section 3.5.3.1 was used to calculate the fluxes of COD coming into and out of
batch test reactors. In addition, the average methane partial pressures shown in Table 4-7 were
used to calculate methane COD. Although in Section 3.5.3 a good COD mass balance was
defined to be 100+10%, COD mass balances over 80% were also considered acceptable after
careful analysis (by increasing methane partial pressure to 100% to determine possible methane
measurement error, as shown in Table 4 3). Table 4-8 shows the summary of COD mass balance

for all test reactors.

Table 4-8. ABMP test reactor COD balance

Starting | Mass Remaining | CH4 Total Balance | Average
Reactor | Mass Removed | Mass Mass effluent
Test mgCOD | mgCOD | mgCOD mgCOD | mgCOD | % mgCOD
TA-1 23616 2317 11451 5531 19298 81.7
Test A | TA-2 23904 SPOILED 84.4+3.7
TA-3 22656 1914 12376 5421 19711 87.0
TB-1 23616 2015 10920 6493 19428 82.3
TestB | TB-2 23616 1733 11339 6930 20002 84.7 86.4+5.2
TB-3 22272 1844 12440 6258 20543 92.2
TC-1 24384 2002 13305 5642 20949 85.9
TestC | TC-2 23712 2292 12404 6396 21092 89.0 85.4+3.9
TC-3 26688 1966 12914 6791 21671 81.2

The average COD balance for tests A, B and C ranged between 84% and 86%. The achieved
COD balance was below the required tolerance for a good COD balance, as stipulated in Section
3.5.3. It was concluded that low COD mass balances are a result of gas measurement error, as
shown in Section 4.3.3.1. It is believed that it is challenging to obtain good COD mass balances
BMP/ABMP experiments that uses volumetric biogas measurement as discussed in Sections
2.7.2and 2.7.3.

4.3.3.2 TKN and TP mass balance

The TKN and TP mass balances of the test reactors were also carried out to evaluate the reliability

of the experiment results. The aqueous concentrations of TKN and TP do not change during
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anaerobic digestion. Therefore, as batch reactors, it was expected that the masses of their influent
are equal to the effluent masses. Equation 3.4 in Section 3.5.3.2 was used to calculate the fluxes
of TKN and TP entering and leaving batch reactors. The summary of TKN and TP results is

given in Table 4-9.

Table 4-9. TKN and TP mass balances for test reactors

TKN Balance TP Balance
Reactor TKNin | TKNOut | Balance | Average | TPin TPout | Balance | Average
Unit mgN % mgP %
TA-1 1897 1495 79 331 366 111
TA-2 REACTOR SPOILED ?_355 REACTOR SPOILED 116.9 £9
TA-3 1351 1456 108 299 368 123
TB-1 1376 1323 96 262 299 114
TB-2 1309 1400 107 i215 221 280 127 116 £9.9
TB-3 1400 1397 100 282 302 107
TC-1 1253 1358 108 332 335 101
TC2  |1107 | 1400 117 o> [ 332 343|103 R
TC-3 1274 1316 103 332 407 123

Table 4-9 shows that there was generally a good TKN balance across all test reactors within a

permissible 20% error balance.

4.3.4 Unbiodegradable organic composition

The unbiodegradable organic were characterised in terms of unbiodegradable fractions. As noted
in Section 3.7.2 the unbiodegradable particulate and soluble organic concentrations of different
parameters were measurable at the end of the ABMP experiment. In other words, the
concentration of the substrate's unbiodegradable organic was calculated by subtracting the final
concentration of the control reactor from the final concentration of the test reactor. Following
this, the unbiodegradable fractions of the total organics (determined via COD and VSS
measurements), were calculated (the complete procedure is discussed in Section 3.7.2.) Table

4-10 shows a summary of unbiodegradable fraction determination.
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Table 4-10. Determination of substrates unbiodegradable fractions

ABMP test CONTROL | TESTA TEST B TESTC
Measured Unit Control Test Test-Control Test Test-Control | Test Test-Control
Initial unfiltered COD mgCOD/I 2872 4752 | 1880 4723 | 1852 4810 | 1938
Total VSS mgVSS/I 2054 3106 | 1052 2787 | 733 3090 | 1036
Final unfiltered COD mgCOD/I 2248 2693 | 445 2520 | 272 2908 | 660
Final soluble COD mgCOD/I 97 197 100 164 67 199 102
USO COD mgCOD/I 97 197 100 164 67 199 102
UPO COD mgCOD/I 2151 2496 | 345 2356 | 204 2709 | 558
Final VSS mgVSS/I 1520 1966 | 446 1584 | 64 1810 | 290
UPO VSS mgVSS/I 1520 1966 | 446 1584 | 64 1810 | 290
Fractions

UPO COD (fsup) mgCOD/mgCOD | - - 0.183 - 0.110 - 0.288
USO COD (fsus) mgCOD/mgCOD | - - 0.053 - 0.036 - 0.053
UPO COD/VSS (fw) mgCOD/mgVSS - 0.773 3.190 1.923

Note: Test A= Primary Sludge; Test B= Food waste; Test C= Primary sludge + Food waste
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4.3.5 Biodegradable composition

Substrate biodegradable organic composition was a major objective for carrying out the ABMP
experiment. The biodegradable composition was determined by a stoichiometric approach. The
stoichiometric composition determination involves quantifying changes in COD, VSS, C, N
and P between the start and end of the experiment. These changes were used to calculate the
biodegradable organics’ elemental mass ratios (fev, fc, fn, fe, fo and fu). Finally, the mass ratios
were then used to determine the elemental biodegradable composition in a generic format of
CxHyOzNAaPs.

Determination of changes in COD, VSS, C, N and P required measurement of various
components at the start and end of the experiment, which is shown in Table 4-11. However,
the concentration given in Table 4-11 included the inoculum concentration, which does not
form part of the substrate composition. As discussed earlier, the control reactor was used to set
the baseline that quantified the substrate biodegradable organics in the test reactors. Therefore,
the inoculum concentration inside the test reactor was accounted for by subtracting the
measured change in control reactor concentration. As stated in Section 3.3.4, the concentration
of the inoculum in test reactors was diluted 1.07 times (i.e.,15+14). Therefore, the
concentration of the reactants taken up and products released into the test reactors due to the
inoculum was 0.93 (14/15) times that of the control reactor. Thus, the observed changes in

control reactor concentrations used in this section are slightly lower than those in Section 4.2.

The steps used for calculating the stoichiometric composition of the substrates is detailed in

Section 2.7.3, and the results are shown in Table 4-11.
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Table 4-11. Determination of substrate organic composition by stoichiometry

ABMP test CTRL TEST A TEST B TEST C
Control Test Test-Control Test Test-Control Test Test-Control
Measured Unit Change (A) Change (A) Change (A) Change (A) Chanage (A) Change (A) Chanage (A)
Total COD mgCOD/I -623.5 -2058.90 -1435.4 -2203.20 -1579.73 2907.80 -1278.3
FSA mgN/I 42.0 59.00 17.0 52.00 10.00 156.00 15.0
OP mgP/I 5.9 8.00 2.1 9.80 3.92 17.70 4.5
VSS mgVSS/I -397.1 -1140.00 -742.9 -1203.30 -806.17 1810.00 -882.9
Carbonate Alk mg/l as CaCO3 167.1 377 209.9 400 232.93 1,058 134.9
CH4 COD mgCOD 413.5 5595.00 5181.5 7087.00 6673.53 6814.00 6400.5
Cingas mgC 0.2 1765.00 1764.8 2193.00 2192.81 2295.00 2294.8
COD change
Biodegradable COD mgCOD/I - - 1435.4 - 1579.7 - 1278.3
CH4 CcOD mgCOD/I - - 1036.3 - 1334.7 - 1280.1
Carbon Change
Cingas mgCl/l - - 353.0 - 438.6 - 459.0
C in H2CO3 alkalinity mqCl/l - - 50.4 - 55.9 - 324
Total C mgCl/l - - 403.3 - 494.5 - 491.3
VSS Change 0 - - - -
Biodegradable VSS mgVSS/I - - 742.9 - 806.2 - 882.9
Mass ratio
fov gCOD/gVSS - - 1.932 - 1.960 - 1.448
fc gC/gVss - - 0.543 - 0.613 - 0.557
fn gN/gVSS - - 0.023 - 0.012 - 0.017
fp gP/gVSS - - 0.003 - 0.005 - 0.005
fu gH/gqVSS - - 0.106 - 0.079 - 0.045
fo gO/qVSS - - 0.326 - 0.291 - 0.376
Composition
C mol - - 1.000 - 1.000 - 1.000
H mol - - 2.336 - 1.540 - 0.977
0] mol - - 0.450 - 0.355 - 0.507
N mol - - 0.036 - 0.017 - 0.026
P mol - - 0.002 - 0.003 - 0.004
Note: Test A= Primary Sludge (PS); Test B= Food waste; Test C= Food waste + Primary Sludge
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The biodegradable composition of the substrates in a generic format of CxHyOzNaPs can then
be deduced from Table 4-11. For example, the composition for primary sludge (PS) (substrate in
test A) is CiH233600.450No0.036P0.002, While for food waste (substrate in test B) is
C1H1.54000.335N0.017P0.003, and mixing the two substrates on a ratio of 1:1 (test C) results in
C1Ho.99700.507No0.026P0.004. In Section 3.7.3, it was mentioned that carbon was determined from
carbonate alkalinity and carbon in gas. However, the gas measurement was found to be
inaccurate, which obviously affected the composition of C. Therefore, the mass ratio of C and
the elemental compositions of the substrates tested in this study contains an error carried over

from gas measurement.
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5. ABMP Modelled Experiment

5.1 Introduction

The main focus of the modelling component in this project was to model the augmented
biomethane potential (ABMP) experiment to identify the composition of the substrates used in
the test reactors, namely, primary sludge (PS), food waste, and a blend of PS and food waste. In
addition, modelling the parent anaerobic digester (PAD) was carried out as an ancillary aspect of

this project. This chapter presents the modelled outcome of the PAD and ABMP experiments.
5.2 Modelled PAD experiment

The PAD was modelled using the steady-state model equations of Sétemann et al. (2005). This
PAD modelling process allowed the concentration of the active biomass present in the PAD
effluent to be reasonably estimated. The PAD effluent was used to inoculate the ABMP
experiment reactors. Only the acidogens (Zap) biomass group was considered in this project. The
active Zap concentration was obtained by characterising the PAD feed (PS) effluent and using
the model equations and parameters to estimate the effluent Zap concentration. The model
description and modelling procedure are detailed in Sections 3.8.2 and 3.8.3. In addition, the
original mixed PAD effluent was diluted by half prior to ABMP reactor seeding, as discussed in

Section 3.3.4. Table 5-1 presents the summary of the PAD model calculation output.
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Table 5-1: PAD modelling output summary

Parameter Unit PAD 1 PAD 2
Volume L 17 26
Feed rate Q e/d 0.35 0.50
Sludge age d 49 52
Influent dilution - 1.17 1.25
Influent COD concentration (not-diluted) mgCOD/¢ 26,784 26784
Influent COD concentration (diluted) mgCOD/¢ 22958 21427
Effluent COD concentration mgCOD/{ 11750 11597
Methane COD concentration mgCOD/{ 11207 9830
Biomass yield Y ap coefficient mgCOD/¢ 0.113 0.113
Biomass death rate bap /d 0.041 0.041
Biomass (ZAD) COD concentration mgCOD/( 477 400
Mixed biomass (ZAD) COD concentration mgCOD/t 430
Diluted effluent biomass COD concentration mgCOD/{ 215

5.3 Modelled ABMP control reactor experiment

The ABMP control reactor experiment was simulated using the mass balanced steady-state model
of Ikumi et al. (2015) and was used to find inoculum’s seed sludge’s composition. The biomass
concentration obtained in the modelled PAD experiment was entered as input. The diluted
biomass concentration shown in Table 5-1 was further diluted 1.75 times during seeding, as
mentioned in Section 3.3.4. The initial concentration of the modelled control reactor was set
equal to the average measured control reactor concentrations. A detailed modelling process for

the control reactor is discussed in Sections 3.8.4 and 3.8.4.1.

As discussed in Section 3.8.4.1, inoculum comprised UPO (UPO and USO lumped together) and
seed sludge (residual biodegradable organics (BPO and BSO) and biomass lumped together).
This seed sludge composition set the baseline in the test reactors, as discussed later in Section
5.4. After all the model required inputs were entered, a PE process was conducted by running
iterative trial and error simulations searching for suitable parameters, which resulted in the lowest
error between the measured and modelled results. The PE error in this study was evaluated using
the squared error criteria. The overall PE error was obtained by calculating the mean error.

However, each variable was weighed to ensure that the error calculation considers the differences
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in concentration of different variables (objective values). For example, variables with higher
concentrations were assigned a lower weighting factor and vice versa. And therefore, the overall
error was calculated as a mean weighted squared error instead of a mean squared error. The
parameters and their objective target values used for control reactors were previously shown
Table 3-6. The weightings for the control reactor are shown in Table 5-2. The weighting values

in Table 5-2 were selected after running multiple iterative trial and error simulations.

Table 5-2: Modelled ABMP control reactor variables and weights

Variable Weight
Final VSS concentration 10
Final FSA concentration 2
Final OP concentration 1
Final pH 1

5.3.1 Modelled control reactor composition identification

Table 5-3 shows modelled parameters and composition of the seed sludge and UPO contained in
the control reactor, which was achieved by the PE process. As mentioned in Section 3.8.4.1, the
seed sludge comprises the inoculum’s residual biodegradable organics and biomass lumped

together to form one compound.

Table 5-3: ABMP control reactor modelled parameters and composition

Parameter Seed sludge (BPO + biomass) UPO
fcv 1.481 1.457
fc 0.338 0.507
fu 0.140 0.065
fo 0.385 0.319
fn 0.111 0.078
fp 0.027 0.031
foun ; 0.723
Composition C1H4.93000.854N0.281P0.031 C1H2.27900.709N0.197P0.036
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5.3.2 Modelled control reactor results

Table 5-4 summarises results obtained for ending concentrations for various ABMP control

reactors experiment constituents. The modelled results were compared to the experimentally

measured end results.

Table 5-4: ABMP control reactor modelled results

Start End Change
Constituent
Unit Measured | Measured | Modelled | Measured | Modelled
Total COD mgCOD/{¢ 3076.8 2408.8 2474.5 -668.0 -602.3
Methane COD mgCOD 0.0 443.0 3012.2 443.0 3012.2
VSS mgVSS/e 2054.0 1628.5 1628.5 -425.5 -425.5
ISS mgISS/C 680.0 647.5 680.0 -32.5 0.0
FSA mgN/¢ 83.0 128.0 128.0 45.0 45.0
OP mgP/C 4.6 10.9 10.9 6.3 6.3
H2CO3 Alkalinity | mg/t as CaCOs 750.0 929.0 881.3 179.0 131.3
pH 7.50 7.50 7.50 0.00 0.00

The results show that, except for Total COD and methane COD, the model generally estimated
the control reactor’s end concentrations well, with differences between measured and modelled
concentrations not more than 5%. The modelled end total COD Concentration was 10% higher
than the measured end COD concentration. The mass of methane COD produced in the modelled
experiment, which was based on 100% COD balance (because a mass balanced model was used),
was 580% higher than the measured methane COD mass (approximately seven times more than
measured methane). This discrepancy between the measured and modelled methane produced

indicates a gas measurement error during the ABMP experiment.

5.4 Modelled ABMP test reactor experiment

The ABMP test reactors experiments were simulated using the mass balanced steady-state model
of Ikumi et al. (2015). They were used mainly to identify the biodegradable composition of the
substrates present in different test reactors. The UPO composition present in each test reactor
experiment was also determined using the modelled test reactor but as an ancillary aspect of the

project. The biomass concentration obtained from modelled PAD experiment (Section 5.2) and
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the composition of seed sludge obtained from modelled control reactor (Section 5.3) were used
as input for the test reactor experiment modelling. In addition, the starting concentrations of the
modelled test reactors experiments were set equal to the average measured starting
concentrations for each test experiment. A detailed modelling process for the control reactor is
discussed in Sections 3.8.4 and 3.8.4.2. For the purposes of model simplicity, the substrates’
particulate and soluble organics were lumped together (i.e., BPO & BSO lumped together, and
UPO & USO lumped together) as discussed in Section 3.8.4.2. In other words, the BPO and UPO

composition determined by modelled experiments include BSO and USO, respectively.

After all the model required inputs were entered, a PE process was conducted by running iterative
trial and error simulations searching for suitable parameters, which resulted in the lowest error
between the measured and modelled results. The PE and error evaluation for the test reactors
followed the same procedure used in modelling the control reactor, discussed in Section 5.3. The
parameter and their objective values for the test reactor were previously shown in Table 3-8. The

weightings used for evaluating PE error for test reactors are shown in Table 5-5.

Table 5-5: Modelled ABMP test reactor experiment variables and weights

Test A TestB TestC
Variable Weight Variable Weight Variable Weight
Final VSS 10 Final COD 10 Final COD 10
Final FSA 3 Final FSA 3 Final FSA 3
Final OP 1 Final OP 1 Final OP 1
Final pH 1 Final pH 1 Final pH 1

5.4.1 Modelled test reactor composition identification

Table 5-6 shows the modelled parameters and composition of the substrates’ BPO and UPO
contained in the test reactors. The parameters and composition of the biomass present in the test
reactors was determined by control reactor modelling in Section 5.3. Furthermore, as mentioned
in Section 3.8.4.2, the BPO and UPO compositions in Table 5-6 include BSO and USO
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Table 5-6: ABMP test reactor modelled parameters and substrate composition

Test A (Primary sludge)

Parameter Biomass BPO UPO
fcv 1.481 1.500 1.432
fc 0.338 0.311 0.498
fu 0.140 0.150 0.064
fo 0.385 0.509 0.345
fn 0.111 0.021 0.062
fp 0.027 0.009 0.031
foun - 0.334
Composition C1Ha4.9300.854N0.281P0.031 C1Hs.75101.227No0.0s6P0.011 C1H1.53700.52N0.106P0.024
Test B (food waste)
Parameter Biomass BPO UPO
fev 1.481 1.721 1.334
fc 0.338 0.380 0.464
fu 0.140 0.147 0.069
fo 0.385 0.467 0.354
fn 0.111 0.002 0.083
fp 0.027 0.004 0.030
foup - 0.039
Composition C1H4.9300.854N0.281P0.031 C1Ha4.59800.924N0.004P0.004 C1H1.77200.572No.153P0.025
Test C (primary sludge and food waste blend)
Parameter Biomass BPO UPO
fcv 1.481 1.765 1.392
fc 0.338 0.447 0.485
T 0.140 0.124 0.067
fo 0.385 0.403 0.350
fn 0.111 0.016 0.071
fp 0.027 0.009 0.028
foup - 0.174
Composition C1H4.9300.854No0.281P0.031 C1H3.30100.676No0.032P0.008 C1H1.64800.543N0.125P0.022
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5.4.2 Modelled test reactor results

Table 5-7 shows the summary of measured starting concentration and modelled end
concentrations of different constituents of the ABMP test reactor experiments. The change in
concentrations for the measured experiment was compared to the changes in concentration for

the modelled experiment.
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Table 5-7: ABMP test reactors modelled experiment results

Start End Change
Component
Unit Measured | Measured | Modelled | Measured | Modelled

Test A
Total COD mgCOD/I 4752.0 2693.1 3184.4 -2058.9 -1567.6
Methane COD mgCOD 0.0 5595.0 7839.3 5595.0 7839.3
VSS mgVSS/I 3106.0 1966.0 2010.2 -1140.0 | -1095.8
ISS mgISS/I 804.0 698.0 804.0 -106.0 0.0
FSA mgN/I 106.0 165.0 165.0 59.0 59.0
OP mgP/I 8.6 16.6 16.6 8.0 8.0
H.CO; Alkalinity mg/l as CaCOs | 812.0 1189.0 1168.8 377.0 356.8
pH 7.30 7.30 7.30 0.00 0.00

Test B
Total COD mgCOD/I 4723.2 2520.0 2520.0 -2203.2 -2203.2
Methane COD mgCOD 0.0 7087.0 11017.7 | 7087.0 11017.7
VSS mgVSS/i 2787.3 1584.0 1648.6 -1203.3 -1138.7
ISS mglSS/I 671.4 563.3 671.4 -108.1 0.0
FSA mgN/I 96.0 148.0 148.0 52.0 52.0
OoP mgP/I 6.2 16.0 16.0 9.8 9.8
H2.CO; Alkalinity mg/l as CaCOs | 660.0 1060.0 1145.3 400.0 485.3
pH 7.20 7.30 7.30 0.10 0.10

Test C
Total COD mgCOD/I 4809.6 2907.8 2907.8 -1901.8 -1901.8
Methane COD mgCOD 0.0 6814.0 9510.5 6814.0 9510.5
VSS mgVSS/I 3090.0 1810.0 1864.9 -1280.0 | -1225.1
ISS mgISS/I 684.7 668.7 684.7 -16.0 0.0
FSA mgN/I 99.0 156.0 156.0 57.0 57.0
OoP mgP/I 7.3 17.7 17.7 104 104
H.COs3 Alkalinity mg/l as CaCOs | 756.0 1058.0 912.0 302.0 156.0
pH 7.30 7.10 7.10 -0.20 -0.20

The concentrations of VSS, FSA, OP, and pH across the three test experiments were generally
well estimated by the modelled experiment, yielding not more than a 5% difference between

modelled and measured concentrations. The modelled Total COD concentration for test A was
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moderately (18%) higher than the measured concentration, while for tests B and C, the difference
between modelled and measured COD concentration was less than 5%. On the other hand, the
modelled methane COD produced was significantly higher (between 40 and 55%) than the
measured methane COD for all test experiments. This discrepancy between the measured and
modelled methane produced indicates a gas measurement error during the ABMP experiment.
The modelled H2COs alkalinity concentration in tests A and C were 2% and 14% lower than the
measured concentration, respectively. In contrast, test B's modelled H2COs alkalinity

concentration was 8% higher than the measured concentration.
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6. Conclusion and Recommendations

6.1 Introduction

This study assessed the potential to revise urban wastewater systems to include solid waste
separation and discharge food waste to sewer systems. The assessment involved (1) reviewing
alternative sustainable solid waste separation and food waste transport systems, and (2) a
combination of experimental investigation and model simulation to define existing (without food
waste) and probable (with food waste) anaerobic digestion (AD) systems’ influent
characteristics. This research investigation addressed two major obstacles limiting full-scale
wastewater and food waste co-digestion projects: food waste handling systems and
characterization of food waste. The findings of this research are vital inputs in the system-wide
assessment for the co-digestion of wastewater and food waste. Therefore, this chapter provides
a summary of the conclusions drawn from the findings emerging from this study, followed by

areas where further efforts motivated by research would be required.
6.2 Summary of conclusion

In this project, it was comprehensively reviewed three potential alternative sustainable systems
for solid waste separation and transportation of food waste to anaerobic digestion (AD) systems
in South Africa. The review was based on various full-scale case studies from four countries that
have implemented sewage sludge and food waste co-digestion at WWTPs. The review revealed
that manual food waste handling systems are commonly used in sewage sludge and food waste
co-digestion projects. However, these manual food waste handling systems requires complex
food waste transport and pre-treatment processes and produces bad odours. On the other hand, a
novel food waste disposer (FWD) that disposes food waste directly into the sewer systems is
scientifically proven suitable for resource recovery and food waste handling. Therefore, FWDs
are largely being promoted to eliminate manual food waste handling and limit bad odours.
However, the impact of FWD on the sewer systems and WWTPs and its potential energy and
potable water usage has not been well established. Nevertheless, the choice of sustainable food
waste handling systems needs to be case-specific because it should consider a wide range of local

factors.
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The Augmented biomethane potential (ABMP) experiment, comprised of a control reactor and
three sets of test reactors fed with different substrates (i.e., primary sludge, food waste and a
blend of primary sludge and food waste), was operated for 76 days to determine the
characteristics of sewage sludge and food waste. The experimental results were evaluated using
statistical analysis and mass balances. The statistical analysis found volatile fatty acid (VFA)
measurements to be spurious and hence were not utilized. On the other hand, a poor COD balance
was observed, caused by gas (methane COD) measurement error.

Using the ABMP experiment results, sewage sludge and food waste co-digestion was simulated
using two model approaches: (i) the mass balanced bioprocess stoichiometry calculations and (ii)
the parameter estimation (PE) process, which is embedded in a steady-state model. The results
obtained through the PE process were deemed to be more accurate than the bioprocess
stoichiometric calculations. This is because the PE procedure was able to identify and minimise
errors between the measured and modelled results, whereas the bioprocess stoichiometry

calculations relied on the measured results.

Using the modelled experiment results, which were deemed more accurate, the anaerobic
digestion of food waste and anaerobic co-digestion of primary sludge and food waste generate
41% and 21% more methane COD gas than anaerobic digestion of primary sludge. Methane gas
generated is equivalent to potential energy recoverable, and therefore this means that diverting
food waste to WWTPs, can potentially enhance energy recovery.

6.3 Recommendations

A system-wide model for solid waste separation and food waste discharge to sewer systems was
carried out within this project's scope. However, there is potential for further studies that can be
addressed through extended investigation to either update the existing literature or provide new
data for extending the model. Therefore, the following recommendations are made for further

studies:

1. An investigation involving “real” food waste characterization, including food waste
quantity and quality, need to be carried out in South Africa because the literature shows
that food waste is poorly documented in South Africa.
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2. A quantitative case study to investigate the feasibility of different food waste transport
collection and transport system in South Africa. This is because the choice of a system
for solid waste separation and food waste transport to a treatment facility is highly

influenced by the setup of infrastructure such as sewer networks.

3. An investigation of the impact of food waste disposers (FWD) on (1) potable water and
energy usage and (2) sewage network, i.e., corrosion, sedimentation and blockage need
to be carried out.

4. A technical evaluation of a specific WWTP to determine the capacity of energy required
to co-digest wastewater sludge and food waste and the potential energy that can be

recovered need to be carried out.

5. Upgrading and calibration of existing models to include a food waste component and

other potential organic waste groups.

6. Extensive testing followed by dynamic simulation of the experiments (i.e., using

PWM_SA model) to accurately characterize food waste composition.

7. Evaluation the quality and quantity of processed sludge/by-products resulting from co-
digestion of food waste with sewage sludge and determine their disposal or beneficial use

options.

8. Evaluation of the financial and economic impacts of implementing wastewater sludge

and food waste co-digestion technology.
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Table 7-1: ABMP data-1*

Test Unfiltered COD (mgCOD/I) Filtered COD (mgCOD/1) TKN (mgN/1) TP (mgP/I)

24-un | 28-n | o7l | ok | 2 | osep | 240 | 3| oz | e | o | g | S | am | | Aua | sen | am | o | i | v | e
Days elapsed 0 4 13 41 60 76 0 4 13 41 60 76 0 4 13 41 76 0 4 13 41 76
Cc-1 3,053 3,696 1,640 2,227 2,284 2,435 154 156 171 111 108 NA 249 NA 258 NA 237 58 54 56 60 60
Cc-2 3,091 3,840 2,863 2,275 2,359 2,416 161 157 152 106 100 180 242 NA 225 256 244 60 51 61 66 60
c-3 3,034 3,744 2,829 2,381 2,585 2,425 150 167 156 90 104 NA 230 252 225 246 232 57 53 56 61 66
C-4 3,130 3,648 3,430 2,285 2,500 2,359 167 159 159 73 121 156 246 242 231 233 258 60 58 60 64 57
Mean 3,077 3,732 2,846 2,292 2,322 2,409 158 160 156 82 104 156 242 247 258 251 243 58 53 58 63 61
st. deviation | 43 82 24 64 136 34 8 5 4 12 9 NA 9 7 19 12 11 1 3 2 3 4
TA-1 4,723 5,760 3,016 2,659 2,698 2,726 530 472 202 84 109 196 379 296 245 276 299 66 65 65 67 73
TA-2 4,781 5,376 2,970 NA NA NA 532 374 188 NA NA NA 272 352 248 NA NA 64 74 76 NA NA
TA-3 4,531 5,232 3,470 2,707 2,659 2,660 532 392 177 81 98 198 270 329 242 280 291 60 71 75 77 74
Mean 4,752 5,304 2,993 2,683 2,678 2,693 531 383 189 83 104 197 271 326 245 278 295 65 72 76 77 73
St. deviation | 41 102 33 34 27 47 1 12 12 3 8 1 1 28 7 3 5 1 4 6 7 0
TB-1 4,723 5,712 2,909 2,352 2,506 2,496 645 480 190 77 106 169 275 315 249 258 265 52 53 58 60 60
TB-2 4,723 4512 2,816 2,362 2,525 2,544 703 513 165 79 125 159 262 289 230 279 280 44 58 57 64 56
TB-3 4,454 5,664 2,923 2,400 2,832 2,792 637 480 219 119 96 197 280 121 244 274 279 56 67 59 70 60
Mean 4,723 5,688 2,883 2,371 2,515 2,520 641 491 191 78 109 164 272 315 241 270 275 54 62 58 62 60
St. deviation 0 34 58 25 14 34 5 19 27 1 15 7 9 19 10 11 9 3 7 1 5 2
TC-1 4,877 5,472 3,427 2,506 2,986 2,995 580 457 215 117 121 223 251 125 257 264 272 75 63 66 56 67
TC-2 4,742 5,040 3,992 2,755 2,947 2,848 586 349 227 117 111 175 239 305 256 287 280 66 59 65 71 69
TC-3 5,338 5,328 3,810 2,966 2,986 2,880 614 465 232 106 125 NA 255 291 284 274 263 66 75 60 95 81
Mean 4,810 5,400 3,427 2,506 2,973 2,908 593 461 225 117 123 199 248 298 266 275 272 66 66 64 64 68
st. deviation | 95 102 NA NA 22 77 19 5 9 7 3 34 8 10 16 12 8 0 3 3 11 8

* In some cases, after careful analysis of the results, some replicates’ results were not included in the mean and standard deviation calculation.
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Table 7-2: ABMP data-2*

— TSS (mgTSS/l) VSS (mgVss/l) 1SS (mglSS/l)

Date 24-Jun | 28-Jun | 07-Jul | 04-Aug | 23-Aug | 08-Sep | 24-Jun | 28-Jun | 07-Jul | 04-Aug | 23-Aug | 08-Sep | 24-Jun | 28-Jun | 07-Jul | O4-Aug | 23-Aug | 08-Sep
Days elapsed 0 4 13 41 60 76 0 4 13 41 60 76 0 4 13 41 60 76
c1 2,724 | 2,494 | 2552 | 2366 | 2396 | 2350 | 2040 | 1814 | 1858 | 1792 | 1,728 | 1684 | 684 680 694 574 668 666
c2 2712 | 2,648 | 2578 | 2354 | 2,182 | 2222 | 2,040 | 1948 | 1884 | 1722 | 1574 | 1604 | 672 700 694 632 608 618
c3 2818 | 2,612 | 2542 | 2258 | 2,284 | 2186 | 2,130 | 1906 | 1859 | 1780 | 1,644 | 1550 | 688 706 683 478 640 636
C4 2682 | 2,692 | 249 | 2568 | 2390 | 2346 | 2,006 | 2008 | 1834 | 1874 | 1728 | 1676 | 676 684 662 694 662 670
Mean 2,734 | 2,651 | 2542 | 2326 | 2313 | 2276 | 2054 | 1919 | 1859 | 1792 | 1,669 | 1629 | 680 693 683 633 645 648
St deviation | 59 40 34 59 101 84 53 82 20 63 74 64 7 12 15 60 27 25
TA-1 3928 | 3254 | 2966 | 2792 | 2,734 | 2664 | 3104 | 2516 | 2178 | 2062 | 1,954 | 1912 | 824 738 788 730 780 752
TA-2 3928 | 249 | 2230 | NA NA 0 3114 | 249 | 2230 | NA NA NA 814 810 740 NA NA NA
TA-3 3874 | 3346 | 2968 | 2744 | 2952 | 2832 | 3100 | 2492 | 2204 | 2028 | 2096 | 2020 | 774 854 764 716 856 812
Mean 3910 | 3300 | 2967 | 2768 | 2,734 | 2664 | 3,106 | 2501 | 2204 | 2,045 | 2025 | 1966 | 804 801 764 723 818 782
St deviation | 31 65 1 34 NA NA 7 13 26 24 100 76 26 59 24 10 54 42
TB-1 3478 | 2,688 | 2498 | 2400 | 2406 | 2114 | 2,808 | 2004 | 1908 | 1954 | 1670 | 1578 | 670 684 590 446 736 536
TB-2 3498 | 2,912 | 259 | 2490 | 2490 | 2160 | 2,792 | 2234 | 1958 | 1,846 | 1,696 | 1604 | 706 678 638 644 818 556
TB-3 3400 | 3034 | 2546 | 253 | 2408 | 2168 | 2,762 | 2296 | 1946 | 1,882 | 1,738 | 1570 | 638 738 600 654 670 598
Mean 3459 | 2,973 | 2547 | 2475 | 2435 | 2147 | 2,787 | 2265 | 1937 | 1894 | 1701 | 1584 | 671 700 609 649 741 546
St deviation | 52 86 49 69 48 29 23 44 26 55 34 18 34 33 25 7 74 32
TC-1 3720 | 2,968 | 2,738 | 2526 | 2,682 | 2488 | 2966 | 2276 | 2064 | 1,888 | 1,948 | 1804 | 754 692 674 638 734 684
TC-2 3850 | 3,030 | 2638 | 2282 | 2690 | 2518 | 3100 | 2320 | 1992 | 1,898 | 1,968 | 1,878 | 750 710 646 384 722 640
TC3 3754 | 3214 | 2,708 | 2742 | 2592 | 2430 | 3204 | 2466 | 2044 | 199 | 1,958 | 1748 | 550 748 664 746 634 682
Mean 3775 | 2,999 | 2,695 | 2634 | 2655 | 2479 | 3,000 | 2298 | 2033 | 1927 | 1,958 | 1810 | 752 717 661 692 697 669
St deviation | 67 44 51 153 54 45 119 31 37 60 10 52 3 29 14 76 55 25

* In some cases, after careful analysis of the results, some replicates’ results were not included in the mean and standard deviation calculation.
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Table 7-3. ABMP data — 3*

Test FSA (mgN/l) OP (mgP/l) pH
Date 24-Jun | 28-Jun | 07-Jul | 04-Aug | 23-Aug | 08-Sep | 24-Jun | 28-Jun | 07-Jul | 04-Aug | 23-Aug | 08-Sep | 24-Jun | 28-Jun | 07-Jul | 04-Aug | 23-Aug | 08-Sep
Days elapsed 0 4 13 41 60 76 0 4 13 41 60 76 0 4 13 41 60 76
C-1 85 96 105 119 127 133 4 6 9 17 11 12 7.4 7.5 7.3 7.1 7.1 7.2
c-2 83 99 105 118 126 127 5 7 9 11 11 11 7.6 7.5 7.4 7.3 7.2 7.4
c-3 80 91 104 117 123 124 5 8 9 15 11 10 7.7 7.4 7.4 7.4 7.4 7.6
C-4 84 100 102 112 108 86 4 7 9 11 10 10 7.5 7.6 7.4 75 7.3 75
Mean 83 98 104 116 125 128 5 7 9 11 11 11 7.5 7.5 7.4 7.4 7.3 7.5
St deviation 2 2 1 3 2 4 0 0 0 1 0 1 0.1 0.0 0.0 0.1 0.2 0.2
TA-1 106 97 123 153 159 165 9 9 16 18 16 17 7.3 6.9 7.0 7.1 7.1 7.3
TA-2 105 98 125 NA NA NA 9 10 16 NA NA NA 7.3 6.9 6.9 0.0 0.0 0.0
TA-3 107 100 120 149 155 162 10 11 16 16 17 18 7.3 6.9 7.0 7.1 7.2 7.3
Mean 106 98 123 151 159 165 9 10 16 16 16 17 7.3 6.9 7.0 7.1 7.1 7.3
St deviation 1 2 3 3 3 2 0 0 0 0 0 1 0.0 0.0 0.0 0.0 7.0 7.2
TB-1 95 79 119 137 149 149 6 8 14 18 15 16 7.2 6.6 7.0 7.0 7.0 7.2
TB-2 97 101 120 141 147 148 6 10 14 21 15 16 7.2 6.7 6.9 7.0 7.0 7.1
TB-3 96 88 120 145 155 152 6 9 14 15 16 17 7.2 6.6 6.9 7.0 7.1 7.3
Mean 96 83 120 141 148 148 6 9 14 15 15 16 7.2 6.6 6.9 7.0 7.0 7.3
St. deviation 1 6 1 4 4 2 0 1 0 0 0 1 0.0 0.1 0.0 0.0 7.1 7.2
TC-1 99 98 123 149 157 156 7 9 15 21 17 17 7.3 6.8 7.0 7.0 7.1 7.2
TC-2 99 96 120 142 151 154 7 9 15 15 17 18 7.3 6.8 6.9 6.9 7.0 7.0
TC-3 99 103 120 142 156 157 7 11 15 20 16 18 7.3 6.8 6.9 6.9 6.9 7.1
Mean 99 100 120 142 155 156 7 9 15 17 17 18 7.3 6.8 6.9 6.9 7.0 7.1
St. deviation 0 4 2 4 3 2 0 0 0 3 0 0 0.0 0.0 0.1 0.1 0.0 0.0

* In some cases, after careful analysis of the results, some replicates’ results were not included in the mean and standard deviation calculation.
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Table 7-4. ABMP data — 4*

Test Carbonate alk (mg CaCO3/I) Total alk (mg CaCO3/1) Total alk (mg CaCO3/l) VFA COD (mgCOD/I as acetate)
Date 24-Jun | 28-Jun | 04-Aug | 08-Sep | 24-Jun | 28-Jun | 04-Aug | 08-Sep | 24-Jun | 28-Jun 04-Aug 08-Sep 24-Jun 28-Jun | 04-Aug | 08-Sep
Days elapsed 0 4 41 76 0 4 41 76 0 4 41 76 0 4 41 76
c-1 -7 -118 -27 NA 686 706 911 NA 684 592 922 NA -8 -143 -32 NA
C-2 -79 -24 -47 -47 762 681 908 990 686 666 886 970 -96 -28 -56 -56
c-3 -139 -25 -46 -46 822 579 970 853 686 567 954 831 -169 -30 -55 -55
C-4 -57 NA -51 -51 731 NA 946 946 683 NA 929 929 -68 NA -61 -61
Mean 71 -24 -42 -48 750 693 934 929 685 608 923 949 -85 -67 -51 -57
St_deviation 55 54 11 3 57 18 30 70 2 52 28 29 67 66 13 3
TA-1 15 49 -51 -18 769 754 925 1,129 793 817 945 1,154 18 59 -61 -22
TA-2 -22 -11 NA NA 839 911 NA NA 822 947 NA NA -26 -13 NA NA
TA-3 -40 -6 -11 -41 827 910 1,175 1,249 795 920 1,199 1,241 -49 -7 -13 -49
Mean -16 -8 -31 -29 812 911 1,050 1,189 804 934 1,072 1,198 -19 13 -37 -35
St_deviation 28 33 29 16 38 0 177 85 16 69 180 62 34 40 34 19
TB-1 5 -25 -69 111 551 673 1,041 950 561 653 1,014 1,091 7 -31 -83 133
TB-2 6 37 -39 -57 615 639 1,118 1,015 626 683 1,119 976 7 45 -47 -69
TB-3 -18 -221 -26 -55 704 1,041 939 1,106 700 830 959 1,073 -23 -266 -32 -66
Mean -2 -70 -45 1,067 660 656 1,080 1,060 663 668 1,067 1,082 -3 7 -54 -1
St. deviation 13 135 22 97 63 24 55 65 52 21 74 62 17 162 26 116
TC-1 39 66 -16 -30 683 729 1,041 1,050 728 801 1,075 1,037 729 1,041 1,050 -36
TC-2 7 -20 -14 767 785 1,096 1,119 779 773 1,116 1,130 785 1,096 1,119 -17
TC-3 -48 24 -11 818 794 1,125 1,067 775 831 1,151 1,068 794 1,125 1,067 -29
Mean -1 23 -14 1,114 756 769 1,087 1,058 761 802 1,114 1,053 769 1,087 1,058 -27
St. deviation 44 43 2 8 68 35 43 36 29 29 38 47 54 52 3 10

* In some cases, after careful analysis of the results, some replicates’ results were not included in the mean and standard deviation calculation.
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Gas Production

Gas production (litres) 0.03
Gas prod. (I gas/l influent) 0.22
Gas composition : CH4 fraction 0.21
Steady State model Input Gas composition: CO2 fraction 0.01 Steady State model Input
Source Concentration Flux COD of CH4 (gCOD/I feed) 602.43 Source Concentration Flux
Influent flow (I/d) 0.12 pCO2 (atm) 0.04 Effluent COD, Ste (mgCOD/I) 2474.47 301.76
Influent COD (mgCOD/I) 3076.80 375.22 Effluent COD, Suse (mgCOD/I) 98.69 12.04
Influent COD, Susi (mgCOD/I) 98.69 12.04 Effluent COD, Sbsfe (mgCOD/I) 0.00 0.00
Influent COD, Sbsfi (mgCOD/I) 0.00 0.00 Effluent VFA, Sase (mgCOD/I) 0.00 0.00
Influent VFA, Sasi (mgCOD/l) 0.00 0.00 Anaerobic Digester Effluent COD, Stse (mgCOD/I) 98.69 12.04
Influent COD, Stsi (mgCOD/I) 98.69 12.04 Effluent COD, Sbpe (mgCOD/I) 151.61 18.49
Influent COD, Sbpi (mgCOD/l) 852.64 103.98 COD and nutrient Removal and Mineral ppt Effluent COD, Supe (mgCOD/I) 2224.16 271.24
Influent COD, Supi (mgCOD/I) 2224.16 271.24 % FSA released 18.10 Effluent COD, Stpe (mgCOD/I) 2375.78 289.73
Influent COD, Stpi (mgCOD/I) 3076.80 375.22 % OP released a 18.19 Effluent TKN (gN/I) 248.66 30.32
Influent TKN (mgN/I) 248.66 30.32 %COD removed (mgCOD/I) 82.22 Effluent filt TKN (mgN/I) 128.00 15.61
Influent filt TKN (mgN/I) 83.00 10.12 Struvite precipitated 0.00 Effluent FSA (mgN/I) 128.00 15.61
Influent FSA (mgN/I) 83.00 10.12 ACP precipitated 0.00 Effluent OrgN (mgN/I) 120.66 14.71
Influent OrgN (mgN/I) 165.66 20.20 Calcite precipitated 0.00 Effluent TOD(mgO/I) 3610.83 440.35
Influent TOD(mgO/1) 4213.16 513.80 Effluent TP (mgP/l) 59.93 7.31
Influent TP (mgP/I) 59.93 7.31 Effluent filt TP (mgP/1) 11.85 1.44
Influent filt TP (mgP/l) 0.95 0.12 Mass Balances Effluent OP (mgP/I) 10.90 1.33
Influent OP (mgP/1) 0.00 0.00 COD balance (%) 100.00 Effluent OrgP (mgP/I) 49.03 5.98
Influent OrgP (mgP/I) 59.93 7.31 Carbon balance (%) 100.00 Effluent TSS (mg/l) 2308.50 281.52
Influent TSS (mg/l) 2632.17 321.00 Hydrogen balance (%) 100.00 Effluent VSS (mg/l) 1628.50 198.60
Influent VSS (mg/l) 1952.17 238.07 Oxygen balance (%) 100.00 Effluent ISS (mg/l) 680.00 82.93
Influent ISS (mg/l) 680.00 82.93 Nitrogen balance (%) 100.00 Effluent Carbon (mgCl/I) 951.90 116.09
Influent Carbon (mgC/l) 951.90 116.09 Phosphorous balance (%) 100.00 Effluent Hydrogen (mgH/I) 186.63 22.76
Influent Hydrogen (mgH/I) 186.63 22.76 Magnesium balance (%) 100.00 Effluent Oxygen (mgO/I) 681.26 83.08
Influent Oxygen (mgQO/1) 681.26 83.08 Potassium balance (%) 100.00 Effluent Magnesium (mg/l) 0.00 0.00
Influent Magnesium (mg/l) 0.00 0.00 Calcium balance (%) 100.00 Filt. Effluent Magnesium (mg/l) 0.00 0.00
Filt. Influent Magnesium (mg/l) 0.00 0.00 Effluent Potassium (mg/l) 0.00 0.00
Influent Potassium (mg/l) 0.00 0.00 Filt. Effluent Potassium (mg/l) 0.00 0.00
Filt. Influent Potassium (mg/1) 0.00 0.00 Effluent Calcium (mg/l) 0.00 0.00
Influent Calcium (mg/l) 0.00 0.00 Filt. Effluent Calcium (mg/l) 0.00 0.00
Filt. Influent Calcium (mg/l) 0.00 0.00 Effluent Alk mg/l as CaCO3 (no P) 881.28 107.47
Influent Alk mg/l as CaCO3 750.00 91.46 Effluent Total Alk mg/l as CaCO4 910.71 111.06
Influent pH 7.50 Digester pH 7.50

Figure 7-1: ABMP Control reactor experiment simulation summary
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Gas Production
Gas production (litres) 0.07
Gas prod. (I gas/l influent) 0.60
Gas composition : CH4 fraction 0.55
Steady State model Input Gas composition: CO2 fraction 0.05 Steady State model Input
Source Concentration Flux COD of CH4 (gCOD/I feed) 1567.85 Source Concentration Flux
Influent flow (I/d) 0.12 pCO2 (atm) 0.09 Effluent COD, Ste (mgCOD/I) 3184.40 388.34
Influent COD (mgCOD/I) 4752.00 579.51 Effluent COD, Suse (mgCOD/I) 299.20 36.49
Influent COD, Susi (mgCOD/I) 299.20 36.49 Effluent COD, Shsfe (mgCOD/I) 0.00 0.00
Influent COD, Sbsfi (mgCOD/I) 0.00 0.00 Effluent VFA, Sase (mgCOD/I) 0.00 0.00
Influent VFA, Sasi (mgCOD/I) 0.00 0.00 Anaerobic Digester Effluent COD, Stse (mgCOD/I) 299.20 36.49
Influent COD, Stsi (mgCOD/I) 299.20 36.49 Effluent COD, Shpe (mgCOD/I) 180.23 21.98
Influent COD, Sbpi (mgCOD/I) 1642.10 200.26 COD and nutrient Removal and Mineral ppt Effluent COD, Supe (mgCOD/I) 2704.96 329.87
Influent COD, Supi (mgCOD/I) 2704.96 329.87 % FSA released 20.57 Effluent COD, Stpe (mgCOD/I) 2885.20 351.85
Influent COD, Stpi (mgCOD/I) 4347.06 530.13 % OP released a 21.06 Effluent TKN (gN/) 286.87 34.98
Influent TKN (mgN/I) 286.87 34.98 %COD removed (mgCOD/I) 89.02 Effluent filt TKN (mgN/I) 165.00 20.12
Influent filt TKN (mgN/I) 106.00 12.93 Struvite precipitated 0.00 Effluent FSA (mgN/l) 165.00 20.12
Influent FSA (mgN/I) 106.00 12.93 ACP precipitated 0.00 Effluent OrgN (mgN/I) 121.87 14.86
Influent OrgN (mgN/I) 180.87 22.06 Calcite precipitated 0.00 Effluent TOD(mgO/1) 4495.37 548.22
Influent TOD(mgO/I) 6062.97 739.39 Effluent TP (mgP/l) 78.70 9.60
Influent TP (mgP/1) 78.70 9.60 ’ Effluent filt TP (mgP/I) 19.45 2.37
Influent filt TP (mgP/1) 2.87 0.35 Mass Balances Effluent OP (mgP/l) 16.58 2.02
Influent OP (mgP/I) 0.00 0.00 COD balance (%) 100.01 Effluent OrgP (mgP/I) 62.12 7.58
Influent OrgP (mgP/l) 78.70 9.60 Carbon balance (%) 100.00 Effluent TSS (mg/l) 2814.19 343.19
Influent TSS (mg/1) 3793.13 462.58 Hydrogen balance (%) 100.00 Effluent VSS (mg/l) 2010.19 245.15
Influent VSS (mg/l) 2989.13 364.53 Oxygen balance (%) 100.00 Effluent ISS (mg/l) 804.00 98.05
Influent ISS (mg/1) 804.00 98.05 Nitrogen balance (%) 100.00 Effluent Carbon (mgC/l) 1399.17 170.63
Influent Carbon (mgC/I) 1399.17 170.63 Phosphorous balance (%) 100.00 Effluent Hydrogen (mgH/1) 326.37 39.80
Influent Hydrogen (mgH/1) 326.37 39.80 Magnesium balance (%) 100.00 Effluent Oxygen (mgO/l) 1245.02 151.83
Influent Oxygen (mgO/l) 1245.02 151.83 Potassium balance (%) 100.00 Effluent Magnesium (mg/l) 0.00 0.00
Influent Magnesium (mg/l) 0.00 0.00 Calcium balance (%) 100.00 Filt. Efluent Magnesium (mg/l) 0.00 0.00
Filt. Influent Magnesium (mg/l) 0.00 0.00 Effluent Potassium (mg/l) 0.00 0.00
Influent Potassium (mg/l) 0.00 0.00 Filt. Efluent Potassium (mg/l) 0.00 0.00
Filt. Influent Potassium (mg/l) 0.00 0.00 Effluent Calcium (mg/l) 0.00 0.00
Influent Calcium (mg/1) 0.00 0.00 Filt. Effluent Calcium (mg/1) 0.00 0.00
Filt. Influent Calcium (mg/l) 0.00 0.00 Effluent Alk mg/l as CaCO3 (no P) 1168.83 142.54
Influent Alk mg/l as CaCO3 1000.00 121.95 Effluent Total Alk mg/l as CaCO4 1210.72 147.65
Influent pH 7.30 Digester pH 7.30

Figure 7-2: ABMP test A reactor experiment simulation summary
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Steady State model Input

Gas Production
Gas production (litres) 0.11
Gas prod. (I gas/I influent) 0.93
Gas composition : CH4 fraction 0.79
Steady State model Input Gas composition: CO2 fraction 0.14
Source Concentration Flux COD of CH4 (gCOD/I feed) 2203.55
Influent flow (I/d) 0.12 pCO2 (atm) 0.15
Influent COD (mgCOD/I) 4723.20 576.00
Influent COD, Susi (mgCOD/I) 299.20 36.49
Influent COD, Sbhsfi (mgCOD/I) 0.00 0.00
Influent VFA, Sasi (mgCOD/l) 0.00 0.00 Anaerobic Digester
Influent COD, Stsi (mgCOD/I) 299.20 36.49
Influent COD, Sbpi (mgCOD/I) 2307.90 281.45 COD and nutrient Removal and Mineral ppt
Influent COD, Supi (mgCOD/I) 2010.36 245.17 % FSA released 18.59
Influent COD, Stpi (mgCOD/I) 4318.26 526.62 % OP released a 24.22
Influent TKN (mgN/I) 279.73 34.11 %COD removed (mgCOD/I) 90.88
Influent filt TKN (mgN/I) 96.00 11.71 Struvite precipitated 0.00
Influent FSA (mgN/I) 96.00 11.71 ACP precipitated 0.00
Influent OrgN (mgN/I) 183.73 22.41 Calcite precipitated 0.00
Influent TOD(mgO/1) 6001.58 731.90
Influent TP (mgP/I) 66.07 8.06
Influent filt TP (mgP/l) 2.87 0.35 Mass Balances
Influent OP (mgP/l) 0.00 0.00 COD balance (%) 100.01
Influent OrgP (mgP/I) 66.07 8.06 Carbon balance (%) 100.00
Influent TSS (mg/l) 3596.98 438.66 Hydrogen balance (%) 100.00
Influent VSS (mg/l) 2925.58 356.78 Oxygen balance (%) 100.00
Influent ISS (mg/l) 671.40 81.88 Nitrogen balance (%) 100.00
Influent Carbon (mgC/l) 1317.95 160.73 Phosphorous balance (%) 100.46
Influent Hydrogen (mgH/l) 349.78 42.66 Magnesium balance (%) 100.00
Influent Oxygen (mgO/1) 1246.18 151.97 Potassium balance (%) 100.00
Influent Magnesium (mg/l) 0.00 0.00 Calcium balance (%) 100.00
Filt. Influent Magnesium (mg/l) 0.00 0.00
Influent Potassium (mg/l) 0.00 0.00
Filt. Influent Potassium (mg/l) 0.00 0.00
Influent Calcium (mg/l) 0.00 0.00
Filt. Influent Calcium (mg/l) 0.00 0.00
Influent Alk mg/l as CaCO3 1000.00 121.95
Influent pH 7.20

Source Concentration Flux
Effluent COD, Ste (mgCOD/I) 2520.00 307.32
Effluent COD, Suse (mgCOD/I) 299.20 36.49
Effluent COD, Sbsfe (mgCOD/I) 0.00 0.00
Effluent VFA, Sase (mgCOD/I) 0.00 0.00
Effluent COD, Stse (mgCOD/I) 299.20 36.49
Effluent COD, Sbpe (mgCOD/I) 210.44 25.66
Effluent COD, Supe (mgCOD/I) 2010.36 245.17
Effluent COD, Stpe (mgCOD/I) 2220.80 270.83
Effluent TKN (gN/I) 279.73 34.11
Effluent filt TKN (mgN/I) 148.00 18.05
Effluent FSA (mgN/I) 148.00 18.05
Effluent OrgN (mgN/I) 131.73 16.07
Effluent TOD(mgO/I) 3798.38 463.22
Effluent TP (mgP/l) 66.37 8.09
Effluent filt TP (mgP/l) 18.87 2.30
Effluent OP (mgP/l) 16.00 1.95
Effluent OrgP (mgP/I) 50.37 6.14
Effluent TSS (mg/l) 2319.98 282.92
Effluent VSS (mg/l) 1648.58 201.05
Effluent ISS (mg/l) 671.40 81.88
Effluent Carbon (mgCl/l) 1317.95 160.73
Effluent Hydrogen (mgH/I) 349.78 42.66
Effluent Oxygen (mgO/l) 1246.18 151.97
Effluent Magnesium (mg/l) 0.00 0.00
Filt. Efluent Magnesium (mg/l) 0.00 0.00
Effluent Potassium (mg/l) 0.00 0.00
Filt. Efluent Potassium (mg/l) 0.00 0.00
Effluent Calcium (mg/l) 0.00 0.00
Filt. Efluent Calcium (mg/l) 0.00 0.00
Effluent Alk mg/l as CaCO3 (no P) 1145.29 139.67
Effluent Total Alk mg/l as CaCO4 1185.72 144.60
Digester pH 7.30

Figure 7-3: ABMP test B reactor experiment simulation summary
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Gas Production

Steady State model Input

Steady State model Input

Gas production (litres) 0.11
Gas prod. (I gas/l influent) 0.87
Gas composition : CH4 fraction 0.69
Gas composition: CO2 fraction 0.18

COD of CH4 (gCOD/! feed) 1902.10
pCO2 (atm) 0.20

Anaerobic Digester

COD and nutrient Removal and Mineral ppt

% FSA released 19.99
% OP released a 25.28
%COD removed (mgCOD/I) 90.16
Struvite precipitated 0.00
ACP precipitated 0.00
Calcite precipitated 0.00
Mass Balances
COD balance (%) 100.01
Carbon balance (%) 100.00
Hydrogen balance (%) 100.00
Oxygen balance (%) 100.00
Nitrogen balance (%) 100.00
Phosphorous balance (%) 100.78
Magnesium balance (%) 100.00
Potassium balance (%) 100.00
Calcium balance (%) 100.00

Source Concentration Flux
Influent flow (I/d) 0.12
Influent COD (mgCOD/I) 4809.60 586.54
Influent COD, Susi (mgCOD/I) 299.20 36.49
Influent COD, Sbsfi (mgCOD/I) 0.00 0.00
Influent VFA, Sasi (mgCOD/I) 0.00 0.00
Influent COD, Stsi (mgCOD/I) 299.20 36.49
Influent COD, Sbpi (mgCOD/I) 1992.17 242.95
Influent COD, Supi (mgCOD/I) 2412.49 294.21
Influent COD, Stpi (mgCOD/I) 4404.66 537.15
Influent TKN (mgN/I) 284.98 34.75
Influent filt TKN (mgN/I) 99.00 12.07
Influent FSA (mgN/1) 99.00 12.07
Influent OrgN (mgN/1) 185.98 22.68
Influent TOD(mgO/I) 6111.97 745.36
Influent TP (mgP/I) 69.89 8.52
Influent filt TP (mgP/I) 2.87 0.35
Influent OP (mgP/1) 0.00 0.00
Influent OrgP (mgP/l) 69.89 8.52
Influent TSS (mg/l) 3620.77 441.56
Influent VSS (mg/l) 2936.07 358.06
Influent ISS (mg/l) 684.70 83.50
Influent Carbon (mgC/1) 1429.73 174.36
Influent Hydrogen (mgH/1) 315.07 38.42
Influent Oxygen (mgO/l) 1174.38 143.22
Influent Magnesium (mg/l) 0.00 0.00
Filt. Influent Magnesium (mg/l) 0.00 0.00
Influent Potassium (mg/l) 0.00 0.00
Filt. Influent Potassium (mg/l) 0.00 0.00
Influent Calcium (mg/l) 0.00 0.00
Filt. Influent Calcium (mg/l) 0.00 0.00
Influent Alk mg/l as CaCO3 750.00 91.46
Influent pH 7.30

Source Concentration Flux
Effluent COD, Ste (mgCOD/I) 2907.80 354.61
Effluent COD, Suse (mgCOD/I) 299.20 36.49
Effluent COD, Sbsfe (mgCOD/I) 0.00 0.00
Effluent VFA, Sase (mgCOD/I) 0.00 0.00
Effluent COD, Stse (mgCOD/l) 299.20 36.49
Effluent COD, Sbpe (mgCOD/I) 196.11 23.92
Effluent COD, Supe (mgCOD/I) 2412.49 294.21
Effluent COD, Stpe (mgCOD/I) 2608.60 318.12
Effluent TKN (gN/I) 284.98 34.75
Effluent filt TKN (mgN/I) 155.96 19.02
Effluent FSA (mgN/I) 155.96 19.02
Effluent OrgN (mgN/I) 129.03 15.73
Effluent TOD(mgO/l) 4210.17 513.44
Effluent TP (mgP/l) 70.44 8.59
Effluent filt TP (mgP/I) 20.54 2.50
Effluent OP (mgP/l) 17.67 2.15
Effluent OrgP (mgP/1) 52.77 6.44
Effluent TSS (mg/l) 2549.61 310.93
Effluent VSS (mg/l) 1864.91 227.43
Effluent ISS (mg/l) 684.70 83.50
Effluent Carbon (mgC/l) 1429.73 174.36
Effluent Hydrogen (mgH/I) 315.07 38.42
Effluent Oxygen (mgO/I) 1174.38 143.22
Effluent Magnesium (mg/l) 0.00 0.00
Filt. Effluent Magnesium (mg/l) 0.00 0.00
Effluent Potassium (mg/l) 0.00 0.00
Filt. Efluent Potassium (mg/l) 0.00 0.00
Effluent Calcium (mg/l) 0.00 0.00
Filt. Efluent Calcium (mg/l) 0.00 0.00
Effluent Alk mg/l as CaCO3 (no P) 912.04 111.22
Effluent Total Alk mg/l as CaCO4 953.42 116.27
Digester pH 7.10

Figure 7-4: ABMP test C reactor experiment simulation summary
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