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Abstract  

Anaerobic Digestion (AD) is an essential component in wastewater treatment to 

recover energy from waste and deals with sludge management issues effectively. AD is a 

treatment process that converts organic matter to methane and carbon dioxide with multi-

step biological reactions. Methanogenesis, the subprocess of AD that produces methane, is 

an important indicator of the stability of AD and is influenced by pH, temperature, 

ammonia, volatile fatty acids (VFAs), and solids concentrations among other factors. 

Ammonia is an essential nutrient for methanogenic bacteria but at certain ammonia 

concentrations and pH levels, ammonia is said to be a toxicant for methanogenic archaea. 

Substrates that are high in ammonia content can include those high in protein, such as food 

waste, which can be inhibitory to methanogens in the digestion process. Thickened waste 

activated sludge (TWAS) also contains a large amount of nitrogen with its higher solids 

concentration, promoting methane production. VFAs are produced during acidogenesis 

and they can negatively affect methanogenic archaea. High organic loading rates into AD 

can lead to an accumulation of VFAs and thus inhibition of methanogenic activity. Even 

with well-known inhibitory effects of ammonia and VFAs on methanogenesis, there are 

limited tools available for modelling these inhibitions, especially when evaluating diverse 

compositions of substrate. The objectives of this research work are to experiment for 

various pairings of pH, ammonia, and acetate levels using batch reactors and to quantify 

the inhibition on the overall methane production using an AD-based model focused on 

biological reactions. 
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1 Introduction 

1.1  Anaerobic Digestion 

1.1.1  Anaerobic Digestion Background 

Anaerobic digestion (AD) is the decomposition of organic waste by anaerobic 

microorganisms in the presence of heat and with the absence of oxygen. The primary use 

of the anaerobic digestion process was to reduce odour and the mass of sludge for disposal 

at waste management sites. It has since been recognized for its use in sludge stabilization 

and as an appropriate technology to use for biosolids waste management given the limited 

environmental impacts and energy recovery potentials. Biogas, a renewable methane 

source and main ingredient in natural gas, is produced through biological treatment of 

wastes and wastewaters with different characteristics [1]. Regarding the municipal 

wastewater treatment process, AD by-products include biogas, which is theoretically 

composed of about 70% methane and 30% carbon dioxide, and digestate, which is the 

nutrient-rich sludge output that includes nitrogen and phosphorus [2]. The main goals of 

AD include inactivation of human pathogens, volatile solids reduction, volatile fatty acids 

stabilization, and stable methane production. 

Within the municipal wastewater treatment process, influent is commonly treated 

using the conventional activated sludge (CAS) process which produces waste activated 

sludge (WAS) as a by-product. Based on the CAS process, WAS is composed of either 

primarily particulate organics or microorganisms. The biological reactions that govern the 

AD process are dependent on key factors like temperature and solid retention times. AD is 

typically operated under mesophilic (35 – 40 ºC) or thermophilic (50 – 55 ºC) temperatures 

[2]. While higher temperatures can enable better AD processing, the energy requirement 
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for operation of AD can be substantial due to the associated heating costs [3]. Typical 

anaerobic digesters require a minimum retention time of 15 days while 20 – 25 days is 

more common to ensure the retention of essential microorganisms [2]. Due to digester 

capacities, longer solids retention times are unfavourable and typically correlate to lower 

temperatures. 

The use of AD for other biomass such as manure and food waste has been of interest 

in the waste management field to avoid landfilling [4]. Food waste can reduce the 

municipal solid waste fraction of organics for disposal and offers a method to reclaim the 

potential energy in the waste where nutrients can be recycled through land applications [5]. 

Notable food waste characteristics include slightly increased total solid, organic, and 

ammonia concentrations compared to that of WAS in municipal wastewater. A commonly 

used process within AD for such complex biomass is co-digestion, in which WAS is mixed 

with the food waste and digested together. This method is a form of process intensification 

as it reduces stress for certain microorganisms through digestion of a diverse substrate 

composition [6]. WAS typically has low organic concentrations while food waste is usually 

characterized by high nitrogen and carbon concentrations. Thus, most of the problems can 

be solved by anaerobic co-digestion with enhanced substrate providing a more balanced 

C/N ratio and a larger readily biodegradable organic fraction [3]. Co-digestion would also 

allow for more control over organic overloading and increase methane production.  

Direct disposal methods such as landfilling and incineration were commonly used 

sludge management methods. Neither strategy is a viable solution given the costs involved 

with the transportation of WAS and the increasing production rates [7]. The environmental 
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impact associated with direct landfilling is also severely harmful given the volume of 

greenhouse gases that are produced from the organic conversions through sludge 

breakdown [8]. Thus, research into optimization of the AD process through the 

development of treatment technologies and process configurations continues to be a 

necessity. Research focusing on the effects of operational and environmental parameters 

are commonly studied in both academia and industry, including process parameters such 

as performance, stability, inhibition, toxicity, and process optimization [8]. At the industry 

level, most research development opportunities include reactor designs, separation 

technologies, process control and monitoring, and rate enhancement. Academic research 

focuses more into process and rate enhancement opportunities with performance 

stabilization, and process optimization by looking into specific biological reactions and 

microorganisms [8].  

The necessity for AD is an idea that has spread globally and locally as AD is a 

proven technology with more than a hundred facilities in operation within Canada itself 

[1]. Some Canadian provinces have already banned food and organic waste from being 

discarded in landfills and incinerators for waste management, due to their harmful 

environmental impacts, with Ontario to start phasing-in this action in 2022 [9]. Thus, there 

are many incentives to improve the system using technologies that reduce the amount of 

inhibition and toxicity in the AD process and aid with increased biogas generation and 

solids reduction. 
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1.1.2  Biological Reactions in Anaerobic Digestion 

AD is the process of stabilizing sludge by converting organics to biogas. The 

conversion of this sludge is based on multiple biological reactions that can be seen in three 

main steps: hydrolysis, acidogenesis/acetogenesis, and methanogenesis (Figure 1.1). All 

reactions occur in their specified order but also simultaneously as the conversion rates of 

each individual component are dependent on other components, boundary conditions, and 

operational parameters.  

 

D
is

in
te

g
ra

ti
o
n

 
H

y
d
ro

ly
si

s 
A

ci
d
o
g
en

es
is

 
M

et
h
an

o
g
en

es
is

 

Figure 1.1: Anaerobic Digestion Process Diagram with ADM1 characterization. 
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The influent, WAS, is the sludge collected from clarifiers in the conventional 

activated sludge systems that is composed of particulate organics with WAS from 

secondary clarifiers being more difficult to breakdown. A polymer network of filamentous 

bacteria composed of proteins and polysaccharides clusters the organic content of WAS 

which enables biomass flocs to form and settle in the secondary clarifier [10]. The networks 

build up nutrient concentrations for bacteria feed while also protecting these 

microorganisms, but the disintegration of this network is important for dewatering of 

sludge and for accessing organics in WAS. This lack of accessibility is a limiting factor in 

AD [2]. The disintegration of this composite sludge produces biodegradable organics and 

inert inorganic material which is just the initial breakdown of the bulk sludge into 

particulate organic components for hydrolysis.  

Hydrolysis is the first step of AD that breaks down particulate organics into soluble 

substrate. Hydrolysis transforms carbohydrates, proteins, and fats into sugars, amino acids, 

and long chain fatty acids. Ammonia-nitrogen is also released during hydrolysis as it is 

essential for the growth of anaerobic microorganisms at low concentrations. It is within 

this subprocess of AD where the breakdown of proteins causes undesirably high 

concentrations of ammonium [8]. Due to this breakdown of particulate organics, the 

fraction of particulate COD (pCOD) decreases as soluble COD (sCOD) increases [2].  

Decomposition of organic compounds like carbohydrates leads to the increase of sCOD 

and volatile fatty acids (VFA) attributed by hydrolysing and fermentative bacteria. The rate 

of hydrolysis is dependent on the complexity of substrate composition and operational 

conditions which can make this subprocess rate limiting.  
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These soluble organic molecules are then converted to hydrogen gas and short chain 

fatty acids (SCFA) in acidogenesis. Fermentation of sugars and amino acids by 

acidogenesis produce VFAs, hydrogen, and carbon dioxide with the fastest reactions. 

Anaerobic oxidation of fatty acids (lipids, propionate, butyrate, and valerate) by 

acetogenesis produce acetate, carbon dioxide, and hydrogen. The VFAs are used as a 

carbon source for the diverse acetogenic microorganisms with this beta oxidation reaction. 

This subprocess of AD is susceptible to low pH issues if the amount of alkalinity is 

insufficient for the VFA production which leads to reductions in microorganism activity 

for the digester [2]. 

Finally, methanogenesis is the process in which methane is produced and is variable 

in its influence. Acetate, hydrogen, and carbon dioxide produced by acidogenesis are used 

for the organic source by the methanogenic microorganisms for biogas production. The 

two types of methanogens follow either the acetate pathway (for acetoclastic methanogens) 

or the hydrogen pathway (for hydrogenotrophic methanogens). Their individual roles 

convert their counter parts into methane but are of different characteristics and perform 

differently under changing AD conditions. Hydrogenotrophic methanogens are comprised 

of diverse and robust species that are not as susceptible to operational changes in pH 

conditions. Acetoclastic methanogens contribute about 70% of the methane production but 

are comprised of strict anaerobes that grow very slowly and are not remarkably diverse. 

Methanosaeta species are observed as the most abundant in seed sludge but decrease with 

increased acetate concentrations while Methanosarcina was determined to be the most 

abundant, regardless of operating temperatures [11]. In regards to ammonia concentrations, 
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it has been reported that acetate utilizing bacteria was affected by ammonia concentrations 

citing sensitivity to pH as a big factor, however, little is seen for the effect of 

hydrogenotrophic methanogens [11]. Methanogenesis is where inhibition is best observed 

as methane production is a main by-product of the AD process. The sludge by-product also 

evaluates the effectiveness of AD in sludge reduction of organics (COD).  

1.2 Literature Review: Ammonia Inhibition in Anaerobic Digestion  

Inhibitors commonly present in AD processes include ammonia and organics and 

due to the differences in the type and composition of wastes, inoculum, and experimental 

methods and conditions, literature results on inhibition for specific toxicants vary widely 

[12]. Food waste and livestock manure are similar in their composition with the high 

concentrations of ammonia. Compared to WAS, food waste has a higher solids 

concentrations at 3-10%, increased VS/TS ratios of 70-90%, and elevated ammonia 

concentrations from 0.9 – 6 g/L [13, 14]. Temperature, pH, VFA, and ammonia are the key 

environmental factors that influence the methanogenic pathway, showing inhibition.  

Ammonia is an essential nutrient for bacterial growth and is produced by the 

degradation of nitrogenous matter [12]. The mechanisms suggested for ammonia inhibition 

have been implemented to deal with the change in cell pH, increased energy requirements 

for reactions, and inhibition of specific enzyme reactions. Inorganic ammonia nitrogen is 

present as the ammonium ion and free ammonia in aqueous solutions as shown in the 

dissociation equation, Eq. (1.1):  

(pKa = 9.24) 𝑁𝐻4
+ ⇌ 𝑁𝐻3 + 𝐻+ (1.1) 



M.A.Sc Thesis – S. Fernandes  McMaster University – Civil Engineering 

 

8 

 

Free ammonia-nitrogen (FAN) is commonly observed to be the main cause of inhibition as 

it is membrane-permeable and the hydrophobicity of the molecule would allow for passive 

diffusion into bacteria cells [12]. FAN is dependent on the total ammonia nitrogen 

concentration (TAN), pH, and temperature as shown in Eq. (1.2): 

 
𝐹𝐴𝑁 = 𝑇𝐴𝑁 ∗

1

1 + 100.09018+
2729.92
273.2+𝑇

−𝑝𝐻
 

(1.2) 

The concentration of ammonia can be quantitatively determined by the 

stoichiometric relationship between the anaerobic biodegradation of organic substrate to 

methane, carbon dioxide and ammonia. It is generally believed that ammonia 

concentrations can be beneficial to AD if less than 0.2 g-N/L, providing the necessary 

inorganic nitrogen nutrient concentration [12]. However, for most WAS compositions in 

municipal wastewater treatment, concentrations over 3 g-N/L have been regarded as the 

upper limit for non-inhibitory TAN concentrations while for high solids sludge  [10, 15]. 

The pH affects the growth of microorganisms with high concentrations of TAN and with 

FAN being the predominantly toxic form of ammonia, increased pH conditions results in 

increased FAN and toxicity. Neutral pH conditions (7.0 ± 0.5) are necessary for most AD 

process stability factors but is demanded for by the moderate-high pKa value of ammonia 

[16]. Temperature can also influence inhibition as studies on cattle manure have observed 

inhibitory TAN concentrations at higher concentrations of 4 g-N/L with stable digestion 

up to 6 g-N/L at all pH levels with thermophilic digestion [17].  

While FAN is seen as the main toxicant for ammonia inhibition, the ammonia ion 

is also thought to cause inhibition. Increased initial TAN concentrations at neutral pH 
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conditions have a dominant ammonium concentration and still pose an inhibition issue as 

the hydrolysis subprocess breaks down the particulate monomers into soluble components, 

increasing concentrations and toxicity effects [8]. Accumulation of the toxicants occurs 

during hydrolysis and can pose the inhibition issues based on TAN concentrations. The 

mechanism by which inhibition for ammonium occurs is based on the cellular distribution 

and allowance of diffusion of pH [18]. While the TAN concentration highly influences the 

effect of inhibition, pH and temperature are also very influential factors. 

The pH and temperature determine the rate of methanogenesis produced by 

methanogens. This shift in pH leads to process instability with the toxic effect of FAN on 

methanogens that often results in acetate accumulation [8, 18]. This build-up inhibits the 

acetogenic steps and leads to the accumulation of propionate and butyrate. This VFA 

accumulation in turn further inhibits hydrolysis, decreases pH, and reduces the 

concentration of FAN. As free ammonia is the inhibition parameter, the decrease in the 

concentration stabilizes the process to still yield a lower amount of methane at a certain 

VFA and pH concentration for that AD composition, dependent on experimental and 

operational conditions [3]. Overall, compilations of these pH, temperature, and substrate 

factors have suggested varying TAN concentrations with a strong suggestion that substrates 

with lower organic concentrations have lower critical TAN concentrations and are 

therefore more susceptible to ammonia inhibition issues [8, 12, 17, 18, 19, 20]. Most 

studies believe that ammonia inhibition results from the acetogenic methanogenesis 

pathway as there is little inhibition for hydrogenotrophic bacteria [21]. This idea also stems 
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on the suspicion that FAN is the sole toxic agent responsible for any form of ammonia 

inhibition.  

Inhibition affects reactor operations in AD by promoting reactor failure and thus 

economic loss ensues. Co-digestion has been an innovative process enhancement operation 

that is used to mitigate inhibitory effects with substrates and has been studied thoroughly. 

Another mitigation technique is to observe the seed usage rather than substrate. 

Acclimation of certain archaea to higher TAN concentrations has been seen to increase 

bacterial tolerance and mitigate some of the issues surrounding methane production as 

levels up to 5 g-N/L were seen to be tolerated with WAS and 3 g-N/L in piggery manure 

[22, 23]. 

1.3 Literature Review: Acetic Acid Inhibition in Anaerobic Digestion  

Acetic acid is one of the components considered in the acidogenesis step of 

anaerobic digestion and together with other volatile fatty acids (VFA), is an important 

intermediate for methanogenesis. VFAs include, acetic acid, butyric acid, propionic acid, 

isobutyric acid, and isovaleric acid with acetic acid contributing more than 70% to methane 

production. VFAs are good indicators for monitoring AD performance in the activity of 

methanogenic microorganisms. Methanogenesis from acetate can come from acetoclastic 

and syntrophic acetate oxidation pathways with the latter pathway having a two-step 

oxidation and methanogenesis reaction.  

The accumulation of acetate and higher VFA is the most noticeable result of an 

unstable AD process. Rapid failure is observed in most models when VFA concentration 
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increases past a threshold level or when pH decreases [24]. While pH is not observed to 

change drastically with most AD substrate, other factors such as high organic content with 

low alkalinity can push a digester towards instability as exemplified by dissociation 

equation, Eq (1.3):  

(pKa = 4.78) 𝐶𝐻3𝐶𝑂𝑂𝐻 ⇌ 𝐶𝐻3𝐶𝑂𝑂− + 𝐻+ (1.3) 

High VFA concentrations are commonly based on acetate accumulation which is a result 

of excessive ammonia concentrations inhibiting the acetogenesis and methanogenesis 

reactions. As this issue is common with individual TWAS and food waste substrate, it is 

often mitigated with process enhancement techniques such as the co-digestion of the two 

substrates. Acetate concentrations above ~4.3 g-COD/L have decreased acetoclastic 

methanogenesis and 13 g-COD/L of acetate contributed to over 50% inhibition [25].  

The impact ammonia inhibition has on the degradation of acetic acid is studied and 

included in basic AD models while its effect on the degradation propionic and butyric acid 

is not considered. Inhibition of acetogenesis in AD is widely accepted that acetic acid 

accumulation leads to change in pH and inhibition of the cell activity whereas inhibition of 

acetogenesis might cause the accumulation of propionic and butyric acid [26]. Butyrate 

and propionate directly affect acetate which would mean acetate accumulation would affect 

these VFAs. Propionate accumulation was stated not to effect hydrogenotrophic 

methanogens, even with increased ammonia concentrations [27]. 
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1.4 Literature Review: Anaerobic Digestion Model No. 1 (ADM1) 

Anaerobic Digestion Model No. 1 (ADM1) is one of the most comprehensive AD 

models developed by the IWA task group  as this model is structured to reflect the main 

biochemical steps, ion behaviour, gas-liquid transfer, mixing, mass transfer, and heat 

transfer through the use of biological, physico-chemical, and transport dynamic equations 

[28]. The biological processes convert complex organics into methane and carbon dioxide 

by-products and all components and processes can be seen in Figure 1.1 and Table 3.3. 

From its publication in 2002, ADM1 has been the starting point for many other anaerobic 

digestion models and has since been enhanced for different specifications. Industry has a 

great demand for a comprehensive AD model and has since implemented and developed 

software with the use of ADM1 and other models. 

 The original version of ADM1 looks at the 24 biochemical rate equations (7 

biomass groups, 12 soluble compounds, and 5 particulate compounds) in conjunction with 

19 biochemical kinetic processes, 7 physico-chemical equilibrium processes, and 3 gas-

liquid mass transfer processes [28]. Simplification methodologies have been useful in 

developing more manageable models that still maintain equivocal simulation accuracy. A 

review on the history of AD modelling has shown that most models have differences in 

regards to the number of biomass groups, the number of steps within hydrolysis and 

methanogenesis, the form of inhibition functions used, the inclusion of physico-chemical 

processes and/or transport dynamics, and the characterization of substrate that is specified 

to WAS or generalized to simple fractionation of biochemical compounds. ADM1 was 

specifically developed for general modelling of AD, leaving open choices for the 
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implementation as opposed to the Activated Sludge Models which were more strictly 

designed for wastewater treatment [29]. 

Conversion of substrate processes in ADM1 are described by kinetic expressions 

dependent on the substrate concentration and rate constants. First order rate expressions 

are used in the hydrolysis and methanogenesis steps. Monod growth kinetic expressions 

with pH inhibition and non-competitive inhibition by VFA, free ammonia and hydrogen 

are typically used in the acidogenesis, acetogenesis and methanogenesis steps.  

Analysis of kinetics in ADM1 has been focused on hydrogen inhibition with the 

non-competitive function. Some critical analysis suggests replacing this inhibition function 

with one dependent on free energy as a thermodynamic function [29]. The empirical 

formula used for pH inhibition has also been criticized as it is enabled for fermentative and 

methanogenic bacteria only for lower pH conditions. Ammonia inhibition is another key 

parameter that has had many inputs into its functionality as it is displayed as an inhibition 

of FAN solely with effects on the acetogenic pathway for methane production. However, 

this has since been widely disputed with alternative inhibition parameters that look at high 

pH inhibitions and both FAN and ammonium inhibition functions. Acetic acid inhibition 

parameters have not been considered in the generic ADM1 model but there have also been 

many suggestions towards its implementation in the model [30]. 

Along with the use of kinetics and inhibition equations, the use of degradation and 

rate coefficients play an important role in the functionality of the biochemical ADM1 

model. Key parameters required in ADM1 are calculated from experimental tests with the 
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use of specific tests. Some examples include the degradation and rate coefficients that can 

be acquired through the use of batch tests such as the biochemical methane potential (BMP) 

tests [31, 32]. The use of batch tests has been important in determining growth and decay 

coefficients and the BMP test is a faster, low cost method of aiding model development 

with drawbacks to high maintenance and development.  

1.5 Research Objectives 

With the lack of quantitative understandings of ammonia and acetic acid inhibition within 

AD modelling, these research objectives are proposed and examined in this study: 

1. The primary objective was to analyse inhibition of ammonia in WAS on 

methane production and biogas composition given the needed but limited 

knowledge on ammonia inhibition on wastewater of a higher solids 

concentration. 

2. The second objective was to analyse inhibition of acetic acid in WAS on 

methane production and biogas composition for a wastewater of higher solids 

concentration. This was done with a standalone perspective and in conjunction 

with the effects of ammonia inhibition on the same substrate.  

3. The third objective was to model these inhibition reactions with the use of an 

AD model that allowed for experimental conditions to be translated to output 

the methane production and analysis of inhibition with the tests.   
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2 Methods and Analysis  

2.1 Experimental Methods 

 The experiments were carried out using biochemical methane production (BMP) 

assays [31].  Using 160 mL glass bottles, lab-scale anaerobic batch reactors were operated 

at a mesophilic temperature of 37.5 ℃ in a shaking incubator (700L Stackable Incubated 

126 Shaker, Eppendorf, USA) for a duration of 28 days with frequent biogas sampling. For 

this study, the batch reactors explored nine conditions with experiments varying in pH, 

ammonia, and acetate concentrations utilizing 50 mL of TWAS as substrate and 20 mL of 

inoculum with characteristics seen in Table 2.1 and Appendix B: . 

Table 2.1: Characteristics of sludge used in BMP test operated at 37.5 ºC with no added toxicants 

for model comparison. 

 Sludge I 

TCOD (g/L) 38.8 ± 0.3 

sCOD (g/L) 3.8 ± 0.1 

TSS (g/L) 35.1 ± 1.4 

VSS (g/L) 24.9 ± 0.7 

TAN (g-N/L) 0.9 ± 0.1 

pH 7.0 ± 0.2 

 

The batch reactors used inoculum from a lab-scale anaerobic digester and a 

substrate of thickened waste activated sludge (TWAS) obtained from the Woodward 

Avenue Wastewater Treatment Plant in Hamilton, Ontario (Table 2.1). The inoculum 

digester was maintained for ten months at the same mesophilic temperature with a mean 

retention time of 21 days in a stand-alone incubator. The inoculum digester utilised the 

same substrate as the batch reactors. The TWAS was stored in a refrigerator at 4 ℃ for up 
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to 1 week and warmed prior to substrate utilization for the digester and batch reactors to 

avoid thermal shock to the inoculum. The inoculum digester and reactors were both purged 

with inert nitrogen gas after feed, prior to being sealed.  

The nine different conditions examined with the BMP assays included three 

ammonia conditions and three acetate concentrations (Table 2.2). The three different 

ammonia values were observed with two different ammonia concentrations of 0 and 4 g-

N/L and different pH conditions ranging around 7 – 9 for a neutral pH (NPH) and high pH 

(HPH) that is based on the amounts ammonium chloride and ammonium hydroxide added. 

Three acetate concentrations of 0, 20, and 40 g-COD/L (or 0, 21.3, and 42.7 g/L as acetic 

acid) were considered in conjunction to the three ammonia conditions with the addition of 

sodium acetate. These were denoted as 0VFA, 20VFA, and 40VFA, respectively. The 

analysis of biogas was observed for approximately 28 days with a high frequency of biogas 

collection occurring towards the beginning of the experiment. 

Table 2.2: Experimental conditions with three varying acetate concentrations and three 

varying ammonia and pH concentrations with the control, 0VFA|0N. 

Acetate added 

(as CH₃COONa)  → 0 g-COD/L 

(0VFA) 

20 g-COD/L 

(20VFA) 

40 g-COD/L 

(40VFA) 
Ammonia added ↓ 

0 g-N/L 

(0N) 

0VFA | 0N 

pH: 7.3 → 7.6 

20VFA | 0N 

pH: 7.3 → 8.0 

40VFA | 0N 

pH: 7.3 → 8.0 

4 g-N/L as 

NH4Cl 

(4N-NPH) 

0VFA | 4N-NPH 

pH: 7.1 → 7.6 

20VFA | 4N-NPH 

pH: 7.2 → 7.7 

40VFA | 4N-NPH 

pH: 7.2 → 7.8 

4 g-N/L as 

NH4Cl and NH4OH 

(4N-HPH) 

0VFA | 4N-HPH 

pH: 8.9 → 7.6 

20VFA | 4N-HPH 

pH: 8.8 → 7.7 

40VFA | 4N-HPH 

pH: 8.9 → 7.9 
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2.2 Analytical Methods 

 The analysis was observed at the beginning and end of the 28-day BMP test and  

included measuring pH, conductivity (K), analysis of total solids (TS), volatile solids (VS), 

total suspended solids (TSS), volatile suspended solids (VSS), total chemical oxygen 

demand (TCOD) and soluble chemical oxygen demand (sCOD) according to the standard 

methods [33]. Sludge pH (SevenMulti, Mettler Toledo) was measured at the beginning and 

end of the experiment cycle and ranged from neutral to high pH. The suspended solids 

analysis used a 1.5 µm filter paper (934-AH Glass Microfiber Filters, GE Healthcare 

Biosciences, USA) while sCOD was measured by filtering a sample using 0.45 µm filters 

(28145-503 Polyethersulfone Membrane Syringe Filters with Acrylic Housing, VWR, 

USA) and diluting by a factor of 10.  

Methane and carbon dioxide were collected as biogas and analysed with nitrogen 

gas using a thermal conductivity detector – gas chromatograph (TCD-GC) (SRI 8610C, 

SRI Instruments, USA). The TCD-GC used a molecular sieve column (ShinCarbon ST 

19808, Restek, USA) and helium as the carrier gas. A nitrogen purge was conducted before 

and after filling the sludge components of the BMP. This purge consists of a 1 – 3-minute 

displacement of air with heavily concentrated nitrogen gas at a moderate flow rate. Initial 

analysis with the TCD-GC confirmed nitrogen was the only gas present in the first few 

minutes of the BMP bottle formation. During analysis, biogas volume was measured using 

a water displacement method with gasbags and for BMPs, the biogas volume was measured 

using gas-tight syringes of 5 – 50 mL capacities (50 mL, Dyna Medical Corporation, 

Canada).   
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3 Numerical Model Development and Implementation of ADM1 

3.1 Kinetic Equations and Assumptions 

The comprehensive AD model, ADM1, is developed by the IWA task group, and 

is often simplified to develop more manageable models while maintaining equivocal 

simulation accuracy [28]. Based on the experimental methodology of batch reactors, this 

mathematical model was assembled based on a non-steady state assumption and 

considering the objectives of this research the framework of ADM1, only the biological 

reactions are modelled. All 21 biological components and 19 associated reactions can be 

observed in Table 3.1.  

Modelling the biochemical processes in ADM1 observes 21 components going 

through different reactions all occurring in series and parallel to each other (Figure 1.1). 

The disintegration of composite particulate material (XC) involves fractionation into 

carbohydrates (XCH), proteins (XPR), lipids (XLI), and inerts (XI). The products of the 

hydrolysis reactions are sugars (SSU), amino acids (SAA), and long chain fatty acids (SFA) 

that can be collectively observed as SORG. Fermenters (XF) that includes sugar fermenters  

(XSU), amino acid fermenters  (XAA), and long chain fatty acid beta-oxidizers (XFA)  rapidly 

convert the SORG to hydrogen gas (SH2) and volatile fatty acids SVFA, represented in ADM1 

by butyrate (SBU), valerate (SVA), propionate (SPRO), and acetate (SAC) in the acidogenesis 

step. Methanogenesis is completed with SVFA and SH2 being converted into methane (SCH4) 

by volatile fatty acid degraders (XVFA), collectively valerate and butyrate beta-oxidizers 

(XC4), propionate beta-oxidizers (XPRO) and acetoclastic methanogens (XAC) and 

hydrogenotrophic methanogens (XH2).  
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The Monod equation was developed based on Michalis-Menten enzyme kinetic 

equations and have been used to describe specific biological processes based on the Monod 

model, including Haldane, Yano, Aiba, and Edwards models. The reactions used in this 

model are mostly composed with Monod-type kinetic equations with the exception of 

Haldane kinetics used in the acetate uptake reaction (Table 3.1).  

Assumed linear changes in pH and ammonia have also been implemented in the 

model to account for the change in the kinetic and inhibition equations for the 28-day 

duration.  The initial values developed for the composition of TWAS (Table 3.2) were 

obtained from previous studies that analysed the use of similar substrate with adjustments 

for temperature [36, 37]. Kinetic coefficients were slightly altered from the original ADM1 

model with minor adjustments to temperature for a mesophilic temperature of 37.5 ºC while 

some fractions listed were altered for better representation of hydrogenic methanogenesis 

contribution to methane production (Table 3.3).  
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Table 3.1: Kinetic rate expressions used in the mathematical model. A rate expression can be obtained: 𝑅𝑖= ∑ 𝑟𝑖,𝑗 ∗ 𝑅𝑎𝑡𝑒𝑖,𝑗
𝑗=19
𝑖,𝑗=1  

 Component (i) → 1 2 3 4 5 6 7 8 9 
Rate (g-COD L-1 d-1) 

j Process SSU SAA SFA SVA SBU SPRO SAC SH2 SCH4 

1 Disintegration               𝑘𝑑𝑖𝑠𝑋𝐶 

2 
Hydrolysis of 

carbohydrates 
1         

     𝑘ℎ𝑦𝑑𝑐ℎ𝑋𝐶𝐻 

3 
Hydrolysis of 

proteins 
 1        

    𝑘ℎ𝑦𝑑𝑝𝑟𝑋𝑃𝑅 

4 Hydrolysis of lipids 1- ffa,li  ffa,li            𝑘ℎ𝑦𝑑𝑙𝑖𝑋𝐿𝐼 

5* Uptake of sugars -1    (1-Ysu)fbu,su (1-Ysu)fpro,su (1-Ysu)fac,su (1-Ysu)fh2,su      𝑘𝑠𝑢

𝑆𝑆𝑈

𝐾𝑠𝑠𝑢 + 𝑆𝑆𝑈
𝑋𝑆𝑈𝐼1 

6* 
Uptake of amino 

acids 
 -1  (1-Yaa)fva,aa (1-Yaa)fbu,aa (1-Yaa)fpro,aa (1-Yaa)fac,aa (1-Yaa)fh2,aa    𝑘𝑎𝑎

𝑆𝐴𝐴

𝐾𝑠𝑎𝑎 + 𝑆𝐴𝐴
𝑋𝐴𝐴𝐼1 

7 Uptake of LCFA   -1    (1-Yfa)0.7 (1-Yfa)0.3      𝑘𝑓𝑎

𝑆𝐹𝐴

𝐾𝑠𝑓𝑎 + 𝑆𝐹𝐴
𝑋𝐹𝐴𝐼2 

8 Uptake of valerate    -1  (1-Yc4)0.54 (1-Yc4)0.31 (1-Yc4)0.15  𝑘𝑐4

𝑆𝑉𝐴

𝐾𝑠𝑐4 + 𝑆𝑉𝐴
𝑋𝐶4

1

1 +
𝑆𝐵𝑈

𝑆𝑉𝐴
⁄

𝐼2 

9 Uptake of butyrate     -1  (1-Yc4)0.8 (1-Yc4)0.2  𝑘𝑐4

𝑆𝐵𝑈

𝐾𝑠𝑐4 + 𝑆𝐵𝑈
𝑋𝐶4

1

1 +
𝑆𝑉𝐴

𝑆𝐵𝑈
⁄

𝐼2 

10 
Uptake of 

propionate 
     -1 (1-Ypro)0.57 (1-Ypro)0.43      𝑘𝑝𝑟𝑜

𝑆𝑃𝑅𝑂(1)

𝐾𝑠𝑝𝑟𝑜 + 𝑆𝑃𝑅𝑂(1)
𝑋𝑃𝑅𝑂𝐼2 

11’ Uptake of acetate       -1  (1-Yac)     𝑘𝑎𝑐

𝑆𝐴𝐶

𝐾𝑠𝑎𝑐 + 𝑆𝐴𝐶
𝑋𝐴𝐶𝐼3

′  

12’ Uptake of hydrogen        -1 (1-Yh2)    𝑘ℎ2

𝑆𝐻2

𝐾𝑠ℎ2 + 𝑆𝐻2
𝑋𝐻2𝐼1

′  

13 Decay of Xsu             𝑘𝑑𝑒𝑐𝑥𝑠𝑢𝑋𝑆𝑈 
14 Decay of Xaa              𝑘𝑑𝑒𝑐𝑥𝑎𝑎𝑋𝐴𝐴 

15 Decay of Xfa              𝑘𝑑𝑒𝑐𝑥𝑓𝑎𝑋𝐹𝐴 

16 Decay of Xc4               𝑘𝑑𝑒𝑐𝑥𝑐4𝑋𝐶4 

17 Decay of Xpro              𝑘𝑑𝑒𝑐𝑥𝑝𝑟𝑜𝑋𝑃𝑅𝑂  

18 Decay of Xac              𝑘𝑑𝑒𝑐𝑥𝑎𝑐𝑋𝐴𝐶  
19 Decay of Xh2              𝑘𝑑𝑒𝑐𝑥ℎ2𝑋𝐻2 
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 Component (i) →  11 12 13 14 15 16 17 18 19 20 21 
Rate (g-COD L-1 d-1) 

j Process  XC XCH XPR XLI XSU XAA XC4 XPRO XAC XH2 XI 

1 Disintegration  -1                𝑘𝑑𝑖𝑠𝑋𝐶 

2 
Hydrolysis of 

carbohydrates 

 
 -1          

     𝑘ℎ𝑦𝑑𝑐ℎ𝑋𝐶𝐻 

3 Hydrolysis of proteins    -1             𝑘ℎ𝑦𝑑𝑝𝑟𝑋𝑃𝑅 

4 Hydrolysis of lipids     -1             𝑘ℎ𝑦𝑑𝑙𝑖𝑋𝐿𝐼 

5 Uptake of sugars 
 

    Ysu           𝑘𝑠𝑢

𝑆𝑆𝑈

𝐾𝑠𝑠𝑢 + 𝑆𝑆𝑈
𝑋𝑆𝑈𝐼1 

6 Uptake of amino acids 
 

     Yaa        𝑘𝑎𝑎

𝑆𝐴𝐴

𝐾𝑠𝑎𝑎 + 𝑆𝐴𝐴
𝑋𝐴𝐴𝐼1 

7 Uptake of LCFA 
 

      Yfa         𝑘𝑓𝑎

𝑆𝐹𝐴

𝐾𝑠𝑓𝑎 + 𝑆𝐹𝐴
𝑋𝐹𝐴𝐼2 

8 Uptake of valerate 
 

       Yc4    𝑘𝑐4

𝑆𝑉𝐴

𝐾𝑠𝑐4 + 𝑆𝑉𝐴
𝑋𝐶4

1

1 +
𝑆𝐵𝑈

𝑆𝑉𝐴
⁄

𝐼2 

9 Uptake of butyrate 
 

       Yc4    𝑘𝑐4

𝑆𝐵𝑈

𝐾𝑠𝑐4 + 𝑆𝐵𝑈
𝑋𝐶4

1

1 +
𝑆𝑉𝐴

𝑆𝐵𝑈
⁄

𝐼2 

10 Uptake of propionate 
 

        Ypro       𝑘𝑝𝑟𝑜

𝑆𝑃𝑅𝑂(1)

𝐾𝑠𝑝𝑟𝑜 + 𝑆𝑃𝑅𝑂(1)
𝑋𝑃𝑅𝑂𝐼2 

11’ Uptake of acetate 
 

         Yac      𝑘𝑎𝑐

𝑆𝐴𝐶

𝐾𝑠𝑎𝑐 + 𝑆𝐴𝐶
𝑋𝐴𝐶𝐼3

′  

12’ Uptake of hydrogen 
 

          Yh2    𝑘ℎ2

𝑆𝐻2

𝐾𝑠ℎ2 + 𝑆𝐻2
𝑋𝐻2𝐼1

′  

13 Decay of Xsu  1    -1          𝑘𝑑𝑒𝑐𝑥𝑠𝑢𝑋𝑆𝑈 

14 Decay of Xaa  1     -1          𝑘𝑑𝑒𝑐𝑥𝑎𝑎𝑋𝐴𝐴 

15 Decay of Xfa  1      -1         𝑘𝑑𝑒𝑐𝑥𝑓𝑎𝑋𝐹𝐴 

16 Decay of Xc4  1       -1         𝑘𝑑𝑒𝑐𝑥𝑐4𝑋𝐶4 

17 Decay of Xpro  1        -1       𝑘𝑑𝑒𝑐𝑥𝑝𝑟𝑜𝑋𝑃𝑅𝑂 

18 Decay of Xac  1         -1      𝑘𝑑𝑒𝑐𝑥𝑎𝑐𝑋𝐴𝐶 

19 Decay of Xh2  1          -1     𝑘𝑑𝑒𝑐𝑥ℎ2𝑋𝐻2 

* Modifications to fractions as seen in Table 3.3 

‘  Inhibition terms and rate equations outlined in Table 3.4 
 
Fully derived equations can be found in Appendix A; Equations shown were reproduced using the equations presented in ADM1 [28]. 

𝐼1 = 𝐼𝑝ℎ𝐼𝐼𝑁,𝑙𝑖𝑚 

𝐼2 = 𝐼𝑝ℎ𝐼𝐼𝑁,𝑙𝑖𝑚𝐼ℎ2,𝑥 

𝐼3
′ = 𝐼𝑝ℎ𝐼𝐼𝑁,𝑙𝑖𝑚𝐼𝑁𝐻,𝑋𝑎𝑐𝐼𝐻𝐴𝐶,𝑋𝑎𝑐 

𝐼1
′ = 𝐼𝑝ℎ𝐼𝐼𝑁,𝑙𝑖𝑚𝐼𝑁𝐻3,𝑋ℎ2𝐼𝐻𝐴𝐶,𝑋ℎ2 
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Table 3.2: Initial composition of sludge, used as initial conditions for ADM1 simulations. 

Model parameter Symbol Sludge Ia (g-COD L-1) 

Composites XC 1.1 × 10 0 

Particulate Inerts XI 9.9 × 10 0 

Carbohydrates XCH 2.7 × 10 0 

Proteins XPR 1.1 × 10 1 

Lipids XLI 2.7 × 10 0 

Sugar fermenters XSU 2.6 × 10 0 

Amino acid fermenters XAA 2.6 × 10 0 

Long-chain fatty acid beta-oxidizers XFA 2.2 × 10 0 

Valerate and butyrate beta-oxidizers XC4 7.3 × 10 -3 

Propionate beta-oxidizers XPRO 4.4 × 10 -3 

Acetoclastic methanogens XAC 1.0 × 10 -2 

Hydrogenotrophic methanogens XH2 7.3 × 10 -1 

Sugars SSU 1.8 × 10 0 

Amino acids SAA 7.4 × 10 -1 

Long-chain fatty acids SFA 1.8 × 10 -5 

Valerate SVA 2.6 × 10 -2 

Butyrate SBU 2.6 × 10 -2 

Propionate  SPRO 2.6 × 10 -2 

Acetate  SAC 2.6 × 10 -2 

Hydrogen gas SH2 5.3 × 10-9 

Methane gas SCH4 0 
a Sludge I values were calculated based on comparison of measured sludge from [36] and experimental data 

(Table 2.1). These values are used as the initial conditions of the model. 
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Table 3.3: Kinetic parameters, rates and stoichiometric coefficients used in mathematical 

model for a temperature of 37.5 ºC. Equations in Appendix A. 

Model parameter Symbol Value Unit 

First order decay rate of degraders, beta-oxidizers, methanogens kdec 2.2 × 10 -2 d-1 

First order composite disintegration rate kdis 5.4 × 10 -1 d-1 

First order hydrolysis rate khyd 1.0 × 10 1 d-1 

Monod Max. specific sugar utilization rate ksu 3.1 × 10 1 d-1 

Monod Max. specific amino acid utilization rate kaa 5.2 × 10 1 d-1 

Monod Max. specific long-chain fatty acid utilization rate kfa 6.4 × 10 0 d-1 

Monod Max. specific valerate and butyrate utilization rate kc4 2.1 × 10 1 d-1 

Monod Max. specific propionate utilization rate kpro 1.4 × 10 1 d-1 

Monod Max. specific acetoclastic methanogenesis rate kac 9.1 × 10 0 d-1 

Monod Max. specific hydrogenotrophic methanogenesis rate kh2 3.1 × 10 1 d-1 

Half-saturation value for sugar utilization KS,su  5.4 × 10 -1 g-COD L-1 

Half-saturation value for utilization KS,aa 3.0 × 10 -1 g-COD L-1 

Half-saturation value for utilization KS,fa 4.0 × 10 -1 g-COD L-1 

Half-saturation value for utilization KS,c4 2.2 × 10 -1 g-COD L-1 

Half-saturation value for utilization KS,pro 1.1 × 10 -1 g-COD L-1 

Half-saturation value for utilization KS,ac 1.6 × 10 -1 g-COD L-1 

Half-saturation value for utilization KS,h2 8.9 × 10 -6 g-COD L-1 

Yield of fermenters on sugar Ysu 1.0 × 10 -1 g-COD g-COD-1 

Yield of fermenters on amino acids Yaa 8.0 × 10 -2 g-COD g-COD-1 

Yield of beta-oxidizers on long-chain fatty acids Yfa 6.0 × 10 -2 g-COD g-COD-1 

Yield of beta-oxidizers on valerate and butyrate Yc4 6.0 × 10 -2 g-COD g-COD-1 

Yield of beta-oxidizers on propionate Ypro 4.0 × 10 -2 g-COD g-COD-1 

Yield of acetoclastic methanogens on acetic acid Yac 5.0 × 10 -2 g-COD g-COD-1 

Yield of hydrogenotrophic methanogens on hydrogen Yh2 6.0 × 10 -2 g-COD g-COD-1 

Fraction of soluble inerts from composites fsi,xc 1.0 × 10 -2 - 

Fraction of particulate inerts from composites fxi,xc 2.5 × 10 -1 - 

Fraction of carbohydrates from composites fch,xc 2.0 × 10 -1 - 

Fraction of proteins from composites fpr,xc 2.0 × 10 -1 - 

Fraction of lipids from composites fli,xc 2.5 × 10 -1 - 

Fraction of fatty acids from lipids ffa,li 9.5 × 10 -1 - 

Fraction of hydrogen from sugars* fh2,su 3.8 × 10 -1 - 

Fraction of butyrate from sugars fbu,su 1.3 × 10 -1 - 

Fraction of propionate from sugars fpro,su 2.7 × 10 -1 - 

Fraction of acetate from sugars* fac,su 2.2 × 10 -1 - 

Fraction of hydrogen from amino acids* fh2,aa 1.2 × 10 -1 - 

Fraction of valerate from amino acids* fva,aa 2.6 × 10 -1 - 

Fraction of butyrate from amino acids fbu,aa 5.0 × 10 -2 - 

Fraction of propionate from amino acids fpro,aa 2.1 × 10 -1 - 

Fraction of acetate from amino acids* fac,aa 3.6 × 10 -1 - 

Parameter values are suggested from ADM1 [28] with temperature-adjusted values calculated based on 

Arrhenius values derived from suggested values at 35 ºC and 55 ºC 

* Values altered and used in model (increase for hydrogen fractions, remained the same for butyrate and 

propionate fractions, decreased for acetate and valerate fractions)
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3.2 Inhibition Equations 

The main inhibition terms in ADM1 focus on inorganic-nitrogen, pH, hydrogen, 

and ammonia inhibitions. Inorganic-nitrogen inhibition in AD is a value that increases from 

0 – 1 with increased concentration with an inhibition parameter of 10-4 M for the purpose 

of having a sufficient concentration of nitrogen for necessary biological processes (r5 – r12). 

The empirical pH inhibition function is based on pH boundary parameters particular for 

each process (Table 3.4): fermentation and anaerobic oxidation (r5 – r10), acetoclastic 

methanogenesis (r11), and hydrogenotrophic methanogenesis (r12). One specified issue with 

this pH function is its lack of inhibition effecting higher pH conditions. Hydrogen 

inhibition on anaerobic oxidation processes (r7 – r11) also takes into account the amount of 

hydrogen and an inhibition parameter in a simple inhibition equation (Table 3.4). Ammonia 

inhibition in the generic ADM1 model looks at inhibition with the FAN concentration 

implemented in a simple inhibition equation. These inhibition terms have certain 

limitations on the assumptions and thus, a further look and implementation of inhibition 

terms for certain concentrations is also introduced. 

The generic ADM1 ammonia inhibition term observes at inhibition based on FAN 

but not the ammonium toxicity. It was reported that FAN and ammonium inhibition need 

to be jointly determined and a threshold inhibition function can describe this inhibition 

with the advantage of identifying lower and upper inhibition limits at which the 

concentration starts, completes and also identifies the inhibition concentration at 50% 

inhibited (Table 3.4) [19]. The pH, TAN, and solids concentrations used in the 

development of the inhibition function are akin to the values used in this experimental 
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study. In implementing the inhibition term, negative impacts only occurred on acetoclastic 

methanogens, and while these microorganisms are more affected, hydrogenotrophic 

methanogens would need to be inhibited for the expected lack of methane production. This 

effect of ammonia on hydrogenotrophic methanogens was imposed in the model with a 

simple inhibition equation with FAN as the main factor of inhibition (Table 3.4).  

The original ADM1 does not define any acetic acid inhibition, however, this known 

inhibition factor has been implemented in previous studies through a variety of methods. 

Some of these methods include the use of a simple inhibition equation focused on acetate, 

VFAs, and/or SCFAs with a focus on the effect of substrate inhibition by acetate. Haldane 

kinetics aids in posing an inhibition within the growth term as a function of the substrate 

to induce an inhibitory effect on the substrate (Table 3.4). Unlike non-competitive 

inhibition terms, Haldane is an un-competitive inhibition term that is frequently chosen to 

represent the methanogenesis reaction due to its use for describing a wide range of initial 

acetate concentrations [34, 35]. Having been used to account for the inhibition of 

acetoclastic methanogenesis by high acetate concentrations, it produces a similar sigmoidal 

methane accumulation and acetate depletion curves to that of Monod. As was evaluated for 

ammonia inhibition, the effect of acetic acid inhibition in the production of methane occurs 

for both acetate and acetic acid, thus both were used with the inhibition caused by acetic 

acid having less of an effect and implemented with a simple inhibition equation (Table 

3.4). Hydrogenotrophic methanogens were also expected to be inhibited due to 

accumulation and this was implemented with a simple inhibition equation for acetic acid 

(Table 3.4). 
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Table 3.4: Inhibition equations and terms. 

Type Equation Additional information Ref 

pH Inhibition 

(Empirical Function) 𝐼 𝑃𝐻𝑛
(1,2,3)

= (𝑒
[−3∗(

𝑝ℎ−𝑝ℎ𝑢𝑙,𝑛
𝑝ℎ𝑢𝑙,𝑛−𝑝ℎ𝑙𝑙,𝑛

)
2

]
, 𝑖𝑓 𝑝ℎ ≤ 𝑝ℎ𝑢𝑙,𝑛

                        1, 𝑖𝑓 𝑝ℎ > 𝑝ℎ𝑢𝑙,𝑛

) 

pHLL, pHUL 

• For r5 – r10 (IPH1) = 4, 5.5 

• For r11 (IPH2) = 6, 7 

• For r12 (IPH3) = 5, 6 

[28] 

 

Inorganic Nitrogen  

(Simple Inhibition) 
𝐼𝐼𝑁,𝑙𝑖𝑚 =

1

1 +
𝐾𝑆𝐼𝑁

𝑆𝐼𝑁
⁄

 
 [28] 

Hydrogen inhibition on 

anaerobic oxidation 

(Simple Inhibition) 

𝐼ℎ2,𝑥 =
1

1 +
𝑆𝐻2

𝐾𝐼𝐻2,𝑥
⁄

 
Applies to LCFA, butyrate, 

valerate, propionate 

[28] 

Free ammonia & ammonium 

inhibition on XAC, 

acetoclastic methanogens 

(Threshold Inhibition) 

𝐼𝑁𝐻,𝑋𝐴𝐶 = 𝐼𝑁𝐻3𝐼𝑁𝐻4+ 

𝐼𝑁𝐻𝑥 = {

1, 𝑆𝑖 ≤ 𝐾𝑖,𝑚𝑖𝑛

𝑒
−2.77259(

𝑆𝑖 −𝐾𝐼𝑚𝑖𝑛
𝐾𝐼𝑚𝑎𝑥−𝐾𝐼𝑚𝑖𝑛

)
2

, 𝑆𝑖 > 𝐾𝑖,𝑚𝑖𝑛

 

KImin and KImax determined 

individually for NH3 and 

NH4 (Table 4.1) 

 

[19] 

Free ammonia inhibition on 

XH2, hydrogenotrophic 

methanogens,  
(Simple Inhibition) 

𝐼𝑁𝐻3,𝑋ℎ2 =
1

1 +
𝑆𝑁𝐻3

𝐾𝐼𝑁𝐻3,𝑋ℎ2
⁄

 
KINH3,Xh2 (Table 4.1) 

 

 

Acetate inhibition on XAC, 

acetoclastic methanogens 

(Haldane Inhibition) 

𝑟11
′ = 𝑘𝑎𝑐

𝑆𝐴𝐶

𝐾𝑠𝑎𝑐 + 𝑆𝐴𝐶 +
𝑆𝐴𝐶

   2

𝐾𝐼𝐴𝐶,𝑋𝑎𝑐
⁄

𝑋𝐴𝐶𝐼1 
KIAC,Xac (Table 4.2) 

  

 

Acetic acid inhibition on XAC, 

acetoclastic methanogens 

(Simple Inhibition) 

𝐼𝐻𝐴𝐶,𝑋𝑎𝑐 =
1

1 +
𝑆𝐻𝐴𝐶

𝐾𝐼𝐻𝐴𝐶,𝑋𝑎𝑐
⁄

 
KIHAC,Xac (Table 4.2)  

Acetic acid inhibition on XH2, 

hydrogenotrophic 

methanogens 

(Simple Inhibition) 

𝐼𝐻𝐴𝐶,𝑋ℎ2 =
1

1 +
𝑆𝐻𝐴𝐶

𝐾𝐼𝐻𝐴𝐶,𝑋ℎ2
⁄

 
KIHAC,Xh2 (Table 4.2)  
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3.3 Numerical Solution Method  

Algebraic equations, defining all individual components, were converted from 

differential equations in ADM1 using the finite difference method and solved implicitly 

using fixed-point iterations with a relative error convergence criterion of 10-3. A 10-minute 

time-step was used to simulate the model throughout the 28-day experimental duration. 

These equations can be observed in Appendix A. This model has been implemented using 

visual basic application (VBA).  



M.A.Sc Thesis – S. Fernandes  McMaster University – Civil Engineering 

 

28 

 

4 Results and Discussions 

4.1 Analysis of Hydrolysis on Ammonia Concentrations for Inhibitions  

The primary observations for the effects of ammonia inhibition focused on the  

variation between the no added acetate (0VFA) conditions with the 0 g-N/L condition (0N) 

and the 4 g-N/L at the neutral pH condition (4N-NPH) to solely observe the effect of 

increased inhibition with increased ammonia concentration. The amount of ammonia 

released is seen in the difference between the initial and final ammonia values (Figure 4.1), 

occurring through the hydrolysis of amino acids. Both 0N and 4N-NPH conditions released 

similar amounts of ammonia, proving that the concentration of ammonia did not affect 

hydrolysis in AD. The pH increased with these conditions as the hydrolysis of amino acids 

incurred a rise in alkalinity (Table 2.2). The increase in TAN and pH corresponded to the 

increase in FAN for both conditions from the start to the end of the experiment but TAN 

was the bigger factor that contributed to the higher FAN present at the end of the 4N-NPH 

condition compared to the 0N condition.  

 

Figure 4.1: Ammonia concentrations ascertained at the beginning and end of BMP with 28-day 

duration graphed with labeled FAN (as g-N/L) values calculated based on corresponding TAN and 

pH values (Table 2.2) in accordance to Eq. (1.2). 
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The secondary observations for the effects of ammonia inhibition examined the 

effect of pH on ammonia inhibition, by analysing the variations of the 4 g-N/L (4N) 

conditions with the neutral and high pH conditions exclusively. Observation of the 

ammonia released at the 0VFA condition (Figure 4.1) indicated that about double the 

amount of ammonia was released with 1.8 g-N/L for 4N-NPH compared to 3.6 g-N/L for 

4N-HPH. This increase for the 4N-HPH condition implied hydrolysis of ammonia and the 

larger effect of inhibition; preventing uptake of organic nitrogen for subsequent processes. 

Dependent on the methane production and utilization of total and soluble COD, this 

distinction could be better analysed. FAN was more dominant than ammonium at higher 

pH concentrations and had more inhibitory effects. Thus, 4N-HPH was suggested to be 

more inhibitory with higher FAN concentrations initially while the drop in pH encouraged 

the effect of reactive toxicity with a readjustment to toxicity effects.  

Recognizing the effects of ammonia and pH with the 0 g-CODL (0VFA) acetate 

condition, inhibition at 4N-NPH and 4N-HPH conditions are the next observations with 20 

g-COD/L (20VFA) and 40 g-COD/L (40VFA). Similar amounts of TAN were released and 

average FAN concentrations were observed at the 0N and 4N-NPH conditions observing 

similar solubilization (Figure 4.1). Average FAN concentrations increased from 0.08, 0.19, 

to 0.21 g-N/L for 0N and 0.2, 0.32, to 0.34 g-N/L for 4N-NPH with increased acetate 

concentrations. The similarities for 20VFA and 40VFA at both these neutral pH conditions 

indicated the presence of comparable inhibitions that focused on the ammonia and pH 

concentrations. Ammonia released for 4N-HPH conditions at 20VFA and 40VFA was 

similar for their 4N-NPH counterparts, indicative of similar solubilization and suspected 
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uptake of organic nitrogen inhibitions that could have been aided by any acetate addition. 

Observing pH for these higher acetate conditions did not suggest that a decrease in pH was 

found with increased acetate addition (Table 2.2) and the FAN concentrations for these 

conditions still suggested a level of inhibition that increased with acetate addition at a 

higher pH. High TAN concentration was the main source of free ammonia to the inhibition 

mechanism but the contribution of pH towards increased FAN concentrations was also a 

highly influential factor. With analysis of TAN, the pH and FAN were larger factors for 

ammonia inhibition than acetic acid inhibition. 

4.2 Effect of Ammonia Inhibition on Methane Production 

Methane production demonstrated an observable effect of the efficiency of the AD 

process. The effects of ammonia inhibition were particularly observable in the difference 

between the amount of methane produced by the 0 g-N/L (0N) test with a higher yield of 

methane production compared to both of the 4 g-N/L (4N) tests with the no acetate (0VFA) 

condition (Figure 4.2a). The 0N condition observed a steady production of methane with 

an initial rate of about 2 g-COD/L/d while the 4N-NPH exhibited inhibition effects with a 

slight lag phase of about 2-3 days and a decreased rate over another 15-18 days, until the 

methane production started to decrease to a rate change of about 1 g-COD/L/d. Both 

methane production curves appeared to reach similar methane production rates towards the 

end of the test, however, the added ammonia condition achieved about 22% less efficiency 

with biogas production. Consistent with the observations of FAN, inhibition was evident 

in methane production curves suggesting the 4N-NPH test had more ammonia inhibition 

than the 0VFA|0N test. 
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Figure 4.2: Methane production from BMP experimental tests for: (a) 0VFA conditions, (b) 

20VFA conditions, and (c) 40VFA conditions. Volumetric methane curves normalized with initial 

COD are shown in Figure B.1. 

 

Evaluating the second observations, the 4N-NPH test had a higher yield of methane 

production in comparison to the 4N-HPH test (Figure 4.2a). At the NPH condition, the lag 

phase was a mere 2- to 3-day duration followed by a decreased rate of methane production. 

Meanwhile the 4N-HPH methane production observed a lag phase of 20 days followed by 

approximately the same rate of methane. FAN inhibition mechanisms affecting 

methanogenesis included the hydrophobicity of FAN enabling intracellular accumulation 

until gradual reduction of pH decreased this toxicity, producing methane after a lag phase 

with the 4N-HPH test. With the NPH test, FAN concentrations increased, attributing to the 

decreased rate of methane production evident in the methane production curve when 

compared to the 0N test (Figure 4.2a). In comparison to the 0N test, the 4N-NPH and 4N-

HPH tests had a 22% and 78% decrease in biogas production, average pH values of 7.35 

and 8.25, and average FAN concentrations of 0.2 g-N/L and 1.44 g-N/L, respectively. Thus, 

increased FAN and increased change in TAN caused the decreased yield of methane 

through ammonia inhibition.  
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4.3 Combined Effect of Acetic Acid Inhibition and Ammonia Inhibition on 

Methane Production 

The addition of acetate was used to observe the behaviour of acetic acid inhibition 

specifically to total VFA inhibition as it directly impacted the acetoclastic methanogenesis 

pathway towards methane production. The experimental conditions focused on the 

variation of the concentrations of acetate at 0 g-CODL (0VFA), 20 g-COD/L (20VFA), and 

40 g-COD/L (40VFA) specifically at the 0 g-N/L (0N) condition to explicitly observe this 

acetic acid inhibition and then at the 4 g-N/L neutral pH (4N-NPH) condition to observe 

the added effect of ammonia inhibition with all of the methane production graphs in Figure 

4.2. The 0VFA|0N test observed a steady production of methane until a change in slope 

occurred around day 7 and produced about 15 g-COD/L of methane while the 20VFA|0N 

condition observed a slower rate of methane production for the first 3-4 days, and increased 

thereafter to produce about 10 g-COD/L of methane. Unlike the observed effects for 

ammonia inhibition, an induced lag phase was not as apparent for the 20VFA condition but 

a decrease in methane production rate was observed. The 40VFA condition was the most 

inhibited of the 0N acetate conditions and suggested an initial lag phase for 10 days 

followed by a recovery of methanogenesis during which the rate of methane production 

kept increasing. The average rate for 40VFA|0N was almost equal to that of the previous 

two observed. Final methane yields changed in 5% increase and 61% decrease, in 

comparison to the 0VFA|0N test, for these acetate conditions. The rate observed at the end 

of these conditions indicates that the maximum methane potential for the 20VFA condition 

had not been met and the increased organic concentrations had improved methane 

production but organic overload caused more severe inhibitory effects on the 40VFA 
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condition. This is consistent with other studies observing the effect of acetate 

concentrations below and above 10 g-COD/L [25, 38]. The overall inhibition trend noted 

that the increased acetate concentrations of sodium acetate inhibited the AD process.  

Methane production with the increased acetate conditions for the 4N-NPH 

condition showed few differences in analyses compared to the 0N conditions as is evident 

in Figure 4.2. Firstly, the similarities between 0VFA and 20VFA conditions resulted in 

remarkably similar final methane yields at the end of the experiment for both at the 0N and 

4N-NPH conditions. As speculated, the 20VFA conditions with increased organic 

concentrations had improved methane production as demonstrated with the final rates of 

methane production. At 4N-NPH, a brief lag phase occurred for the 0VFA condition while 

methane production rates decreased for 20VFA and 40VFA. After steadily increasing over 

the first 14 days, the rate of methane production increased for the 20VFA condition and 

was negligible for the 40VFA condition. Comparison of the percent decrease at 4N-NPH 

to the 0VFA test was 25% and 90% for 20VFA and 40VFA, respectively. The influence on 

the lag phase and rate of methanogenesis indicated acetic acid inhibition throughout the 

process for the 4N-NPH condition. At 4N-HPH, little methane production was observed at 

0VFA while negligible amounts were observed for the increased acetate conditions (Figure 

4.2). For all COD conditions, 4N-HPH exhibited longer lag phases with little or no methane 

production at the same rate or decreased rate with the percent decrease to the 0VFA|0N test 

was 96% and 99% for the high pH tests of 20VFA and 40VFA, respectively. The only 4N-

HPH condition to produce a decent amount of methane was the 0VFA condition, thus the 
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combined inhibition effect of ammonia addition with increased acetate conditions (20VFA 

and 40VFA) was more severe in comparison.  

4.4 Inhibition Effects on VSS Reduction  

VSS reduction was used determine the efficacy of the AD process by way of the 

reduction of volatile solids, focusing on the degree of hydrolysis and solubilization. 

Primary observations of VSS reduction (Figure 4.3a) was focused on the first group of 

0VFA conditions outlining the lack of difference in ammonia concentrations from no 

ammonia (0N) to 4 g-N/L of ammonia (4N) at the neutral and high pH conditions (NPH 

and HPH). VSS was expected to decrease for lower methane yields due to increased 

inhibition present with 4N conditions. The same amount of reduction occurred for all 0VFA 

conditions, emphasizing that the same extent of hydrolysis was reached. Further 

observations looked to the 0N conditions with increased acetate conditions from 0, 20, to 

40 g-COD/L (0VFA, 20VFA, 40VFA) and observed a decrease for the highest acetate 

condition. VSS reduction was lower at the 40VFA condition, exemplifying the lack of 

organic-solids reduction for the increased acetate condition by acetic acid inhibition on 

hydrolysis. Further analysis at both 4N conditions observed that less reduction is also 

present at the 20VFA condition but still greatly decreased with the 40VFA condition. VSS 

reduction was more seriously affected with increased acetate conditions, determining that 

inhibition occurred within acetogenesis and influenced methanogenesis. 
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Figure 4.3: Solids analysis from the initial and final points of the BMP experimental tests showing: 

(a) VSS percent reduction, (b) TCOD percent reduction, and (c) final sCOD with initial sCOD 

values of 4.2, 24.2, and 44.8 g-COD/L for 0VFA, 20VFA, and 40VFA, respectively. 

 

4.5 Inhibition Effects on Total and Soluble COD 

The production of methane was the removal mechanism that attributed to a 

reduction in the measurable chemical oxygen demand in AD and it could be noticed that 

the methane curves directly correspond to the total chemical oxygen demand (TCOD) 

reduction based on this idea. The conditions that showed detrimental effects with methane 

production had a smaller reduction of TCOD regardless of initial conditions (Figure 4.2a 

and Figure 4.3b). For the 0 g-COD/L (0VFA) condition, the difference in the TCOD 

reduction with 0 g-N/L (0N) and 4 g-N/L neutral pH (4N-NPH) was minimal at 45% and 

40%, respectively. This made the TCOD reduction values for 4N-NPH and for 4N-HPH 

about 88% and 22% of the 0N test, respectively. These values were almost identical to the 

reduction in methane production (Figure 4.3b). For the secondary observations, the 40 g-

COD/L (40VFA|0N) condition showed similar trends to the 0VFA|0N test with a methane 

reduction and TCOD reduction value at 50%. However, the 20 g-COD/L (20VFA|0N) 

condition observed a greater TCOD reduction compared to the 0VFA|0N test but was about 

equal in final methane yield. The increase in TCOD reduction for the 20VFA condition 
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was also evident for the 4N-NPH and 4N-HPH conditions and might have been a 

representative of a benefit of the increased acetate as TWAS is not known to contain high 

amounts of organic content. The trend within the 20VFA and 40VFA sets decreased at 

increased FAN, as expected. While the 40VFA was consistent in the trend with decreased 

methane production, the degree of decreased TCOD was not as proportional to the other 

COD conditions, possibly due to the lack of methanogenesis overall with increased acetate. 

However, due to the lack of a duplicate value for this acetate condition, it was not possible 

to determine the extent of the error in this measurement nor the extent of inhibition 

evaluated with any other graphs. Overall, TCOD reduction correlated proportionally for 

methane production, with more distinctive amounts for the less inhibited conditions. 

The soluble chemical oxygen demand (sCOD) had similarities to TCOD where the 

reduction as influenced by the uptake by methanogenic microorganisms. Within the 0VFA 

condition, the final sCOD was low compared to the initial measurement for the 0VFA|0N 

test but there was a slight increase in initial to final sCOD for the 4N-NPH test and a much 

larger increase for the 4N-HPH test (Figure 4.3c). This finding indicated consistency with 

TCOD reduction and production of methane as the hydrolysis reactions occurred, but the 

inhibition effects on methanogenesis prevented the use of the soluble organic matter for 

subsequent subprocesses for the 4N-NPH and 4N-HPH tests to different levels. The 

substantial increase for the 4N-HPH condition could have been related to the influence of 

the TAN released for this condition as the inhibition prevented uptake of soluble organic 

nitrogen for methanogenesis where the difference between 4N-NPH and 4N-HPH for 

sCOD percent increase was about 8 times greater for 4N-HPH and TAN release was about 
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2 times greater for 4N-HPH. Initial sCOD values increased from the 0VFA condition by 

approximately 20 and 40 g-COD/L through the addition of sodium acetate for the 20VFA 

and 40VFA conditions. Further observations noticed the reduction for 0N conditions with 

0VFA and 20VFA, but an increase for 40VFA. The increase for all the 40VFA conditions 

observed the acetic acid inhibition influence on sCOD uptake, justified by the 

corresponding decreased methane production curves (Figure 4.2c). For the remaining 

20VFA conditions, only the 4N-NPH condition had sCOD reduction while the 4N-HPH 

had an increase similar to that of the 0VFA condition and both were justified by the 

increased methane production curves (Figure 4.2b). Thus, observations of the sCOD 

decrease correspond to the conditions with increased methane production curves while 

those exhibiting inhibition (by ammonia, specifically) have a correlation to the amount of 

organic nitrogen. 

4.6 Model Validation 

The model development was validated through a comparison to that of Hirmiz et 

al. and used identical influent characterization [36]. SORG, SVFA, SCH4, XH2, XVFA, XF, SI, 

and XI were compared between the developed model simulations and previously reported 

results. Overall, verification of the model was confirmed (Figure 4.4).  
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Figure 4.4: Comparison of simulation results between the ADM1 simulation (dashed line) from 

the model in Hirmiz et al. [36] (a, b, c) and current model (d, e, f). Simulation results include: (a, 

d) methane gas, volatile fatty acids, and soluble organic monomer; (b, e) volatile fatty acid 

degraders and hydrogenotrophic methanogens; (c, f) fermenters, inert suspended solids, and soluble 

inerts. Simulations were run for 15 days. 

 

4.7 Model Simulations for Ammonia Inhibition 

The implementation of ammonia inhibition in this model was based on the threshold 

inhibition function in Eq. (4.1), utilizing Eq. (4.2) for both ammonia components: 

 𝐼𝑁𝐻,𝑋𝐴𝐶 = 𝐼𝑁𝐻3𝐼𝑁𝐻4+ (4.1) 

 

𝐼𝑁𝐻𝑥 = {

1, 𝑆𝑖 ≤ 𝐾𝑖,𝑚𝑖𝑛

𝑒
−2.77259(

𝑆𝑖 −𝐾𝐼𝑚𝑖𝑛
𝐾𝐼𝑚𝑎𝑥−𝐾𝐼𝑚𝑖𝑛

)
2

, 𝑆𝑖 > 𝐾𝑖,𝑚𝑖𝑛

 (4.2) 

In this equation, FAN and ammonium were both associated with inhibition parameters and 

jointly determined for an overall ammonia inhibition on the uptake of acetate reaction. The 

lower and upper inhibition limits were adjusted based on the ratio of solids concentration 
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with a study [19]. The results of this inhibition were implemented and best seen with the 

no acetate (0VFA) conditions with 0 g-N/L (0N) and 4 g-N/L at the neutral and high pH 

conditions (4N-NPH and 4N-HPH) as seen in Figure 4.5a. The 0N condition yielded more 

methane than 4N-NPH which yielded more methane than 4N-HPH. Compared to the 

0VFA|0N experimental test, the model simulation methane reductions for 0N and 4N-NPH 

were 8% and 14%, respectively. For the 4N-NPH results, the model-to-experimental 

reduction was similar in final methane yield however, the 0N condition was 

underestimated. With little inhibition to the 0N test, this underestimation was then based 

on influent characterization for the amount of organic material and kinetic rates regarding 

the acetoclastic methanogenesis pathway to determine the lower rates of methanogenesis 

present, especially towards the second half of the test duration. The contribution of methane 

production from acetoclastic methanogens can be seen to decrease for increased FAN 

(Figure 4.6a, b, and c).  The assumption of linear change in pH and ammonia likely 

contributed to the lack of correlation minimally.  

 

Figure 4.5: Methane production from ADM1 simulation results and experimental tests for: (a) no 

added acetate (0VFA), (b) 20 g-COD/L of added acetate (20VFA), and (c) 40 g-COD/L of added 

acetate (40VFA). 
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Figure 4.6: Methane production from acetoclastic and hydrogenotrophic methane contributions to 

ADM1 simulation results and experimental tests for: (a) 0VFA|0N, (b) 0VFA|4N-NPH, (c) 

0VFA|4N-HPH, (d) 20VFA|0N, (e) 40VFA|0N, and (f) 20VFA|4N-NPH.  

 

While acetoclastic methanogenesis is primarily involved with methane production, 

hydrogenotrophic methanogenesis was important to consider in the model for methane 

production and thus, ammonia inhibition. Here, a simple inhibition function for ammonia 

inhibition on hydrogenotrophic methanogens was implemented and fitted especially for the 

4N conditions, Eq. (4.3): 

 
𝐼𝑁𝐻3,𝑋ℎ2 =

1

1 +
𝑆𝑁𝐻3

𝐾𝐼𝑁𝐻3,𝑋ℎ2
⁄

 
(4.3) 

 

As seen in Figure 4.5a, the inhibition over the first few days decreases with increased FAN 

and inhibited methane production curves. Compared to the experimental tests, the model 
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simulation methane reductions for 4N-HPH compared to the 0N experimental test was 86% 

and thus the condition was underestimated. The gradual decrease in the initial methane 

production with increasing FAN is most associated to the hydrogenotrophic methanogen 

inhibition as seen in Figure 4.6a, b, and c. The presence of methane with the 4N-HPH 

condition is solely based on the minimal contribution by the hydrogenotrophic 

methanogens as acetoclastic methanogens are fully inhibited for this concentration of FAN. 

While the KINH3,Xh2 value could have been minimally adjusted to represent the final 

methane yield, it was chosen to exemplify this methane simulation curve to represent the 

average methane yield throughout the duration for 4N-HPH while also contributing 

towards the lower rate of methanogenesis for 4N-HPH. Estimated inhibition parameters for 

the ammonia inhibition terms can be seen in Table 4.1. The assumed linear change of pH 

and ammonia concentrations was reflected in the 0VFA conditions as it caused 

underestimated values. This was present for most of the neutral pH tests’ durations and was 

also observed towards the end of the high pH test. Overall, the trend of ammonia inhibition 

for the 0VFA tests was observed for both the experimental and ADM1 model results. This 

comparison verified the need for an added ammonia inhibition term for hydrogenotrophic 

methanogenesis and a modified inhibition term for acetoclastic methanogenesis that is 

specified to include toxicity effects from ammonia and ammonium. 
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Table 4.1: Estimated inhibition parameters for ammonia inhibition. 

Eq. Inhibition Type Inhibition Parameters (g-N/L) 

(4.1) 

& 

(4.2) 

Free ammonia and ammonium 

inhibition on XAC 

(Threshold Inhibition) 

KImin,NH3 = 0.03 

KImax,NH3 = 0.36 

KImin,NH4 = 2.09 

KImax,NH4 = 13.4 

(4.3) Free ammonia inhibition on XH2 

(Simple Inhibition) 

KINH3,Xh2 = 7.0 × 10 -6 

 

4.8 Model Simulations for Acetic Acid Inhibition with Ammonia Inhibition 

There is no implementation of acetic acid inhibition terms in the generic ADM1 

model. Thus, based on the 0, 20, and 40 g-COD/L (0VFA, 20VFA, and 40VFA) additions 

of acetate and the associated inhibitions observed through the experimental methane 

production graphs, three types of inhibition were implemented: (1) Haldane model for 

acetic acid inhibition on the uptake of acetate reaction (Eq. (4.4)), (2) simple inhibition 

model for acetic acid inhibition the same reaction (Eq. (4.5)), and (3) simple model for 

acetic acid inhibition on the uptake of hydrogen reaction (Eq. (4.6)): 

 
𝑟11

′ = 𝑘𝑎𝑐

𝑆𝐴𝐶

𝐾𝑠𝑎𝑐 + 𝑆𝐴𝐶 +
𝑆𝐴𝐶

   2

𝐾𝐼𝐴𝐶,𝑋𝑎𝑐
⁄

𝑋𝐴𝐶𝐼1
′  

(4.4) 

 

 
𝐼𝐻𝐴𝐶,𝑋𝑎𝑐 =

1

1 +
𝑆𝐻𝐴𝐶

𝐾𝐼𝐻𝐴𝐶,𝑋𝑎𝑐
⁄

 (4.5)  

 
𝐼𝐻𝐴𝐶,𝑋ℎ2 =

1

1 +
𝑆𝐻𝐴𝐶

𝐾𝐼𝐻𝐴𝐶,𝑋ℎ2
⁄

 (4.6) 
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The effects of the combined inhibitions can be best seen with the 0 g-N/L (0N) conditions 

with 0VFA, 20VFA, and 40VFA (Figure 4.5). All experimental results yielded the same 

final amount of methane as the model simulations for the increasing acetate conditions with 

7% increase and 49% decrease compared to 0VFA for 20VFA and 40VFA, respectively. 

Overall, the same amount of methane was produced for all 0N tests.  

Similar to its counterpart use with ammonia, the initial rates of methane production 

can be attributed to the acetic acid inhibition with the hydrogenotrophic methanogens as 

seen in Figure 4.6a, d, and e. For the 0N experimental tests, specifically 0VFA|0N, the 

hydrogen-, propionate- and butyrate-based fractions from sugars and amino acids were 

altered to observe a longer and more representative initial rate of methanogenesis from the 

hydrogenotrophic methanogens, unless inhibited by ammonia inhibition terms. The final 

methane yields were mostly enabled by the acetic acid inhibition terms regarding the 

acetoclastic methanogenesis pathways. The use of Haldane for the inhibition focused on 

the inhibition of the acetate uptake reaction at high acetate concentrations and the simple 

inhibition for acetic acid, which is less dominant at neutral and high pH conditions, resulted 

in similar inhibitions. Together, all these inhibitions observed the initial and final rates for 

acetoclastic methanogenesis. The 40VFA condition did not correlate accurately as 

hydrogenotrophic methanogens were not inhibited greatly, however, this inaccuracy could 

likely be due to the lack of duplicate values for the experimental component of this 

condition. It is generally observed that conditions with increased concentrations of acetate 

experienced decreased initial rates and increased final rates of methane production.   
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For the remaining conditions (4.5b, c) relating to 4 g-N/L at low and high pH 

conditions (4N-NPH and 4N-HPH) methane production was overestimated with a 

reduction of 90%, 87%, and 93% for 20VFA|4N-HPH, 40VFA|4N-NPH, and 40VFA|4N-

HPH respectively, while it was largely underestimated for the 20VFA|4N-NPH condition 

at 72%. This outlier seemed to largely depend on the assumed linear change of pH and 

ammonia concentrations as the assumption was also observed for underestimated values in 

the 0VFA tests. Rate changes for most of the conditions are observed between 7-14 days 

but this change in the rate does not correlate with a change in pH or ammonia. In the case 

of 20VFA|4N-NPH, it was tested that a decrease in pH would observe a decrease in 

inhibition and thus an increase in the model output for methane production. Thus, a 

significant factor that is necessary for a better correlation between the experiment and 

simulation was to include more concentration and pH observations throughout the BMP 

test duration. Estimated inhibition parameters for the inhibition terms are listed (Table 4.2). 

Table 4.2: Estimated inhibition parameters for acetic acid inhibition  

Eq. Inhibition Type Inhibition Parameters (g-COD/L) 

(4.4) Acetic acid inhibition on XAC, 

acetoclastic methanogens 

(Haldane Inhibition) 

KIAC,Xac = 85 

(4.5) Acetic acid inhibition on XAC, 

acetoclastic methanogens 

(Simple Inhibition) 

KIHAC,Xac = 0.5 

(4.6) Acetic acid inhibition on XH2 

hydrogenotrophic methanogens 

(Simple Inhibition) 

KIHAC,Xh2 = 0.015 

  



M.A.Sc Thesis – S. Fernandes  McMaster University – Civil Engineering 

 

45 

 

5 Conclusions 

5.1 Ammonia and Acetic Acid Inhibition on High Solids Sludge  

Based on experimental results with TWAS, ammonia was found to have a minor 

negative impact on methane production with a concentration of 4 g-N/L at a neutral pH but 

a major negative impact at a higher pH. This effect of inhibition was observed in TCOD 

reduction and an increased amount of solubilization. Acetic acid inhibition was found to 

have a major negative impact at the condition with 40 g-COD/L added acetate. The 

decreased VSS reduction, decreased TCOD reduction, and increase of sCOD indicated that 

issues influencing methanogenesis inhibition prevented soluble organic use at the increased 

acetate condition. The inhibited conditions that produced methane had high rates of 

methane production but resulted in a lower methane yield. Overall, it was observed that the 

more optimal yield in methane was exemplified for neutral pH conditions than high pH 

conditions for increased ammonia concentration tests and was more optimal for 0 g-COD/L 

and 20 g-COD/L added acetate conditions.  

The model simulations of ADM1 observed how ammonia inhibition was required 

for both free ammonia and ammonium and how acetic acid inhibition was required for both 

acetate and acetic acid. These inhibitions were carried out to varying degrees for both 

acetoclastic and hydrogenotrophic methanogens. For acetoclastic methanogens, the use of 

threshold inhibition with ammonia observed inhibition for free ammonia and ammonium 

and was accurately modelled for the intermediate and final rates of methane production 

with the linear increase in pH and ammonia. Simple inhibitions for hydrogenotrophic 

methanogens was implemented to reduce the initial rate of methanogenesis for more 
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inhibited conditions with both free ammonia and acetic acid inhibitions. Acetic acid 

inhibitions were implemented for acetoclastic methanogens with simple inhibition and 

Haldane inhibition to better simulate the final methane yield. Though some conditions were 

not precisely modelled with these tests, the methane production rates and the final methane 

yields with increased ammonia and acetate conditions were accurately analysed, thus 

noting the best use of these required inhibition terms in modeling these conditions. 

5.2 Recommendations for Future Work 

There are several key research opportunities to build on this study and further 

understand the impacts of ammonia and acetic acid inhibition. To build on the model 

developed, future work can include modifications to a sampling procedure by obtaining 

measurements for pH, TAN and VFA throughout the experiment duration in order to 

improve the model for the intermediate sections of AD. While these tests are difficult to 

ascertain in batch BMP tests, they are necessary to determine the trend of pH change and 

its influence on TAN fractionation and VFA concentrations, thus supplying more data for 

more comprehensive model simulations. These concentrations could be measured when a 

change in rate of methane was observed or expected. Based on the results obtained, the 

model did not accurately fit with the experimental tests and would need to be verified, thus 

a duplicate test for the 40 g-COD/L conditions is necessary. Another area of research could 

be with the analysis of these batch experiments to produce enhanced kinetic coefficients, 

specifically for the Haldane acetic acid inhibition term and both simple inhibition terms 

regarding hydrogenotrophic methanogens. Alterations of model inputs for different 

substrates could be a future study to consider as integration of this ADM1 model would 
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eventually need to be applicable with different inputs and processes. In addition, the 

development of the model in steady-state conditions could be appropriate for the simulation 

of a continuously-run pilot study or full scale municipal anaerobic digester.  

Future work for the experimental research components can also include studies of 

the effects of lower pH. By evaluating more pH ranges, parameters for ammonia inhibition 

regarding the threshold limits, and for acetic acid inhibition can be determined to improve 

AD efficiency. Acclimation of high organic conditions with increased ammonia content 

could also be another experimental work to consider as increased ammonia condition 

increased methane production. The comparison of these research ideas and this proposed 

research could look further into the effects of ammonia inhibition at higher acetate 

conditions. Some research into analysing acetic acid inhibition with varying neutral ranged 

pH values without ammonia would correspond to effects of pure organic addition, thus 

analysing inhibition effects for acetic acid for inhibition terms and comparing to those 

suggested in this study. Research into co-digestion of TWAS and an appropriate food waste 

substrate would also be an idea for implementation. Compared to TWAS, food waste would 

need to have similar solids concentrations, higher ammonia concentrations, and higher 

organic concentrations as outlined in these experiments without the addition of chemical 

components. Co-digestion would aid in finding the appropriate C/N ratio necessary for 

optimal methane production and this would also introduce a commonly-used strategy and 

scenario necessary for mitigating inhibition effects. 
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Appendix A: Non-Steady State Equations 

For all Mass Balances, based on batch reactor: 

[𝐶ℎ𝑎𝑛𝑔𝑒] = [𝐼𝑛] − [𝑂𝑢𝑡] + [𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛] 

Soluble Components 

A.1 Mass balance on soluble sugars Ssu 

𝑉 ∗ (
𝑑𝑆𝑠𝑢

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑠𝑢,𝑖𝑛 − 𝑄 ∗ 𝑆𝑠𝑢 + 𝑉 ∗ [(𝑟2) + (1 − 𝑓𝑓𝑎𝑙𝑖) ∗  (𝑟4) − (𝑟5)] 

𝑉 ∗ (
𝑑𝑆𝑠𝑢

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑠𝑢,𝑖𝑛 − 𝑄 ∗ 𝑆𝑠𝑢 + 𝑉

∗ [1 ∗ (𝑘ℎ𝑦𝑑,𝑐ℎ ∗ 𝑋𝑐ℎ) + (1 − 𝑓𝑓𝑎,𝑙𝑖) ∗ (𝑘ℎ𝑦𝑑,𝑙𝑖 ∗ 𝑋𝑙𝑖) − 1 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢
∗ 𝑋𝑠𝑢 ∗ 𝐼1)] 

𝑉 ∗ (
𝑑𝑆𝑠𝑢

𝑑𝑡
) = 𝑉 ∗ [(𝑘ℎ𝑦𝑑,𝑐ℎ ∗ 𝑋𝑐ℎ) + (1 − 𝑓𝑓𝑎,𝑙𝑖) ∗ (𝑘ℎ𝑦𝑑,𝑙𝑖 ∗ 𝑋𝑙𝑖) − (𝑘𝑠𝑢 ∗

𝑆𝑠𝑢

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢
∗ 𝑋𝑠𝑢 ∗ 𝐼1)] 

𝑆𝑠𝑢(1) = 𝑆𝑠𝑢(0) + ∆𝑡 ∗ [(𝑘ℎ𝑦𝑑,𝑐ℎ ∗ 𝑋𝑐ℎ(1)) + (1 − 𝑓𝑓𝑎,𝑙𝑖) ∗ (𝑘ℎ𝑦𝑑,𝑙𝑖 ∗ 𝑋𝑙𝑖(1)) − (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢(1)

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢(1)
∗ 𝑋𝑠𝑢(1) ∗ 𝐼1]  

𝑺𝒔𝒖(𝟏) =
𝑺𝒔𝒖(𝟎) + ∆𝒕 ∗ [(𝒌𝒉𝒚𝒅,𝒄𝒉 ∗ 𝑿𝒄𝒉(𝟏)) + (𝟏 − 𝒇𝒇𝒂,𝒍𝒊) ∗ (𝒌𝒉𝒚𝒅,𝒍𝒊 ∗ 𝑿𝒍𝒊(𝟏))]

𝟏 + ∆𝒕 ∗ (𝒌𝒔𝒖 ∗
𝟏

𝑲𝒔,𝒔𝒖 + 𝑺𝒔𝒖(𝟏)
∗ 𝑿𝒔𝒖(𝟏) ∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦)

 

A. 2 Mass balance on soluble amino acids Saa 

𝑉 ∗ (
𝑑𝑆𝑎𝑎

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑎𝑎,𝑖𝑛 − 𝑄 ∗ 𝑆𝑎𝑎 + 𝑉 ∗ [𝑟3 − 𝑟6] 
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𝑉 ∗ (
𝑑𝑆𝑎𝑎

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑎𝑎,𝑖𝑛 − 𝑄 ∗ 𝑆𝑎𝑎 + 𝑉 ∗ [1 ∗ (𝑘ℎ𝑦𝑑,𝑝𝑟 ∗ 𝑋𝑝𝑟) − 1 ∗ (𝑘𝑎𝑎 ∗

𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1)] 

𝑉 ∗ (
𝑑𝑆𝑎𝑎

𝑑𝑡
) = 𝑉 ∗ [(𝑘ℎ𝑦𝑑,𝑝𝑟 ∗ 𝑋𝑝𝑟) − (𝑘𝑎𝑎 ∗

𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1)]   

𝑆𝑎𝑎(1) = 𝑆𝑎𝑎(0) + ∆𝑡 ∗ [(𝑘ℎ𝑦𝑑,𝑝𝑟 ∗ 𝑋𝑝𝑟(1)) − (𝑘𝑎𝑎 ∗
𝑆𝑎𝑎(1)

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎(1)
∗ 𝑋𝑎𝑎(1) ∗ 𝐼1)] 

𝑺𝒂𝒂(𝟏) =
𝑺𝒂𝒂(𝟎) + ∆𝒕 ∗ [(𝒌𝒉𝒚𝒅,𝒑𝒓 ∗ 𝑿𝒑𝒓(𝟏))]

𝟏 + ∆𝒕 ∗ (𝒌𝒂𝒂 ∗
𝟏

𝑲𝒔,𝒂𝒂 + 𝑺𝒂𝒂(𝟏)
∗ 𝑿𝒂𝒂(𝟏) ∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦)

 

A. 3 Mass balance on soluble fatty acids Sfa 

𝑉 ∗ (
𝑑𝑆𝑓𝑎

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑓𝑎,𝑖𝑛 − 𝑄 ∗ 𝑆𝑓𝑎 + 𝑉 ∗ [𝑓𝑓𝑎,𝑙𝑖 ∗ 𝑟4 − 𝑟7] 

𝑉 ∗ (
𝑑𝑆𝑓𝑎

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑓𝑎,𝑖𝑛 − 𝑄 ∗ 𝑆𝑓𝑎 + 𝑉 ∗ [𝑓𝑓𝑎,𝑙𝑖 ∗ (𝑘ℎ𝑦𝑑,𝑙𝑖 ∗ 𝑋𝑙𝑖) − 1 ∗ (𝑘𝑓𝑎 ∗

𝑆𝑓𝑎

𝐾𝑠,𝑓𝑎 + 𝑆𝑓𝑎
∗ 𝑋𝑓𝑎 ∗ 𝐼2)] 

𝑉 ∗ (
𝑑𝑆𝑓𝑎

𝑑𝑡
) = 𝑉 ∗ [𝑓𝑓𝑎,𝑙𝑖 ∗ (𝑘ℎ𝑦𝑑,𝑙𝑖 ∗ 𝑋𝑙𝑖) − (𝑘𝑓𝑎 ∗

𝑆𝑓𝑎

𝐾𝑠,𝑓𝑎 + 𝑆𝑓𝑎
∗ 𝑋𝑓𝑎 ∗ 𝐼2)]   

𝑆𝑓𝑎(1) = 𝑆𝑓𝑎(0) + ∆𝑡 ∗ [𝑓𝑓𝑎,𝑙𝑖 ∗ (𝑘ℎ𝑦𝑑,𝑙𝑖 ∗ 𝑋𝑙𝑖(1)) − (𝑘𝑓𝑎 ∗
𝑆𝑓𝑎(1)

𝐾𝑠,𝑓𝑎 + 𝑆𝑓𝑎(1)
∗ 𝑋𝑓𝑎(1) ∗ 𝐼2)] 

𝑺𝒇𝒂(𝟏) =
𝑺𝒇𝒂(𝟎) + ∆𝒕 ∗ [𝒇𝒇𝒂,𝒍𝒊 ∗ (𝒌𝒉𝒚𝒅,𝒍𝒊 ∗ 𝑿𝒍𝒊(𝟏))]

𝟏 + ∆𝒕 ∗ (𝒌𝒇𝒂 ∗
𝟏

𝑲𝒔,𝒇𝒂 + 𝑺𝒇𝒂(𝟏)
∗ 𝑿𝒇𝒂(𝟏) ∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒇𝒂

𝑲𝑰𝒉𝟐𝒇𝒂 + 𝑺𝒉𝟐(𝟏)
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A. 4 Mass balance on soluble valerate Sva 

𝑉 ∗ (
𝑑𝑆𝑣𝑎

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑣𝑎,𝑖𝑛 − 𝑄 ∗ 𝑆𝑣𝑎 + 𝑉 ∗ [(1 − 𝑌𝑎𝑎) ∗ 𝑓𝑣𝑎,𝑎𝑎 ∗ 𝑟6 − 𝑟8] 

𝑉 ∗ (
𝑑𝑆𝑣𝑎

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑣𝑎,𝑖𝑛 − 𝑄 ∗ 𝑆𝑣𝑎 + 𝑉

∗ [(1 − 𝑌𝑎𝑎) ∗ 𝑓𝑣𝑎,𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗
𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1) − (𝑘𝑐4 ∗

𝑆𝑣𝑎

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎
∗ 𝑋𝑐4 ∗

𝑆𝑣𝑎

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 )] 

𝑉 ∗ (
𝑑𝑆𝑣𝑎

𝑑𝑡
) = 𝑉 ∗ [(1 − 𝑌𝑎𝑎) ∗ 𝑓𝑣𝑎,𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗

𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1) − (𝑘𝑐4 ∗

𝑆𝑣𝑎

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎
∗ 𝑋𝑐4 ∗

𝑆𝑣𝑎

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 )]   

𝑆𝑣𝑎(1) = 𝑆𝑣𝑎(0) + ∆𝑡

∗ [(1 − 𝑌𝑎𝑎) ∗ 𝑓𝑣𝑎,𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗
𝑆𝑎𝑎(1)

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎(1)
∗ 𝑋𝑎𝑎(1) ∗ 𝐼1)

− (𝑘𝑐4 ∗
𝑆𝑣𝑎(1)

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎(1)
∗ 𝑋𝑐4(1) ∗

𝑆𝑣𝑎(1)

𝑆𝑣𝑎(1) + 𝑆𝑏𝑢(1)
∗ 𝐼2 )] 

𝑺𝒗𝒂(𝟏) =

𝑺𝒗𝒂(𝟎) + ∆𝒕 ∗ [(𝟏 − 𝒀𝒂𝒂) ∗ 𝒇𝒗𝒂,𝒂𝒂 ∗ (𝒌𝒂𝒂 ∗
𝑺𝒂𝒂(𝟏)

𝑲𝒔,𝒂𝒂 + 𝑺𝒂𝒂(𝟏)
∗ 𝑿𝒂𝒂(𝟏) ∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦)]

𝟏 + ∆𝒕 ∗ (𝒌𝒄𝟒 ∗
𝟏

𝑲𝒔,𝒄𝟒 + 𝑺𝒗𝒂(𝟏)
∗ 𝑿𝒄𝟒(𝟏) ∗

𝑺𝒗𝒂(𝟏)

𝑺𝒗𝒂(𝟏) + 𝑺𝒃𝒖(𝟏)
∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒄𝟒

𝑲𝑰𝒉𝟐𝒄𝟒 + 𝑺𝒉𝟐(𝟏)
 )

 

 

A. 5 Mass balance on soluble butyrate Sbu 

𝑉 ∗ (
𝑑𝑆𝑏𝑢

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑏𝑢,𝑖𝑛 − 𝑄 ∗ 𝑆𝑏𝑢 + 𝑉 ∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓𝑏𝑢,𝑠𝑢 ∗  𝑟5 + (1 − 𝑌𝑎𝑎) ∗  𝑓𝑏𝑢,𝑎𝑎  ∗  𝑟6 − 𝑟9] 
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𝑉 ∗ (
𝑑𝑆𝑏𝑢

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑏𝑢,𝑖𝑛 − 𝑄 ∗ 𝑆𝑏𝑢 + 𝑉

∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓𝑏𝑢,𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢
∗ 𝑋𝑠𝑢 ∗ 𝐼1) + (1 − 𝑌𝑎𝑎) ∗ 𝑓𝑏𝑢,𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗

𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1)

− (𝑘𝑐4 ∗
𝑆𝑏𝑢

𝐾𝑠,𝑐4 + 𝑆𝑏𝑢
∗ 𝑋𝑐4 ∗

𝑆𝑏𝑢

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 )] 

𝑉 ∗ (
𝑑𝑆𝑏𝑢

𝑑𝑡
) = 𝑉

∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓𝑏𝑢,𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢
∗ 𝑋𝑠𝑢 ∗ 𝐼1) + (1 − 𝑌𝑎𝑎) ∗ 𝑓𝑏𝑢,𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗

𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1)

− (𝑘𝑐4 ∗
𝑆𝑏𝑢

𝐾𝑠,𝑐4 + 𝑆𝑏𝑢
∗ 𝑋𝑐4 ∗

𝑆𝑏𝑢

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 )]   

𝑆𝑏𝑢(1) = 𝑆𝑏𝑢(0) + ∆𝑡

∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓𝑏𝑢,𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢(1)

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢(1)
∗ 𝑋𝑠𝑢(1) ∗ 𝐼1) + (1 − 𝑌𝑎𝑎) ∗ 𝑓𝑏𝑢,𝑎𝑎

∗ (𝑘𝑎𝑎 ∗
𝑆𝑎𝑎(1)

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎(1)
∗ 𝑋𝑎𝑎(1) ∗ 𝐼1) − (𝑘𝑐4 ∗

𝑆𝑏𝑢(1)

𝐾𝑠,𝑐4 + 𝑆𝑏𝑢(1)
∗ 𝑋𝑐4(1) ∗

𝑆𝑏𝑢(1)

𝑆𝑣𝑎(1) + 𝑆𝑏𝑢(1)
∗ 𝐼2 )] 

 

𝑺𝒃𝒖(𝟏) =

𝑺𝒃𝒖(𝟎) + ∆𝒕 ∗ (
(𝟏−𝒀𝒔𝒖)∗𝒇𝒃𝒖,𝒔𝒖∗(𝒌𝒔𝒖∗

𝑺𝒔𝒖(𝟏)

𝑲𝒔,𝒔𝒖+𝑺𝒔𝒖(𝟏)
∗𝑿𝒔𝒖(𝟏)∗𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦)

+(𝟏−𝒀𝒂𝒂)∗𝒇𝒃𝒖,𝒂𝒂∗(𝒌𝒂𝒂∗
𝑺𝒂𝒂(𝟏)

𝑲𝒔,𝒂𝒂+𝑺𝒂𝒂(𝟏)
∗𝑿𝒂𝒂(𝟏)∗𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦)

)

𝟏 + ∆𝒕 ∗ (𝒌𝒄𝟒 ∗
𝟏

𝑲𝒔,𝒄𝟒 + 𝑺𝒃𝒖(𝟏)
∗ 𝑿𝒄𝟒(𝟏) ∗

𝑺𝒃𝒖(𝟏)

𝑺𝒗𝒂(𝟏) + 𝑺𝒃𝒖(𝟏)
∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒄𝟒

𝑲𝑰𝒉𝟐𝒄𝟒 + 𝑺𝒉𝟐(𝟏)
 )
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A. 6 Mass balance on soluble propionate Spro 

𝑉 ∗ (
𝑑𝑆𝑝𝑟𝑜

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑝𝑟𝑜,𝑖𝑛 − 𝑄 ∗ 𝑆𝑝𝑟𝑜 + 𝑉

∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓𝑝𝑟𝑜,𝑠𝑢 ∗  𝑟5 + (1 – 𝑌𝑎𝑎) ∗  𝑓𝑝𝑟𝑜,𝑎𝑎 ∗  𝑟6 + (1 – 𝑌𝑐4) ∗  0.54 ∗  𝑟8 − 𝑟10] 

𝑉 ∗ (
𝑑𝑆𝑝𝑟𝑜

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑝𝑟𝑜,𝑖𝑛 − 𝑄 ∗ 𝑆𝑝𝑟𝑜 + 𝑉

∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓𝑝𝑟𝑜,𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢
∗ 𝑋𝑠𝑢 ∗ 𝐼1) + (1 − 𝑌𝑎𝑎) ∗ 𝑓𝑝𝑟𝑜,𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗

𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1)

+ (1 − 𝑌𝑐4)0.54 ∗ (𝑘𝑐4 ∗
𝑆𝑣𝑎

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎
∗ 𝑋𝑐4 ∗

𝑆𝑣𝑎

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 ) − (𝑘𝑝𝑟𝑜 ∗

𝑆𝑝𝑟𝑜

𝐾𝑠,𝑝𝑟𝑜 + 𝑆𝑝𝑟𝑜
∗ 𝑋𝑝𝑟𝑜 ∗ 𝐼2)] 

𝑉 ∗ (
𝑑𝑆𝑝𝑟𝑜

𝑑𝑡
) = 𝑉

∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓𝑝𝑟𝑜,𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢
∗ 𝑋𝑠𝑢 ∗ 𝐼1) + (1 − 𝑌𝑎𝑎) ∗ 𝑓𝑝𝑟𝑜,𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗

𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1)

+ (1 − 𝑌𝑐4)0.54 ∗ (𝑘𝑐4 ∗
𝑆𝑣𝑎

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎
∗ 𝑋𝑐4 ∗

𝑆𝑣𝑎

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 ) − (𝑘𝑝𝑟𝑜 ∗

𝑆𝑝𝑟𝑜

𝐾𝑠,𝑝𝑟𝑜 + 𝑆𝑝𝑟𝑜
∗ 𝑋𝑝𝑟𝑜 ∗ 𝐼2)]   

𝑆𝑝𝑟𝑜(1) = 𝑆𝑝𝑟𝑜(0) + ∆𝑡

∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓𝑝𝑟𝑜,𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢(1)

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢(1)
∗ 𝑋𝑠𝑢(1) ∗ 𝐼1) + (1 − 𝑌𝑎𝑎) ∗ 𝑓𝑝𝑟𝑜,𝑎𝑎

∗ (𝑘𝑎𝑎 ∗
𝑆𝑎𝑎(1)

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎(1)
∗ 𝑋𝑎𝑎(1) ∗ 𝐼1) + (1 − 𝑌𝑐4)0.54 ∗ (𝑘𝑐4 ∗

𝑆𝑣𝑎(1)

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎(1)
∗ 𝑋𝑐4(1) ∗

𝑆𝑣𝑎(1)

𝑆𝑣𝑎(1) + 𝑆𝑏𝑢(1)
∗ 𝐼2 )

− (𝑘𝑝𝑟𝑜 ∗
𝑆𝑝𝑟𝑜(1)

𝐾𝑠,𝑝𝑟𝑜 + 𝑆𝑝𝑟𝑜(1)
∗ 𝑋𝑝𝑟𝑜(1) ∗ 𝐼2)] 
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𝑺𝒑𝒓𝒐(𝟏) =

𝑺𝒑𝒓𝒐(𝟎) + ∆𝒕 ∗

(

  
 (𝟏−𝒀𝒔𝒖)∗𝒇𝒑𝒓𝒐,𝒔𝒖∗(𝒌𝒔𝒖∗

𝑺𝒔𝒖(𝟏)

𝑲𝒔,𝒔𝒖+𝑺𝒔𝒖(𝟏)
∗𝑿𝒔𝒖(𝟏)∗𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦)

+(𝟏−𝒀𝒂𝒂)∗𝒇𝒑𝒓𝒐,𝒂𝒂∗(𝒌𝒂𝒂∗
𝑺𝒂𝒂(𝟏)

𝑲𝒔,𝒂𝒂+𝑺𝒂𝒂(𝟏)
∗𝑿𝒂𝒂(𝟏)∗𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦)

+(𝟏−𝒀𝒄𝟒)𝟎.𝟓𝟒∗(𝒌𝒄𝟒∗
𝑺𝒗𝒂(𝟏)

𝑲𝒔,𝒄𝟒+𝑺𝒗𝒂(𝟏)
∗𝑿𝒄𝟒(𝟏)∗

𝑺𝒗𝒂(𝟏)

𝑺𝒗𝒂(𝟏)+𝑺𝒃𝒖(𝟏)
∗𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒄𝟒
𝑲𝑰𝒉𝟐𝒄𝟒+𝑺𝒉𝟐(𝟏)

 ))

  
 

(𝟏 + ∆𝒕 ∗ (𝒌𝒑𝒓𝒐 ∗
𝟏

𝑲𝒔,𝒑𝒓𝒐 + 𝑺𝒑𝒓𝒐(𝟏)
∗ 𝑿𝒑𝒓𝒐(𝟏) ∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒑𝒓𝒐

𝑲𝑰𝒉𝟐𝒑𝒓𝒐 + 𝑺𝒉𝟐(𝟏)
))

 

  

A. 7 Mass balance on soluble acetate Sac 

𝑉 ∗ (
𝑑𝑆𝑎𝑐

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑎𝑐,𝑖𝑛 − 𝑄 ∗ 𝑆𝑎𝑐 + 𝑉

∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓𝑎𝑐,𝑠𝑢 ∗  𝑟5 + (1 − 𝑌𝑎𝑎) ∗  𝑓𝑎𝑐,𝑎𝑎 ∗  𝑟6 + (1 − 𝑌𝑓𝑎) ∗  0.7 ∗  𝑟7 + (1 − 𝑌𝑐4) ∗  0.31 ∗  𝑟8

+ (1 − 𝑌𝑐4) ∗  0.8 ∗  𝑟9 + (1 − 𝑌𝑝𝑟𝑜) ∗  0.57 ∗  𝑟10 − 𝑟11
′ ] 
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𝑉 ∗ (
𝑑𝑆𝑎𝑐

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑎𝑐,𝑖𝑛 − 𝑄 ∗ 𝑆𝑎𝑐 + 𝑉

∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓𝑎𝑐,𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢
∗ 𝑋𝑠𝑢 ∗ 𝐼1) + (1 − 𝑌𝑎𝑎) ∗ 𝑓𝑎𝑐,𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗

𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1)

+ (1 − 𝑌𝑐4)0.7 ∗ (𝑘𝑓𝑎 ∗
𝑆𝑓𝑎

𝐾𝑠,𝑓𝑎 + 𝑆𝑓𝑎
∗ 𝑋𝑓𝑎 ∗ 𝐼2) + (1 − 𝑌𝑐4)0.31 ∗ (𝑘𝑐4 ∗

𝑆𝑣𝑎

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎
∗ 𝑋𝑐4 ∗

𝑆𝑣𝑎

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 )

+ (1 − 𝑌𝑐4)0.8 ∗ (𝑘𝑐4 ∗
𝑆𝑏𝑢

𝐾𝑠,𝑐4 + 𝑆𝑏𝑢
∗ 𝑋𝑐4 ∗

𝑆𝑏𝑢

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 ) + (1 − 𝑌𝑝𝑟𝑜)0.57

∗ (𝑘𝑝𝑟𝑜 ∗
𝑆𝑝𝑟𝑜

𝐾𝑠,𝑝𝑟𝑜 + 𝑆𝑝𝑟𝑜
∗ 𝑋𝑝𝑟𝑜 ∗ 𝐼2) − (𝑘𝑎𝑐 ∗

𝑆𝑎𝑐

𝐾𝑠,𝑎𝑐 + 𝑆𝑎𝑐 +
𝑆𝑎𝑐

   2

𝐾𝐼𝐴𝐶,𝑋𝑎𝑐
⁄

∗ 𝑋𝑎𝑐 ∗ 𝐼3
′)] 

𝑉 ∗ (
𝑑𝑆𝑎𝑐

𝑑𝑡
) = 𝑉

∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓𝑎𝑐,𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢
∗ 𝑋𝑠𝑢 ∗ 𝐼1) + (1 − 𝑌𝑎𝑎) ∗ 𝑓𝑎𝑐,𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗

𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1)

+ (1 − 𝑌𝑐4)0.7 ∗ (𝑘𝑓𝑎 ∗
𝑆𝑓𝑎

𝐾𝑠,𝑓𝑎 + 𝑆𝑓𝑎
∗ 𝑋𝑓𝑎 ∗ 𝐼2) + (1 − 𝑌𝑐4)0.31 ∗ (𝑘𝑐4 ∗

𝑆𝑣𝑎

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎
∗ 𝑋𝑐4 ∗

𝑆𝑣𝑎

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 )

+ (1 − 𝑌𝑐4)0.8 ∗ (𝑘𝑐4 ∗
𝑆𝑏𝑢

𝐾𝑠,𝑐4 + 𝑆𝑏𝑢
∗ 𝑋𝑐4 ∗

𝑆𝑏𝑢

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 ) + (1 − 𝑌𝑝𝑟𝑜)0.57

∗ (𝑘𝑝𝑟𝑜 ∗
𝑆𝑝𝑟𝑜

𝐾𝑠,𝑝𝑟𝑜 + 𝑆𝑝𝑟𝑜
∗ 𝑋𝑝𝑟𝑜 ∗ 𝐼2) − (𝑘𝑎𝑐 ∗

𝑆𝑎𝑐

𝐾𝑠,𝑎𝑐 + 𝑆𝑎𝑐 +
𝑆𝑎𝑐

   2

𝐾𝐼𝐴𝐶,𝑋𝑎𝑐
⁄

∗ 𝑋𝑎𝑐 ∗ 𝐼3
′)]   



M.A.Sc Thesis – S. Fernandes  McMaster University – Civil Engineering 

 

59 

 

𝑆𝑎𝑐(1) = 𝑆𝑎𝑐(0) + ∆𝑡

∗

[
 
 
 

(1 − 𝑌𝑠𝑢) ∗ 𝑓𝑎𝑐,𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢(1)

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢(1)
∗ 𝑋𝑠𝑢(1) ∗ 𝐼1) + (1 − 𝑌𝑎𝑎) ∗ 𝑓𝑎𝑐,𝑎𝑎

∗ (𝑘𝑎𝑎 ∗
𝑆𝑎𝑎(1)

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎(1)
∗ 𝑋𝑎𝑎(1) ∗ 𝐼1) + (1 − 𝑌𝑐4)0.7 ∗ (𝑘𝑓𝑎 ∗

𝑆𝑓𝑎(1)

𝐾𝑠,𝑓𝑎 + 𝑆𝑓𝑎(1)
∗ 𝑋𝑓𝑎(1) ∗ 𝐼2) + (1 − 𝑌𝑐4)0.31

∗ (𝑘𝑐4 ∗
𝑆𝑣𝑎(1)

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎(1)
∗ 𝑋𝑐4(1) ∗

𝑆𝑣𝑎(1)

𝑆𝑣𝑎(1) + 𝑆𝑏𝑢(1)
∗ 𝐼2 ) + (1 − 𝑌𝑐4)0.8

∗ (𝑘𝑐4 ∗
𝑆𝑏𝑢(1)

𝐾𝑠,𝑐4 + 𝑆𝑏𝑢(1)
∗ 𝑋𝑐4(1) ∗

𝑆𝑏𝑢(1)

𝑆𝑣𝑎(1) + 𝑆𝑏𝑢(1)
∗ 𝐼2 ) + (1 − 𝑌𝑝𝑟𝑜)0.57

∗ (𝑘𝑝𝑟𝑜 ∗
𝑆𝑝𝑟𝑜(1)

𝐾𝑠,𝑝𝑟𝑜 + 𝑆𝑝𝑟𝑜(1)
∗ 𝑋𝑝𝑟𝑜(1) ∗ 𝐼2) −

(

 𝑘𝑎𝑐 ∗
𝑆𝑎𝑐(1)

𝐾𝑠,𝑎𝑐 + 𝑆𝑎𝑐(1) +
𝑆𝑎𝑐(1)

   2

𝐾𝐼𝐴𝐶,𝑋𝑎𝑐
⁄

∗ 𝑋𝑎𝑐(1) ∗ 𝐼3
′

)

 

]
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𝑺𝒂𝒄(𝟏) =

𝑺𝒂𝒄(𝟎) + ∆𝒕 ∗ 

(

 
 
 
 
 
 
 
 
 
 

(𝟏 − 𝒀𝒔𝒖) ∗ 𝒇𝒂𝒄,𝒔𝒖 ∗ (𝒌𝒔𝒖 ∗
𝑺𝒔𝒖(𝟏)

𝑲𝒔,𝒔𝒖 + 𝑺𝒔𝒖(𝟏)
∗ 𝑿𝒔𝒖(𝟏) ∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦)

+(𝟏 − 𝒀𝒂𝒂) ∗ 𝒇𝒂𝒄,𝒂𝒂 ∗ (𝒌𝒂𝒂 ∗
𝑺𝒂𝒂(𝟏)

𝑲𝒔,𝒂𝒂 + 𝑺𝒂𝒂(𝟏)
∗ 𝑿𝒂𝒂(𝟏) ∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦)

+(𝟏 − 𝒀𝒄𝟒)𝟎. 𝟕 ∗ (𝒌𝒇𝒂 ∗
𝑺𝒇𝒂(𝟏)

𝑲𝒔,𝒇𝒂 + 𝑺𝒇𝒂(𝟏)
∗ 𝑿𝒇𝒂(𝟏) ∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒇𝒂

𝑲𝑰𝒉𝟐𝒇𝒂 + 𝑺𝒉𝟐(𝟏)
)

+(𝟏 − 𝒀𝒄𝟒)𝟎. 𝟑𝟏 ∗ (𝒌𝒄𝟒 ∗
𝑺𝒗𝒂(𝟏)

𝑲𝒔,𝒄𝟒 + 𝑺𝒗𝒂(𝟏)
∗ 𝑿𝒄𝟒 ∗

𝑺𝒗𝒂(𝟏)

𝑺𝒗𝒂(𝟏) + 𝑺𝒃𝒖(𝟏)
∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒄𝟒

𝑲𝑰𝒉𝟐𝒄𝟒 + 𝑺𝒉𝟐(𝟏)
 )

+(𝟏 − 𝒀𝒄𝟒)𝟎. 𝟖 ∗ (𝒌𝒄𝟒 ∗
𝑺𝒃𝒖(𝟏)

𝑲𝒔,𝒄𝟒 + 𝑺𝒃𝒖(𝟏)
∗ 𝑿𝒄𝟒(𝟏) ∗

𝑺𝒃𝒖(𝟏)

𝑺𝒗𝒂(𝟏) + 𝑺𝒃𝒖(𝟏)
∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒄𝟒

𝑲𝑰𝒉𝟐𝒄𝟒 + 𝑺𝒉𝟐(𝟏)
)

+(𝟏 − 𝒀𝒑𝒓𝒐)𝟎. 𝟓𝟕 ∗ (𝒌𝒑𝒓𝒐 ∗
𝑺𝒑𝒓𝒐(𝟏)

𝑲𝒔,𝒑𝒓𝒐 + 𝑺𝒑𝒓𝒐(𝟏)
∗ 𝑿𝒑𝒓𝒐(𝟏) ∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒑𝒓𝒐

𝑲𝑰𝒉𝟐𝒑𝒓𝒐 + 𝑺𝒉𝟐(𝟏)
)

)

 
 
 
 
 
 
 
 
 
 

𝟏 + ∆𝒕 ∗

(

 𝒌𝒂𝒄 ∗
𝟏

𝐾𝑠,𝑎𝑐 + 𝑆𝑎𝑐(1) +
𝑆𝑎𝑐(1)

   2

𝐾𝐼𝐴𝐶,𝑋𝑎𝑐
⁄

∗ 𝑿𝒂𝒄(𝟏) ∗ 𝑰𝒑𝒉𝟐𝑰𝑰𝑵,𝐥𝐢𝐦𝑰𝑵𝑯,𝑿𝒂𝒄𝑰𝑯𝑨𝑪,𝑿𝒂𝒄

)

 

 

 

A. 8 Mass balance on hydrogen gas Sh2 

𝑉 ∗ (
𝑑𝑆ℎ2

𝑑𝑡
) = 𝑄 ∗ 𝑆ℎ2,𝑖𝑛 − 𝑄 ∗ 𝑆ℎ2 + 𝑉

∗ [(1 − 𝑌𝑠𝑢) ∗  𝑓ℎ2,𝑠𝑢 ∗  𝑟5 + (1 − 𝑌𝑎𝑎) ∗  𝑓ℎ2,𝑎𝑎 ∗  𝑟6 + (1 − 𝑌𝑓𝑎) ∗  0.3 ∗  𝑟7 + (1 − 𝑌𝑐4) ∗  0.15 ∗  𝑟8

+ (1 − 𝑌𝑐4) ∗  0.2 ∗  𝑟9 + (1 − 𝑌𝑝𝑟𝑜) ∗  0.43 ∗  𝑟10 − 𝑟12
′ ] 
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𝑉 ∗ (
𝑑𝑆ℎ2

𝑑𝑡
) = 𝑄 ∗ 𝑆ℎ2,𝑖𝑛 − 𝑄 ∗ 𝑆ℎ2 + 𝑉

∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓ℎ2,𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢
∗ 𝑋𝑠𝑢 ∗ 𝐼1) + (1 − 𝑌𝑎𝑎) ∗ 𝑓ℎ2,𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗

𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1)

+ (1 − 𝑌𝑐4)0.3 ∗ (𝑘𝑓𝑎 ∗
𝑆𝑓𝑎

𝐾𝑠,𝑓𝑎 + 𝑆𝑓𝑎
∗ 𝑋𝑓𝑎 ∗ 𝐼2) + (1 − 𝑌𝑐4)0.15 ∗ (𝑘𝑐4 ∗

𝑆𝑣𝑎

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎
∗ 𝑋𝑐4 ∗

𝑆𝑣𝑎

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 )

+ (1 − 𝑌𝑐4)0.2 ∗ (𝑘𝑐4 ∗
𝑆𝑏𝑢

𝐾𝑠,𝑐4 + 𝑆𝑏𝑢
∗ 𝑋𝑐4 ∗

𝑆𝑏𝑢

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 ) + (1 − 𝑌𝑝𝑟𝑜)0.43

∗ (𝑘𝑝𝑟𝑜 ∗
𝑆𝑝𝑟𝑜

𝐾𝑠,𝑝𝑟𝑜 + 𝑆𝑝𝑟𝑜
∗ 𝑋𝑝𝑟𝑜 ∗ 𝐼2) − (𝑘ℎ2 ∗

𝑆ℎ2

𝐾𝑠,ℎ2 + 𝑆ℎ2
∗ 𝑋ℎ2 ∗ 𝐼1

′)] 

𝑉 ∗ (
𝑑𝑆ℎ2

𝑑𝑡
) = 𝑉

∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓ℎ2,𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢
∗ 𝑋𝑠𝑢 ∗ 𝐼1) + (1 − 𝑌𝑎𝑎) ∗ 𝑓ℎ2,𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗

𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1)

+ (1 − 𝑌𝑐4)0.3 ∗ (𝑘𝑓𝑎 ∗
𝑆𝑓𝑎

𝐾𝑠,𝑓𝑎 + 𝑆𝑓𝑎
∗ 𝑋𝑓𝑎 ∗ 𝐼2) + (1 − 𝑌𝑐4)0.15 ∗ (𝑘𝑐4 ∗

𝑆𝑣𝑎

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎
∗ 𝑋𝑐4 ∗

𝑆𝑣𝑎

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 )

+ (1 − 𝑌𝑐4)0.2 ∗ (𝑘𝑐4 ∗
𝑆𝑏𝑢

𝐾𝑠,𝑐4 + 𝑆𝑏𝑢
∗ 𝑋𝑐4 ∗

𝑆𝑏𝑢

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 ) + (1 − 𝑌𝑝𝑟𝑜)0.43

∗ (𝑘𝑝𝑟𝑜 ∗
𝑆𝑝𝑟𝑜

𝐾𝑠,𝑝𝑟𝑜 + 𝑆𝑝𝑟𝑜
∗ 𝑋𝑝𝑟𝑜 ∗ 𝐼2) − (𝑘ℎ2 ∗

𝑆ℎ2

𝐾𝑠,ℎ2 + 𝑆ℎ2
∗ 𝑋ℎ2 ∗ 𝐼1

′)]   
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𝑆ℎ2(1) = 𝑆ℎ2(0) + ∆𝑡

∗ [(1 − 𝑌𝑠𝑢) ∗ 𝑓ℎ2,𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢(1)

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢(1)
∗ 𝑋𝑠𝑢(1) ∗ 𝐼1) + (1 − 𝑌𝑎𝑎) ∗ 𝑓ℎ2,𝑎𝑎

∗ (𝑘𝑎𝑎 ∗
𝑆𝑎𝑎(1)

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎(1)
∗ 𝑋𝑎𝑎(1) ∗ 𝐼1) + (1 − 𝑌𝑐4)0.3 ∗ (𝑘𝑓𝑎 ∗

𝑆𝑓𝑎(1)

𝐾𝑠,𝑓𝑎 + 𝑆𝑓𝑎(1)
∗ 𝑋𝑓𝑎(1) ∗ 𝐼2) + (1 − 𝑌𝑐4)0.15

∗ (𝑘𝑐4 ∗
𝑆𝑣𝑎(1)

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎(1)
∗ 𝑋𝑐4(1) ∗

𝑆𝑣𝑎(1)

𝑆𝑣𝑎(1) + 𝑆𝑏𝑢(1)
∗ 𝐼2 ) + (1 − 𝑌𝑐4)0.2

∗ (𝑘𝑐4 ∗
𝑆𝑏𝑢(1)

𝐾𝑠,𝑐4 + 𝑆𝑏𝑢(1)
∗ 𝑋𝑐4(1) ∗

𝑆𝑏𝑢(1)

𝑆𝑣𝑎(1) + 𝑆𝑏𝑢(1)
∗ 𝐼2 ) + (1 − 𝑌𝑝𝑟𝑜)0.43

∗ (𝑘𝑝𝑟𝑜 ∗
𝑆𝑝𝑟𝑜(1)

𝐾𝑠,𝑝𝑟𝑜 + 𝑆𝑝𝑟𝑜(1)
∗ 𝑋𝑝𝑟𝑜(1) ∗ 𝐼2) − (𝑘ℎ2 ∗

𝑆ℎ2(1)

𝐾𝑠,ℎ2 + 𝑆ℎ2(1)
∗ 𝑋ℎ2(1) ∗ 𝐼1

′)] 

 

𝑺𝒉𝟐(𝟏) =

𝑺𝒉𝟐(𝟎) + ∆𝒕 ∗

(

 
 
 
 
 
 
 
 
 
 

(𝟏 − 𝒀𝒔𝒖) ∗ 𝒇𝒉𝟐,𝒔𝒖 ∗ (𝒌𝒔𝒖 ∗
𝑺𝒔𝒖(𝟏)

𝑲𝒔,𝒔𝒖 + 𝑺𝒔𝒖(𝟏)
∗ 𝑿𝒔𝒖(𝟏) ∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦)

+(𝟏 − 𝒀𝒂𝒂) ∗ 𝒇𝒉𝟐,𝒂𝒂 ∗ (𝒌𝒂𝒂 ∗
𝑺𝒂𝒂(𝟏)

𝑲𝒔,𝒂𝒂 + 𝑺𝒂𝒂(𝟏)
∗ 𝑿𝒂𝒂(𝟏) ∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦)

+(𝟏 − 𝒀𝒄𝟒)𝟎. 𝟑 ∗ (𝒌𝒇𝒂 ∗
𝑺𝒇𝒂(𝟏)

𝑲𝒔,𝒇𝒂 + 𝑺𝒇𝒂(𝟏)
∗ 𝑿𝒇𝒂(𝟏) ∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒇𝒂

𝑲𝑰𝒉𝟐𝒇𝒂 + 𝑺𝒉𝟐(𝟏)
)

+(𝟏 − 𝒀𝒄𝟒)𝟎. 𝟏𝟓 ∗ (𝒌𝒄𝟒 ∗
𝑺𝒗𝒂(𝟏)

𝑲𝒔,𝒄𝟒 + 𝑺𝒗𝒂(𝟏)
∗ 𝑿𝒄𝟒(𝟏) ∗

𝑺𝒗𝒂(𝟏)

𝑺𝒗𝒂(𝟏) + 𝑺𝒃𝒖(𝟏)
∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒄𝟒

𝑲𝑰𝒉𝟐𝒄𝟒 + 𝑺𝒉𝟐(𝟏)
 )

+(𝟏 − 𝒀𝒄𝟒)𝟎. 𝟐 ∗ (𝒌𝒄𝟒 ∗
𝑺𝒃𝒖(𝟏)

𝑲𝒔,𝒄𝟒 + 𝑺𝒃𝒖(𝟏)
∗ 𝑿𝒄𝟒(𝟏) ∗

𝑺𝒃𝒖(𝟏)

𝑺𝒗𝒂(𝟏) + 𝑺𝒃𝒖(𝟏)
∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒄𝟒

𝑲𝑰𝒉𝟐𝒄𝟒 + 𝑺𝒉𝟐(𝟏)
 )

+(𝟏 − 𝒀𝒑𝒓𝒐)𝟎. 𝟒𝟑 ∗ (𝒌𝒑𝒓𝒐 ∗
𝑺𝒑𝒓𝒐(𝟏)

𝑲𝒔,𝒑𝒓𝒐 + 𝑺𝒑𝒓𝒐(𝟏)
∗ 𝑿𝒑𝒓𝒐(𝟏) ∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒑𝒓𝒐

𝑲𝑰𝒉𝟐𝒑𝒓𝒐 + 𝑺𝒉𝟐(𝟏)
)

)

 
 
 
 
 
 
 
 
 
 

𝟏 + ∆𝒕 ∗ (𝒌𝒉𝟐 ∗
𝟏

𝑲𝒔,𝒉𝟐 + 𝑺𝒉𝟐(𝟏)
∗ 𝑿𝒉𝟐(𝟏) ∗ 𝑰𝒑𝒉𝟑𝑰𝑰𝑵,𝐥𝐢𝐦𝑰𝑵𝑯,𝑿𝒉𝟐𝑰𝑯𝑨𝑪,𝑿𝒉𝟐)
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A. 9 Mass balance on methane gas Sch4 

𝑉 ∗ (
𝑑𝑆𝑐ℎ4

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑐ℎ4,𝑖𝑛 − 𝑄 ∗ 𝑆𝑐ℎ4 + 𝑉 ∗ [(1 − 𝑌𝑎𝑐) ∗  𝑟11

′ + (1 − 𝑌ℎ2) ∗  𝑟12
′ ] 

𝑉 ∗ (
𝑑𝑆𝑐ℎ4

𝑑𝑡
) = 𝑄 ∗ 𝑆𝑐ℎ4,𝑖𝑛 − 𝑄 ∗ 𝑆𝑐ℎ4 + 𝑉

∗

[
 
 
 

(1 − 𝑌𝑎𝑐) ∗

(

 𝑘𝑎𝑐 ∗
𝑆𝑎𝑐

𝐾𝑠,𝑎𝑐 + 𝑆𝑎𝑐

𝑆𝑎𝑐(1)
   2

𝐾𝐼𝐴𝐶,𝑋𝑎𝑐
⁄

∗ 𝑋𝑎𝑐 ∗ 𝐼3
′

)

 + (1 − 𝑌ℎ2) ∗ (𝑘ℎ2 ∗
𝑆ℎ2

𝐾𝑠,ℎ2 + 𝑆ℎ2
∗ 𝑋ℎ2 ∗ 𝐼1

′)

]
 
 
 

 

𝑉 ∗ (
𝑑𝑆𝑐ℎ4

𝑑𝑡
) = 𝑉

∗

[
 
 
 

(1 − 𝑌𝑎𝑐) ∗

(

 𝑘𝑎𝑐 ∗
𝑆𝑎𝑐

𝐾𝑠,𝑎𝑐 + 𝑆𝑎𝑐 +
𝑆𝑎𝑐(1)

   2

𝐾𝐼𝐴𝐶,𝑋𝑎𝑐
⁄

∗ 𝑋𝑎𝑐 ∗ 𝐼3
′

)

 + (1 − 𝑌ℎ2) ∗ (𝑘ℎ2 ∗
𝑆ℎ2

𝐾𝑠,ℎ2 + 𝑆ℎ2
∗ 𝑋ℎ2 ∗ 𝐼1

′)

]
 
 
 

   

 

𝑺𝒄𝒉𝟒(𝟏) = 𝑺𝒄𝒉𝟒(𝟎) + ∆𝒕 ∗

(

 
 
 
 
 (𝟏 − 𝒀𝒂𝒄) ∗

(

 
 

𝒌𝒂𝒄 ∗
𝑺𝒂𝒄(𝟏)

𝑲𝒔,𝒂𝒄 + 𝑺𝒂𝒄(𝟏) +
𝑺𝒂𝒄(𝟏)

   𝟐

𝑲𝑰𝑨𝑪,𝑿𝒂𝒄
⁄

∗ 𝑿𝒂𝒄(𝟏) ∗ 𝑰𝒑𝒉𝟐𝑰𝑰𝑵,𝐥𝐢𝐦𝑰𝑵𝑯,𝑿𝒂𝒄𝑰𝑯𝑨𝑪,𝑿𝒂𝒄

)

 
 

+(𝟏 − 𝒀𝒉𝟐) ∗ (𝒌𝒉𝟐 ∗
𝑺𝒉𝟐(𝟏)

𝑲𝒔,𝒉𝟐 + 𝑺𝒉𝟐(𝟏)
∗ 𝑿𝒉𝟐(𝟏) ∗ 𝑰𝒑𝒉𝟑𝑰𝑰𝑵,𝐥𝐢𝐦𝑰𝑵𝑯,𝑿𝒉𝟐𝑰𝑯𝑨𝑪,𝑿𝒉𝟐)

)
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Particulate Components 

A. 10 Mass balance on particulate composites Xc 

𝑉 ∗ (
𝑑𝑋𝑐

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑐,𝑖𝑛 − 𝑄 ∗ 𝑋𝑐 + 𝑉 ∗ [𝑟13 + 𝑟14 + 𝑟15 + 𝑟16 + 𝑟17 + 𝑟18 + 𝑟19 − 𝑟1] 

𝑉 ∗ (
𝑑𝑋𝑐

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑐,𝑖𝑛 − 𝑄 ∗ 𝑋𝑐 + 𝑉

∗ [𝑘𝑑𝑒𝑐,𝑋𝑠𝑢𝑋𝑠𝑢 + 𝑘𝑑𝑒𝑐,𝑋𝑎𝑎𝑋𝑎𝑎 + 𝑘𝑑𝑒𝑐,𝑋𝑓𝑎𝑋𝑓𝑎 + 𝑘𝑑𝑒𝑐,𝑋𝑐4𝑋𝑐4 + 𝑘𝑑𝑒𝑐,𝑋𝑝𝑟𝑜𝑋𝑝𝑟𝑜 + 𝑘𝑑𝑒𝑐,𝑋𝑎𝑐𝑋𝑎𝑐 + 𝑘𝑑𝑒𝑐,𝑋ℎ2𝑋ℎ2

− 𝑘𝑑𝑖𝑠𝑋𝑐] 

𝑉 ∗ (
𝑑𝑋𝑐

𝑑𝑡
) = 𝑉

∗ [𝑘𝑑𝑒𝑐,𝑋𝑠𝑢𝑋𝑠𝑢 + 𝑘𝑑𝑒𝑐,𝑋𝑎𝑎𝑋𝑎𝑎 + 𝑘𝑑𝑒𝑐,𝑋𝑓𝑎𝑋𝑓𝑎 + 𝑘𝑑𝑒𝑐,𝑋𝑐4𝑋𝑐4 + 𝑘𝑑𝑒𝑐,𝑋𝑝𝑟𝑜𝑋𝑝𝑟𝑜 + 𝑘𝑑𝑒𝑐,𝑋𝑎𝑐𝑋𝑎𝑐 + 𝑘𝑑𝑒𝑐,𝑋ℎ2𝑋ℎ2

− 𝑘𝑑𝑖𝑠𝑋𝑐]   

𝑋𝑐(1) = 𝑋𝑐(0) + ∆𝑡

∗ [𝑘𝑑𝑒𝑐,𝑋𝑠𝑢𝑋𝑠𝑢(1) + 𝑘𝑑𝑒𝑐,𝑋𝑎𝑎𝑋𝑎𝑎(1) + 𝑘𝑑𝑒𝑐,𝑋𝑓𝑎𝑋𝑓𝑎(1) + 𝑘𝑑𝑒𝑐,𝑋𝑐4𝑋𝑐4(1) + 𝑘𝑑𝑒𝑐,𝑋𝑝𝑟𝑜𝑋𝑝𝑟𝑜(1) + 𝑘𝑑𝑒𝑐,𝑋𝑎𝑐𝑋𝑎𝑐(1)

+ 𝑘𝑑𝑒𝑐,𝑋ℎ2𝑋ℎ2(1) − 𝑘𝑑𝑖𝑠𝑋𝑐(1)] 

𝑿𝒄(𝟏) =

𝑿𝒄(𝟎) + ∆𝒕 ∗ (

𝒌𝒅𝒆𝒄,𝑿𝒔𝒖𝑿𝒔𝒖(𝟏) + 𝒌𝒅𝒆𝒄,𝑿𝒂𝒂𝑿𝒂𝒂(𝟏)

+𝒌𝒅𝒆𝒄,𝑿𝒇𝒂𝑿𝒇𝒂(𝟏) + 𝒌𝒅𝒆𝒄,𝑿𝒄𝟒𝑿𝒄𝟒(𝟏)

+𝒌𝒅𝒆𝒄,𝑿𝒑𝒓𝒐𝑿𝒑𝒓𝒐(𝟏) + 𝒌𝒅𝒆𝒄,𝑿𝒂𝒄𝑿𝒂𝒄(𝟏) + 𝒌𝒅𝒆𝒄,𝑿𝒉𝟐𝑿𝒉𝟐(𝟏)

)

𝟏 + ∆𝒕 ∗ 𝒌𝒅𝒊𝒔
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A. 11 Mass balance on particulate carbohydrates Xch 

𝑉 ∗ (
𝑑𝑋𝑐ℎ

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑐ℎ,𝑖𝑛 − 𝑄 ∗ 𝑋𝑐ℎ + 𝑉 ∗ [𝑓𝑐ℎ,𝑥𝑐 ∗  𝑟1 − 𝑟2] 

𝑉 ∗ (
𝑑𝑋𝑐ℎ

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑐ℎ,𝑖𝑛 − 𝑄 ∗ 𝑋𝑐ℎ + 𝑉 ∗ [𝑓𝑐ℎ,𝑥𝑐 ∗ 𝑘𝑑𝑖𝑠𝑋𝑐 − 𝑘ℎ𝑦𝑑,𝑐ℎ𝑋𝑐ℎ] 

𝑉 ∗ (
𝑑𝑋𝑐ℎ

𝑑𝑡
) = 𝑉 ∗ [𝑓𝑐ℎ,𝑥𝑐 ∗ 𝑘𝑑𝑖𝑠𝑋𝑐 − 𝑘ℎ𝑦𝑑,𝑐ℎ𝑋𝑐ℎ]   

𝑋𝑐ℎ(1) = 𝑋𝑐ℎ(0) + ∆𝑡 ∗ [𝑓𝑐ℎ,𝑥𝑐 ∗ 𝑘𝑑𝑖𝑠𝑋𝑐(1) − 𝑘ℎ𝑦𝑑,𝑐ℎ𝑋𝑐ℎ(1)] 

𝑿𝒄𝒉(𝟏) =
𝑿𝒄𝒉(𝟎) + ∆𝒕 ∗ [𝒇𝒄𝒉,𝒙𝒄 ∗ 𝒌𝒅𝒊𝒔𝑿𝒄(𝟏)]

𝟏 + ∆𝒕 ∗ 𝒌𝒉𝒚𝒅,𝒄𝒉
 

A. 12 Mass balance on particulate protein Xpr 

𝑉 ∗ (
𝑑𝑋𝑝𝑟

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑝𝑟,𝑖𝑛 − 𝑄 ∗ 𝑋𝑝𝑟 + 𝑉 ∗ [𝑓𝑝𝑟,𝑥𝑐 ∗  𝑟1 − 𝑟3] 

𝑉 ∗ (
𝑑𝑋𝑝𝑟

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑝𝑟,𝑖𝑛 − 𝑄 ∗ 𝑋𝑝𝑟 + 𝑉 ∗ [𝑓𝑝𝑟,𝑥𝑐 ∗ 𝑘𝑑𝑖𝑠𝑋𝑐 − 𝑘ℎ𝑦𝑑,𝑝𝑟𝑋𝑝𝑟] 

𝑉 ∗ (
𝑑𝑋𝑝𝑟

𝑑𝑡
) = 𝑉 ∗ [𝑓𝑝𝑟,𝑥𝑐 ∗ 𝑘𝑑𝑖𝑠𝑋𝑐 − 𝑘ℎ𝑦𝑑,𝑝𝑟𝑋𝑝𝑟]   

𝑋𝑝𝑟(1) = 𝑋𝑝𝑟(0) + ∆𝑡 ∗ [𝑓𝑝𝑟,𝑥𝑐 ∗ 𝑘𝑑𝑖𝑠𝑋𝑐(1) − 𝑘ℎ𝑦𝑑,𝑝𝑟𝑋𝑝𝑟(1)] 

𝑿𝒑𝒓(𝟏) =
𝑿𝒑𝒓(𝟎) + ∆𝒕 ∗ [𝒇𝒑𝒓,𝒙𝒄 ∗ 𝒌𝒅𝒊𝒔𝑿𝒄(𝟏)]

𝟏 + ∆𝒕 ∗ 𝒌𝒉𝒚𝒅,𝒑𝒓
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A. 13 Mass balance on particulate lipids Xli 

𝑉 ∗ (
𝑑𝑋𝑙𝑖

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑙𝑖,𝑖𝑛 − 𝑄 ∗ 𝑋𝑙𝑖 + 𝑉 ∗ [𝑓𝑙𝑖,𝑥𝑐 ∗ 𝑟1 − 𝑟4] 

𝑉 ∗ (
𝑑𝑋𝑙𝑖

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑙𝑖,𝑖𝑛 − 𝑄 ∗ 𝑋𝑙𝑖 + 𝑉 ∗ [𝑓𝑙𝑖,𝑥𝑐 ∗ 𝑘𝑑𝑖𝑠𝑋𝑐 − 𝑘ℎ𝑦𝑑,𝑋𝑙𝑖𝑋𝑙𝑖] 

𝑉 ∗ (
𝑑𝑋𝑙𝑖

𝑑𝑡
) = 𝑉 ∗ [𝑓𝑙𝑖,𝑥𝑐 ∗ 𝑘𝑑𝑖𝑠𝑋𝑐 − 𝑘ℎ𝑦𝑑,𝑋𝑙𝑖𝑋𝑙𝑖]   

𝑋𝑙𝑖(1) = 𝑋𝑙𝑖(0) + ∆𝑡 ∗ [𝑓𝑙𝑖,𝑥𝑐 ∗ 𝑘𝑑𝑖𝑠𝑋𝑐(1) − 𝑘ℎ𝑦𝑑,𝑋𝑙𝑖𝑋𝑙𝑖(1)] 

𝑿𝒍𝒊(𝟏) =
𝑿𝒍𝒊(𝟎) + ∆𝒕 ∗ [𝒇𝒍𝒊,𝒙𝒄 ∗ 𝒌𝒅𝒊𝒔𝑿𝒄(𝟏)]

𝟏 + ∆𝒕 ∗ 𝒌𝒉𝒚𝒅,𝑿𝒍𝒊
 

A. 14 Mass balance on sugar degraders Xsu 

𝑉 ∗ (
𝑑𝑋𝑠𝑢

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑠𝑢,𝑖𝑛 − 𝑄 ∗ 𝑋𝑠𝑢 + 𝑉 ∗ [𝑌𝑠𝑢 ∗ 𝑟5 − 𝑟13] 

𝑉 ∗ (
𝑑𝑋𝑠𝑢

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑠𝑢,𝑖𝑛 − 𝑄 ∗ 𝑋𝑠𝑢 + 𝑉 ∗ [𝑌𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗

𝑆𝑠𝑢

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢
∗ 𝑋𝑠𝑢 ∗ 𝐼1) − 𝑘𝑑𝑒𝑐,𝑋𝑠𝑢𝑋𝑠𝑢] 

𝑉 ∗ (
𝑑𝑋𝑠𝑢

𝑑𝑡
) = 𝑉 ∗ [𝑌𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗

𝑆𝑠𝑢

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢
∗ 𝑋𝑠𝑢 ∗ 𝐼1) − 𝑘𝑑𝑒𝑐,𝑋𝑠𝑢𝑋𝑠𝑢]   

𝑋𝑠𝑢(1) = 𝑋𝑠𝑢(0) + ∆𝑡 ∗ [𝑌𝑠𝑢 ∗ (𝑘𝑠𝑢 ∗
𝑆𝑠𝑢(1)

𝐾𝑠,𝑠𝑢 + 𝑆𝑠𝑢(1)
∗ 𝑋𝑠𝑢(1) ∗ 𝐼1) − 𝑘𝑑𝑒𝑐,𝑋𝑠𝑢𝑋𝑠𝑢(1)] 
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𝑿𝒔𝒖(𝟏) =
𝑿𝒔𝒖(𝟎)

𝟏 + ∆𝒕 ∗ [𝒌𝒅𝒆𝒄,𝑿𝒔𝒖 − 𝒀𝒔𝒖 ∗ (𝒌𝒔𝒖 ∗
𝑺𝒔𝒖(𝟏)

𝑲𝒔,𝒔𝒖 + 𝑺𝒔𝒖(𝟏)
∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦)]

 

A. 15 Mass balance on amino acid degraders Xaa 

𝑉 ∗ (
𝑑𝑋𝑎𝑎

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑎𝑎,𝑖𝑛 − 𝑄 ∗ 𝑋𝑎𝑎 + 𝑉 ∗ [𝑌𝑎𝑎 ∗ 𝑟6 − 𝑟14] 

𝑉 ∗ (
𝑑𝑋𝑎𝑎

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑎𝑎,𝑖𝑛 − 𝑄 ∗ 𝑋𝑎𝑎 + 𝑉 ∗ [𝑌𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗

𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1) − 𝑘𝑑𝑒𝑐,𝑋𝑎𝑎𝑋𝑎𝑎] 

𝑉 ∗ (
𝑑𝑋𝑎𝑎

𝑑𝑡
) = 𝑉 ∗ [𝑌𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗

𝑆𝑎𝑎

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎
∗ 𝑋𝑎𝑎 ∗ 𝐼1) − 𝑘𝑑𝑒𝑐,𝑋𝑎𝑎𝑋𝑎𝑎]   

𝑋𝑎𝑎(1) = 𝑋𝑎𝑎(0) + ∆𝑡 ∗ [𝑌𝑎𝑎 ∗ (𝑘𝑎𝑎 ∗
𝑆𝑎𝑎(1)

𝐾𝑠,𝑎𝑎 + 𝑆𝑎𝑎(1)
∗ 𝑋𝑎𝑎(1) ∗ 𝐼1) − 𝑘𝑑𝑒𝑐,𝑋𝑎𝑎𝑋𝑎𝑎(1)] 

𝑿𝒂𝒂(𝟏) =
𝑿𝒂𝒂(𝟎)

𝟏 + ∆𝒕 ∗ [𝒌𝒅𝒆𝒄,𝑿𝒂𝒂 − 𝒀𝒂𝒂 ∗ (𝒌𝒂𝒂 ∗
𝑺𝒂𝒂(𝟏)

𝑲𝒔,𝒂𝒂 + 𝑺𝒂𝒂(𝟏)
∗ 𝑰𝒑𝒉𝑰𝑰𝑵,𝐥𝐢𝐦)]

 

A. 16 Mass balance on LCFA degraders Xfa 

𝑉 ∗ (
𝑑𝑋𝑓𝑎

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑓𝑎,𝑖𝑛 − 𝑄 ∗ 𝑋𝑓𝑎 + 𝑉 ∗ [𝑌𝑓𝑎 ∗ 𝑟7 − 𝑟15] 

𝑉 ∗ (
𝑑𝑋𝑓𝑎

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑓𝑎,𝑖𝑛 − 𝑄 ∗ 𝑋𝑓𝑎 + 𝑉 ∗ [𝑌𝑓𝑎 ∗ (𝑘𝑓𝑎 ∗

𝑆𝑓𝑎

𝐾𝑠,𝑓𝑎 + 𝑆𝑓𝑎
∗ 𝑋𝑓𝑎 ∗ 𝐼2) − 𝑘𝑑𝑒𝑐,𝑋𝑓𝑎𝑋𝑓𝑎] 

𝑉 ∗ (
𝑑𝑋𝑓𝑎

𝑑𝑡
) = 𝑉 ∗ [𝑌𝑓𝑎 ∗ (𝑘𝑓𝑎 ∗

𝑆𝑓𝑎

𝐾𝑠,𝑓𝑎 + 𝑆𝑓𝑎
∗ 𝑋𝑓𝑎 ∗ 𝐼2) − 𝑘𝑑𝑒𝑐,𝑋𝑓𝑎𝑋𝑓𝑎]   
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𝑋𝑓𝑎(1) = 𝑋𝑓𝑎(0) + ∆𝑡 ∗ [𝑌𝑓𝑎 ∗ (𝑘𝑓𝑎 ∗
𝑆𝑓𝑎(1)

𝐾𝑠,𝑓𝑎 + 𝑆𝑓𝑎(1)
∗ 𝑋𝑓𝑎(1) ∗ 𝐼2) − 𝑘𝑑𝑒𝑐,𝑋𝑓𝑎𝑋𝑓𝑎(1)] 

𝑿𝒇𝒂(𝟏) =
𝑿𝒇𝒂(𝟎)

𝟏 + ∆𝒕 ∗ [𝒌𝒅𝒆𝒄,𝑿𝒇𝒂 − 𝒀𝒇𝒂 ∗ (𝒌𝒇𝒂 ∗
𝑺𝒇𝒂(𝟏)

𝑲𝒔,𝒇𝒂 + 𝑺𝒇𝒂(𝟏)
∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒇𝒂

𝑲𝑰𝒉𝟐𝒇𝒂 + 𝑺𝒉𝟐(𝟏)
)]

 

A. 17 Mass balance on butyrate degraders Xc4 

𝑉 ∗ (
𝑑𝑋𝑐4

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑐4,𝑖𝑛 − 𝑄 ∗ 𝑋𝑐4 + 𝑉 ∗ [𝑌𝑐4 ∗  𝑟8 + 𝑌𝑐4 ∗  𝑟9  −  𝑟16] 

𝑉 ∗ (
𝑑𝑋𝑐4

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑐4,𝑖𝑛 − 𝑄 ∗ 𝑋𝑐4 + 𝑉

∗ [𝑌𝑐4 ∗ (𝑘𝑐4 ∗
𝑆𝑣𝑎

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎
∗ 𝑋𝑐4 ∗

𝑆𝑣𝑎

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 ) + 𝑌𝑐4 ∗ (𝑘𝑐4 ∗

𝑆𝑏𝑢

𝐾𝑠,𝑐4 + 𝑆𝑏𝑢
∗ 𝑋𝑐4 ∗

𝑆𝑏𝑢

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 )

− 𝑘𝑑𝑒𝑐,𝑋𝑐4𝑋𝑐4] 

𝑉 ∗ (
𝑑𝑋𝑐4

𝑑𝑡
) = 𝑉

∗ [𝑌𝑐4 ∗ (𝑘𝑐4 ∗
𝑆𝑣𝑎

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎
∗ 𝑋𝑐4 ∗

𝑆𝑣𝑎

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 ) + 𝑌𝑐4 ∗ (𝑘𝑐4 ∗

𝑆𝑏𝑢

𝐾𝑠,𝑐4 + 𝑆𝑏𝑢
∗ 𝑋𝑐4 ∗

𝑆𝑏𝑢

𝑆𝑣𝑎 + 𝑆𝑏𝑢
∗ 𝐼2 )

− 𝑘𝑑𝑒𝑐,𝑋𝑐4𝑋𝑐4]  
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𝑋𝑐4(1) = 𝑋𝑐4(0) + ∆𝑡

∗ [𝑌𝑐4 ∗ (𝑘𝑐4 ∗
𝑆𝑣𝑎(1)

𝐾𝑠,𝑐4 + 𝑆𝑣𝑎(1)
∗ 𝑋𝑐4(1) ∗

𝑆𝑣𝑎(1)

𝑆𝑣𝑎(1) + 𝑆𝑏𝑢(1)
∗ 𝐼2 ) + 𝑌𝑐4

∗ (𝑘𝑐4 ∗
𝑆𝑏𝑢(1)

𝐾𝑠,𝑐4 + 𝑆𝑏𝑢(1)
∗ 𝑋𝑐4(1) ∗

𝑆𝑏𝑢(1)

𝑆𝑣𝑎(1) + 𝑆𝑏𝑢(1)
∗ 𝐼2 ) − 𝑘𝑑𝑒𝑐,𝑋𝑐4𝑋𝑐4(1)] 

𝑿𝒄𝟒(𝟏) =
𝑿𝒄𝟒(𝟎)

𝟏 + ∆𝒕 ∗ (
𝒌𝒅𝒆𝒄,𝑿𝒄𝟒−𝒀𝒄𝟒∗𝒌𝒄𝟒∗𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒄𝟒
𝑲𝑰𝒉𝟐𝒄𝟒+𝑺𝒉𝟐(𝟏)

∗(
𝑺𝒗𝒂(𝟏)

𝑲𝒔,𝒄𝟒+𝑺𝒗𝒂(𝟏)
∗

𝑺𝒗𝒂(𝟏)

𝑺𝒗𝒂(𝟏)+𝑺𝒃𝒖(𝟏)
)

+𝒀𝒄𝟒∗𝒌𝒄𝟒∗𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦
𝑲𝑰𝒉𝟐𝒄𝟒

𝑲𝑰𝒉𝟐𝒄𝟒+𝑺𝒉𝟐(𝟏)
∗(

𝑺𝒃𝒖(𝟏)

𝑲𝒔,𝒄𝟒+𝑺𝒃𝒖(𝟏)
∗

𝑺𝒃𝒖(𝟏)

𝑺𝒗𝒂(𝟏)+𝑺𝒃𝒖(𝟏)
 )

)

 

A. 18 Mass balance on propionate degraders Xpro 

𝑉 ∗ (
𝑑𝑋𝑝𝑟𝑜

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑝𝑟𝑜,𝑖𝑛 − 𝑄 ∗ 𝑋𝑝𝑟𝑜 + 𝑉 ∗ [𝑌𝑝𝑟𝑜 ∗ 𝑟10 − 𝑟17] 

𝑉 ∗ (
𝑑𝑋𝑝𝑟𝑜

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑝𝑟𝑜,𝑖𝑛 − 𝑄 ∗ 𝑋𝑝𝑟𝑜 + 𝑉 ∗ [𝑌𝑝𝑟𝑜 ∗ (𝑘𝑝𝑟𝑜 ∗

𝑆𝑝𝑟𝑜

𝐾𝑠,𝑝𝑟𝑜 + 𝑆𝑝𝑟𝑜
∗ 𝑋𝑝𝑟𝑜 ∗ 𝐼2) − 𝑘𝑑𝑒𝑐,𝑋𝑝𝑟𝑜𝑋𝑝𝑟𝑜] 

𝑉 ∗ (
𝑑𝑋𝑝𝑟𝑜

𝑑𝑡
) = 𝑉 ∗ [𝑌𝑝𝑟𝑜 ∗ (𝑘𝑝𝑟𝑜 ∗

𝑆𝑝𝑟𝑜

𝐾𝑠,𝑝𝑟𝑜 + 𝑆𝑝𝑟𝑜
∗ 𝑋𝑝𝑟𝑜 ∗ 𝐼2) − 𝑘𝑑𝑒𝑐,𝑋𝑝𝑟𝑜𝑋𝑝𝑟𝑜]   

𝑋𝑝𝑟𝑜(1) = 𝑋𝑝𝑟𝑜(0) + ∆𝑡 ∗ [𝑌𝑝𝑟𝑜 ∗ (𝑘𝑝𝑟𝑜 ∗
𝑆𝑝𝑟𝑜(1)

𝐾𝑠,𝑝𝑟𝑜 + 𝑆𝑝𝑟𝑜(1)
∗ 𝑋𝑝𝑟𝑜(1) ∗ 𝐼2) − 𝑘𝑑𝑒𝑐,𝑋𝑝𝑟𝑜𝑋𝑝𝑟𝑜(1)] 

𝑿𝒑𝒓𝒐(𝟏) =
𝑿𝒑𝒓𝒐(𝟎)

𝟏 + ∆𝒕 ∗ [𝒌𝒅𝒆𝒄,𝑿𝒑𝒓𝒐 − 𝒀𝒑𝒓𝒐 ∗ (𝒌𝒑𝒓𝒐 ∗
𝑺𝒑𝒓𝒐(𝟏)

𝑲𝒔,𝒑𝒓𝒐 + 𝑺𝒑𝒓𝒐(𝟏)
∗ 𝑰𝒑𝒉𝟏𝑰𝑰𝑵,𝐥𝐢𝐦

𝑲𝑰𝒉𝟐𝒑𝒓𝒐

𝑲𝑰𝒉𝟐𝒑𝒓𝒐 + 𝑺𝒉𝟐(𝟏)
)]
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A. 19 Mass balance on acetoclastic methanogens Xac 

𝑉 ∗ (
𝑑𝑋𝑎𝑐

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑎𝑐,𝑖𝑛 − 𝑄 ∗ 𝑋𝑎𝑐 + 𝑉 ∗ [𝑌𝑎𝑐 ∗ 𝑟11

′ − 𝑟18] 

𝑉 ∗ (
𝑑𝑋𝑎𝑐

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑎𝑐,𝑖𝑛 − 𝑄 ∗ 𝑋𝑎𝑐 + 𝑉 ∗ [𝑌𝑎𝑐 ∗ (𝑘𝑎𝑐 ∗

𝑆𝑎𝑐

𝐾𝑠,𝑎𝑐 + 𝑆𝑎𝑐
∗ 𝑋𝑎𝑐 ∗ 𝐼3

′) − 𝑘𝑑𝑒𝑐,𝑋𝑎𝑐𝑋𝑎𝑐] 

𝑉 ∗ (
𝑑𝑋𝑎𝑐

𝑑𝑡
) = 𝑉 ∗ [𝑌𝑎𝑐 ∗ (𝑘𝑎𝑐 ∗

𝑆𝑎𝑐

𝐾𝑠,𝑎𝑐 + 𝑆𝑎𝑐
∗ 𝑋𝑎𝑐 ∗ 𝐼3

′) − 𝑘𝑑𝑒𝑐,𝑋𝑎𝑐𝑋𝑎𝑐]   

𝑋𝑎𝑐(1) = 𝑋𝑎𝑐(0) + ∆𝑡 ∗

[
 
 
 

𝑌𝑎𝑐 ∗

(

 𝑘𝑎𝑐 ∗
𝑆𝑎𝑐(1)

𝐾𝑠,𝑎𝑐 + 𝑆𝑎𝑐(1) +
𝑆𝑎𝑐(1)

   2

𝐾𝐼𝐴𝐶,𝑋𝑎𝑐
⁄

∗ 𝑋𝑎𝑐(1) ∗ 𝐼3
′

)

 − 𝑘𝑑𝑒𝑐,𝑋𝑎𝑐𝑋𝑎𝑐(1)

]
 
 
 

 

𝑿𝒂𝒄(𝟏) =
𝑿𝒂𝒄(𝟎)

𝟏 + ∆𝒕 ∗

[
 
 
 

𝒌𝒅𝒆𝒄,𝑿𝒂𝒄 − 𝒀𝒂𝒄 ∗

(

 𝒌𝒂𝒄 ∗
𝑺𝒂𝒄(𝟏)

𝑲𝒔,𝒂𝒄 + 𝑺𝒂𝒄(𝟏) +
𝑺𝒂𝒄(𝟏)

   𝟐

𝑲𝑰𝑨𝑪,𝑿𝒂𝒄
⁄

∗ 𝑰𝒑𝒉𝟐𝑰𝑰𝑵,𝐥𝐢𝐦𝑰𝑵𝑯,𝑿𝒂𝒄𝑰𝑯𝑨𝑪,𝑿𝒂𝒄

)

 

]
 
 
 
 

A. 20 Mass balance on hydrogenotrophic methanogens Xh2 

𝑉 ∗ (
𝑑𝑋ℎ2

𝑑𝑡
) = 𝑄 ∗ 𝑋ℎ2,𝑖𝑛 − 𝑄 ∗ 𝑋ℎ2 + 𝑉 ∗ [𝑌ℎ2 ∗ 𝑟12

′ − 𝑟19] 

𝑉 ∗ (
𝑑𝑋ℎ2

𝑑𝑡
) = 𝑄 ∗ 𝑋ℎ2,𝑖𝑛 − 𝑄 ∗ 𝑋ℎ2 + 𝑉 ∗ [𝑌ℎ2 ∗ (𝑘ℎ2 ∗

𝑆ℎ2

𝐾𝑠,ℎ2 + 𝑆ℎ2
∗ 𝑋ℎ2 ∗ 𝐼1

′) − 𝑘𝑑𝑒𝑐,𝑋ℎ2𝑋ℎ2] 

𝑉 ∗ (
𝑑𝑋ℎ2

𝑑𝑡
) = 𝑉 ∗ [𝑌ℎ2 ∗ (𝑘ℎ2 ∗

𝑆ℎ2

𝐾𝑠,ℎ2 + 𝑆ℎ2
∗ 𝑋ℎ2 ∗ 𝐼1

′) − 𝑘𝑑𝑒𝑐,𝑋ℎ2𝑋ℎ2]   
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𝑋ℎ2(1) = 𝑋ℎ2(0) + ∆𝑡 ∗ [𝑌ℎ2 ∗ (𝑘ℎ2 ∗
𝑆ℎ2(1)

𝐾𝑠,ℎ2 + 𝑆ℎ2(1)
∗ 𝑋ℎ2(1) ∗ 𝐼1

′) − 𝑘𝑑𝑒𝑐,𝑋ℎ2𝑋ℎ2(1)] 

𝑿𝒉𝟐(𝟏) =
𝑿𝒉𝟐(𝟎)

𝟏 + ∆𝒕 ∗ [𝒌𝒅𝒆𝒄,𝑿𝒉𝟐 − 𝒀𝒉𝟐 ∗ (𝒌𝒉𝟐 ∗
𝑺𝒉𝟐(𝟏)

𝑲𝒔,𝒉𝟐 + 𝑺𝒉𝟐(𝟏)
∗ 𝑰𝒑𝒉𝟑𝑰𝑰𝑵,𝐥𝐢𝐦𝑰𝑵𝑯,𝑿𝒉𝟐𝑰𝑯𝑨𝑪,𝑿𝒉𝟐)]

 

A. 21 Mass balance on particulate inert solids Xi 

𝑉 ∗ (
𝑑𝑋𝑖

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑖,𝑖𝑛 − 𝑄 ∗ 𝑋𝑖 + 𝑉 ∗ [𝑓𝑖,𝑥𝑐 ∗ 𝑟1] 

𝑉 ∗ (
𝑑𝑋𝑖

𝑑𝑡
) = 𝑄 ∗ 𝑋𝑖,𝑖𝑛 − 𝑄 ∗ 𝑋𝑖 + 𝑉 ∗ [𝑓𝑖,𝑥𝑐 ∗ 𝑘𝑑𝑖𝑠𝑋𝑐] 

𝑉 ∗ (
𝑑𝑋𝑖

𝑑𝑡
) = 𝑉 ∗ [𝑓𝑖,𝑥𝑐 ∗ 𝑘𝑑𝑖𝑠𝑋𝑐]   

𝑿𝒊(𝟏) = 𝑿𝒊(𝟎) + ∆𝒕 ∗ [𝒇𝒊,𝒙𝒄 ∗ 𝒌𝒅𝒊𝒔𝑿𝒄(𝟏)] 
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Appendix B: Additional Information 

Table B.1: Further characterization of sludge (analogous to Table 2.1) for BMP test operated at 

37.5 ºC. 

 Inoculum TWAS 

Volume (mL) 20 50 

TCOD (g/L) 26.0 ± 0.4 43.9 ± 0.3 

sCOD (g/L) 1.3 ± 0.1 4.8 ± 0.1 

TSS (g/L) 32.3 ± 3.7 36.2 ± 0.1 

VSS (g/L) 19.0 ± 1.2 27.3 ± 0.1 

TAN (mg-N/L) 2.4 ± 0.4 303 ± 36 

pH 7.7 ± 0.0 6.7 ± 0.3 

 

 

 

Figure B.1: Normalized methane production curves from BMP experimental tests for initial 

substrate (g-COD) for: (a) 0VFA conditions, (b) 20VFA conditions, and (c) 40VFA conditions.  


