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Abstract  of Dissertation 

 

Evaluation of Intensification of Thermal Hydrolysis Pretreatment for Anaerobic 

Digestion 
 

The Thermal Hydrolysis Pretreatment (THP) of biosolids has gained practical 

interest because of its ability to achieve high quality biosolids (e.g., Class A in the United 

States) after Anaerobic Digestion (AD), reduced digester volume, and high cake 

dewaterability. To further intensify the THP-AD process, this study evaluated 

Recuperative Thickening (RT) as a potential combined solids pretreatment strategy. This 

study also investigated the free ammonia inhibition level in the typical THP-AD systems 

and optimized the current process model for more accurate high-rate AD process modeling. 

This study evaluated the overall impact of dynamic sludge characteristics and THP 

conditions on THP-AD system performance, aimed to gain better understanding of the 

process and optimize the full-scale THP operation. 

Bench-scale studies were performed to evaluate the application of recuperative 

thickening to further enhance THP-AD system. It was observed that due to the low SRT 

(solids retention time) requirements for THP-AD system, RT application for SRT 

enhancements from 15 to 30 days did not improve AD performance or kinetics. Only when 

one would operate close to or lower than washout SRT (estimated at 6-7 days), RT 

application for SRT enhancement made sense. However, RT application to maintain SRT 

while increasing throughput rates showed great potential for further intensification of AD 

system while maintaining biogas yield, VSR (volatile solids reduction) and COD removal 

efficiencies. Based on a calibrated process model, RT application was estimated to allow 

for at least 100% increase of throughput rates without sacrificing AD performance. 
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In order to understand the ammonia inhibition capacity of the typical THP-AD 

system treating municipal biosolids, a bench-scale study was conducted in which fifteen 

different steady state TAN (total ammonia nitrogen) and free ammonia conditions were 

created. A decrease in volatile solids reduction from 54 ± 5% (at <554 mg NH3-N/L) to 35 

± 6% at the maximum free ammonia concentration of 966 mg NH3-N/L was observed at 

steady-state conditions. No impact of free ammonia on final dewaterability was detected. 

Free ammonia mostly limited methanogenesis. A free ammonia Monod inhibition constant 

of 847 ± 222 mg NH3-N/L for methanogens was estimated based on the digester steady-

state conditions. This study showed that current THP-AD digesters (typically 110-260 mg 

NH3-N/L) operate under 12%-18% ammonia inhibition for methanogenesis. Operation at 

SRT of 15 days, about 2 times more than needed to retain methanogens, can compensate 

for lower methanogenesis rates and avoid performance impacts. The latter showed good 

potential to operate under higher free and total ammonia concentration without 

jeopardizing performance. 

The ammonia inhibition bench-scale study generated extensive data that was used 

for the first time, to calibrate and validate the Sumo2ACOX model. A set of kinetic 

parameters for methanogenesis was proposed based on the calibration. The logistic half-

inhibition constant of NH3 for ACOX and AMETO was calibrated to be 0.024 mol N/L 

and 0.018 mol N/L, respectively. The model simulation results showed that the calibrated 

Sumo2ACOX model could properly simulate the kinetic activities of methanogens and 

digester overall performance for increased loading, while Sumo2 model overestimated the 

digester performance when volatile solids loading was higher than 0.5 g VSS/L/d. 

 A detailed analysis was performed on a 400-day sampling data at the THP-AD 
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facility to evaluate the overall impact of dynamic sludge characteristics and THP 

conditions on THP-AD system performance. It was observed that increased THP reaction 

time, especially above a thermal dose of 6000 ęC*min, significantly increased the gelation 

behavior of sludge. The gelation factor increased from 0.68 to 0.89. This was mainly driven 

by increased gelation of primary sludge at increased THP thermal doses and indicated the 

need for shorter THP times when higher primary sludge over waste activated sludge 

portions (PS/WAS> 50%) were present. The gelation factor described the overcooking 

behavior within the THP system well, despite sensitivity differences between primary and 

waste activated sludge. Full-scale data revealed that the AD system has a probability of 88% 

to achieve above 60% volatile solids reduction when gelation factor of THP sludge was 

maintained below 0.7, while the probability reduced to only 18% when THP sludge 

gelation factor was above 0.8. This was explained by avoiding overcooking of highly 

biodegradable primary sludge. No statistical correlation between THP gelation factor and 

digestate dewaterability was found. However, increased gelation behavior of digestate led 

to lower dewatered cake sludge. Overall, this study showed the value of the gelation factor 

parameter for optimization of THP conditions, and suggested directions for full-scale 

facilities to maximize the benefit of THP pretreatment for biogas production and final 

dewatering.  
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Chapter 1: Introduction  

 

1.1. Background 

 

Over the past decades, the world has seen a rapid growth in population. The worldwide 

population has grown from 2.5 billion in 1950 to 7.3 billion in 2019, and this number is 

still increasing.  The UN (United Nations, 2019) projects that the worldwide population 

will  increase to 11.2 billion by the end of the century. On the other hand, the world is 

currently experiencing rapid urbanization.  UN projects that 68% of the global population 

will be living in the urban areas (United Nations, 2018). The increasing global population 

and worldwide urbanization together lead to a dramatically high amount of wastewater 

generation. Biosolids, as the byproduct of the wastewater treatment process, has also shown 

an increasing trend in production in recent years. Due to the legal and resource constraints, 

conventional organic waste disposal options such as landfill, incineration and land 

application are facing challenges. Since the origins of human beings, improving efficiency 

of resource-use is always a must and a challenge for human creativity. The explosive 

population growth makes the efficient resource-use concept, now an even more important 

topic to consider. It has been several centuries since we first discovered that combustible 

gas is generated when organic waste is stored or rot in piles. However, intensive research 

focused on the Anaerobic Digestion (AD) technology only began in the 1950s due to the 

sharp rise of fossil fuel prices (Abbasi et al., 2012).  Since then, AD has been successfully 

applied for treatment of various organic wastes.  Among all other organic waste treatment 

technologies, AD is by far the most popular method for biosolids stabilization. The 
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methane rich biogas produced from the AD process can be directly used to generate 

electricity and other forms of energy. In the United States, there are more than 2100 biogas 

plants commissioned since 2017, and this number is still increasing. The global biogas 

electricity plant capacity has increased from 2.2 GW (Giga Watts) in 2000 to 16 GW in 

2016 (Scarlat et al., 2018) (Figure 1-1).  Other than possible energy recovery, anaerobic 

digestion also offers numerous advantages such as low operational energy requirement and 

low sludge volume production. These benefits together significantly reduce the net cost of 

sludge reduction and stabilization. The current wastewater treatment facilities are 

struggling to meet the future needs of biosolids treatment due to the growing population 

and urbanization. To meet future needs, the AD treatment capacity must therefore be 

expanded. This can be achieved by building new digesters and/or intensifying existing 

digesters. However, building new digesters is not only expensive, but also not applicable 

for small foot-print facilities that are constrained with available plant space. 
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Figure 1-1. Evolution of global installed electricity biogas plant capacity (adopted from 

Scarlat et al., 2018) 

Process intensification can be defined as treating higher substrate volume while using 

infrastructure with a smaller or existing footprint. Thermal Hydrolysis Pretreatment (THP) 

of biosolids, is an important intensification method that has gained practical interest due to 

its ability to achieve high quality biosolids (e.g. Class A in the United States), reduced 

digester volume, and high cake dewaterability (Barber, 2016a). One example is the recent 

implementation of the largest THP system worldwide (450 tons of dry TS (Total Solids) 

per day) at the Blue Plains AWTP (Advanced Wastewater Treatment Plant) in Washington, 

DC, USA. THP partially hydrolyzes solids and decreases viscosity. The latter allows for 

efficient pumping and mixing at increased digester TS concentration and increased volatile 

solids (VS) loading (Barber, 2016a; Nielsen et al., 2011). For example, AD systems with 

THP pretreatment have been successfully operated at high loading in the range of 2.5-8.8 

kg COD/m3-d with feed at 9-12% TS (Higgins et al., 2017b; Norli, 2006b; Pook et al., 

https://www.sciencedirect.com/topics/engineering/biogas
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2013a; Walley, 2007; Wilson et al., 2011). This is about three times higher compared to 

the typical operating condition of conventional digesters with organic loading rates (OLR) 

of typically 1.0-3.2 kg COD/m3-d with feed at 3-6% TS (Hendricks, 2010; Higgins et al., 

2017b; Metcalf et al., 2003; Rittmann and McCarty, 2012; Vesilind, 2004).  

Although research has been performed on THP-AD process in the past decade, current 

THP-AD facilities are still facing certain challenges. First, although increased biosolids 

digestibility has been observed in digesters with THP (Barber, 2016a; Higgins et al., 2017b; 

Li et al., 2017; Wang et al., 2009), there is still an estimated potential for about 20-30% 

higher biogas production when one compares the digester biogas production with the long 

term biochemical methane potential (BMP). It is unclear if the limitation in reaching full 

digestion efficiency is limited by limitation in reaction time due to limited SRT (solids 

retention time). Second, the higher feed concentrations of THP-AD process increase the 

concentrations of potentially inhibitory substances in the digesters. Among all the 

inhibitory substances, ammonia has been observed to be a significant inhibitor (Akindele 

and Sartaj, 2018; Angelidaki and Ahring, 1993; Capson-Tojo et al., 2020; Hashimoto, 1986; 

Sung and Liu, 2003; Tao et al., 2017; Yenigün and Demirel, 2013) and overall total 

ammonia nitrogen (TAN) levels are often of concern during full-scale design of AD 

systems. However, clear data on inhibition constants for hydrolysis, fermentation and 

methanogenesis in AD systems, independent of other changing factors such as organic 

loading, SRT and substrate composition is still lacking in literature. This has greatly limited 

the understanding of full digester capacity. Also, without the clear data on ammonia 

inhibition constants for the AD system, itôs not possible for accurate THP-AD 

mathematical model simulation. Last but not least, current full -scale THP operation rely 
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on the constant reaction temperature and reaction time despite the dynamic biosolids 

organic composition. It has been shown that heating sludge in THP at a higher temperature 

than needed, causes several unwanted impacts, such as, (i) increased UV adsorbing 

materials and recalcitrant organic nitrogen production as temperature increased from 130-

170 ęC (Higgins et al., 2017b), (ii) increased inert soluble compound formation once 

temperature exceeded 170-180 ęC (Sapkaite et al., 2017), (iii) increased formation of 

inhibitory compound affecting side-stream nitrogen removal systems (Zhang et al., 2018), 

(iv) melanoid formation due to reactions between denatured polysaccharides and protein 

at temperature above 160 ęC (Barber, 2016a; Wilson and Novak, 2009), and (v) increased 

gel formation due to denatured polysaccharides or proteins reacting with itself resulting in 

gel-like or solid-like structures with decreased biodegradability and AD kinetics (Lu et al., 

2015; Manning et al., 2019). To date, the knowledge of overall impact of the dynamic 

sludge characteristics and dynamic THP conditions inherent to full-scale THP-AD 

outcome is still limited.  

 

1.2. Objectives of the research 

 

This study was aimed to overcome the current full-scale THP-AD challenges described in 

the above section. The specific objectives of this study are:  

Objective 1: Evaluate the application of recuperative thickening (RT) to enhance the 

performance of THP-AD process. This will be evaluated in two ways: (i) increasing the 

SRT to degrade slowly hydrolysable biodegradable materials more efficiently at constant 
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organic loading rate (OLR) (Phase I); and (ii) maintaining SRT at increased AD throughput 

rates, thus showing potential for increased AD volumetric capacity (Phase II).   

Objective 2: Investigate the free ammonia inhibition of methanogens in THP-AD 

systems. This will be investigated with an experimental set-up of five lab-scale digesters 

fed with a mixture of primary and secondary activated sludge after full-scale THP treatment 

(9% TS) and operated under similar organic loading rate and SRT values.  

Objective 3: Generate kinetic parameters for high-rate anaerobic digestion system 

for application in process models. This will be achieved by calibrating the high-rate AD 

model Sumo2ACOX using experimental data generated from the study of objective 2. 

Objective 4: Evaluate the overall impact of dynamic sludge characteristics and THP 

conditions on full -scale operation of THP-AD facility . This will include evaluation of: 

(i) gelation behavior of sludge, (ii) degree of solubilization in THP, (iii) volatile solids 

reduction in AD, and (iv) final dewatering, at the Blue Plains AWTP.  

 

  

1.3. Outline of Dissertation 

 

This Dissertation is divided into 8 chapters in which Chapter 1 describes the importance of 

the THP-AD process and current challenges of the THP-AD facilities, and the Objectives 

of this research. Chapter 2 reviews the literature on municipal wastewater treatment process 

and biosolids generation, the anaerobic digestion process, benefits and status of thermal 

hydrolysis pretreatment, solids retention time (SRT) impact on anaerobic digestion and 
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mechanisms of recuperative thickening, anaerobic digestion kinetic and process inhibition, 

mathematical modelling efforts paid anaerobic digestion simulation, full-scale thermal 

hydrolysis pretreatment operation, composition of primary and secondary sludge and their 

response to thermal hydrolysis pretreatment.  

Chapter 3 provides the results of the investigation of the potential of implementing 

recuperative thickening (RT) process into the thermal hydrolysis pretreated sludge fed AD 

for further performance improvement. Chapter 4 presents the research investigating the 

free ammonia methanogens inhibition constant in THP-AD systems. Chapter 5 describes 

the study that, for the first time, calibrated and validated the Sumo2ACOX model with 

comprehensive experimental data set collected from long-term ammonia inhibition study. 

Chapter 6 presents the research work evaluating the overall impact of the dynamic sludge 

characteristics and THP conditions inherent to full-scale operation of THP-AD process. 

The outcomes include gelation behavior of the biosolids, solubilization degree in THP, 

volatile solids reduction in AD and final dewatering performance. Chapter 7 presents the 

general discussion on the combined application of recuperative thickening and thermal 

hydrolysis on anaerobic digestion, free ammonia impact on anaerobic digestion, 

mathematical modelling of high rate anaerobic digestion, and operational parameters for 

THP. Chapter 8 provides the overall conclusions of this extensive study and 

recommendations for future research of THP-AD systems. The overview of the 

Dissertation is illustrated in Figure 1-2. 
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Figure 1-2. Overview of the Dissertation 
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Chapter 2: Literature Review 

 

2.1. Introduction 

This chapter discusses the review of literature which is related to this dissertation research. 

This chapter enumerates the mechanisms and microbiology of anaerobic digestion (AD), 

benefits and status of thermal hydrolysis pretreatment (THP), impact of solids retention 

time (SRT) on anaerobic digestion and mechanisms of recuperative thickening (RT), 

anaerobic digestion kinetics and process inhibition, mathematical modelling efforts for 

anaerobic digestion simulation, full-scale thermal hydrolysis pretreatment operation, and 

composition of primary and secondary sludge and their response to thermal hydrolysis 

pretreatment.  

2.2. Municipal wastewater treatment and biosolids 

Municipal wastewater includes the water-carried wastes generated from residences and 

industrial establishments combined with stormwater. Table 2-1 shows the composition of 

untreated municipal wastewater. Wastewater collected from municipalities and 

communities must be treated before they are returned to receiving waters or reused. 

Engineering processes used for wastewater treatment are commonly grouped according to 

the levels of treatment. They are preliminary treatment, primary treatment, secondary 

treatment, tertiary or advanced treatment and disinfection process. In these treatment 

processes, physical, chemical and biological processes might be used for all these treatment 

levels (Metcalf et al., 2003). 

Preliminary treatment involves the removal of large materials and coarse solids from the 

wastewater. Units used often includes screens, grit chambers and grinders. The target of 



10 
 

primary treatment is to remove most of the suspended solids and floating materials from 

the wastewater by sedimentation and skimming. Secondary treatment usually consists of 

biological treatment of organics in the primary treatment effluent. To reduce the 

biochemical oxygen demand (BOD) and suspended solids, activated sludge process, 

trickling filter and oxidation pond usually been used in this secondary treatment. Tertiary 

or advanced treatment are used for removal of nutrients such as nitrogen and phosphorus, 

removal of residual total suspended solids, and removal of specific heavy metals or 

inorganics. In addition, disinfection process may also employ to remove bacteria and 

viruses to meet the effluent discharge limits. Figure 2-1 presents the overall municipal 

wastewater treatment process at Blue Plains Advance Wastewater Treatment Plant 

(AWTP).  

Table 2-1. Typical composition of untreated domestic wastewater (Metcalf et al., 2003). 

                                                                                                    Concentration  

Contaminants  Unit  Weak  Medium  Strong  

Solids, total (TS)  mg/L  350  720  1200  

Dissolved, total 

(TDS)  

mg/L  250  500  850  

Suspended solids 

(SS)  

mg/L  100  220  350  

Settleable solids  mg/L  5  10  20  

BOD
5 
at 20°C  mg/L  110  220  400  

Total organic 

carbon (TOC)  

mg/L  80  160  290  

Chemical oxygen 

demand (COD)  

mg/L  250  500  1000  

Nitrogen (total as 

N)  

mg/L  20  40  85  

Organic  mg/L  8  15  35  

Free ammonia  mg/L  12  25  50  

Nitrites  mg/L  0  0  0  

Nitrates  mg/L  0  0  0  

Phosphorus (total 

as P)  

mg/L  4  8  15  

Organic  mg/L  1  3  5  
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Inorganic  mg/L  3  5  10  

Chlorides  mg/L  30  50  100  

Sulfate  mg/L  20  30  50  

Alkalinity (as 

CaCO
3
)  

mg/L  50  100  200  

Grease  mg/L  50  100  150  

Total coliform  CFU 100 mg/L  10
6
-10

7 
 10

7
-10

8 
 10

8
-10

9 
 

 

 

Figure 2-1.  DC Water Blue Plains Advanced Wastewater Treatment Plant Operation 

Diagram. 

During the treatment of wastewater, biosolids are removed from primary sedimentation 

tank, secondary sedimentation tank, and sedimentation tank of tertiary or advanced 

treatment process (if any). The mixture of biosolids collected are often called municipal 

waste sludge or simply sludge. Sludge is   usually in the form of liquid or semisolid liquid, 

which typically contains from 0.25% to 12% solids by weight (Metcalf et al., 2003). 
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Conventional municipal waste sludge consists of primary sludge generated from primary 

clarification tank and secondary sludge from secondary sedimentation tank. Table 2-2 

presents the typical properties of primary and secondary sludge.   

 

Table 2-2. Typical properties of primary and secondary sludge (Metcalf et al, 2003). 

Parameter  Primary Sludge  Secondary Sludge  

Total Solids (TS), %  5 ï 9  0.8 ï 1.2  

Volatile Solids (% of TS)  60 ï 80  59 ï 88  

Ether soluble  6 ï 30  -  

Ether extract  7 ï 35  5 ï 12  

Nitrogen (N) (% of TS)  1.5 ï 4  2.4 ï 5.0  

Phosphorus (P
2
O

5
) (% of TS)  0.8 ï 2.8  2.8 ï 11 

pH  5.0 ï 8.0  6.5 ï 8.0  

Alkalinity, mg/L as CaCO3  500 ï 1500  580 ï 1100  

Cellulose (% of TS)  8 ï 15  -  

Organic Acid, mg/L as HAc  200 ï 2000  1100 ï 1700  

Energy Content, kJ/TS/g  23,000 ï 29,000  19,000 ï 23,000  

Protein (% of TS)  20 ï 30  32 ï 41  

 

2.3. Anaerobic digestion 

Raw waste sludge must be further processed and reduced in volume/organic content for 

land disposal, reuse, or incineration. Anaerobic digestion is a process of breaking down 

organic matter, in the absence of oxygen, to produce methane gas as the primary end 

product. Other biogases such as carbon dioxide and hydrogen are also produced through 
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the process. AD is the final stage in the carbon cycle and is known to occur in a wide variety 

of environments and habitats (Kim et al., 2012). It is now the most popular method for 

waste sludge treatment.  AD involves four stages of chemical and biochemical reactions 

involving enzymes and mixed culture of microorganisms. These four stages are: 1) 

Hydrolysis, 2) Acidogenesis, 3) Acetogenesis, and 4) Methanogenesis (Riffat, 2012) ) 

(Figure 2-2).  

 

Figure 2-2. Different steps of anaerobic digestion process (Figure adapted from Rittmann 

and McCarty, 2012). 

 

The first of the four steps is the hydrolysis of complex polymers such as proteins, lipids 

and cellulose. This process relies on the exo-enzymes of hydrolytic bacteria that are 

excreted via the cell wall and degrade the complex polymers into smaller soluble organics 

that can pass through the microbial cell wall for internal cellular degradation (Shida et al., 

2012). Hydrolysis is commonly considered as the rate-limiting step of AD when digesting 

complex, high-solids wastes such as municipal waste sludge (Noike et al., 1985).  
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The second step in the AD process is the fermentation or acidogenesis. In this step, the 

product of hydrolysis along with other dissolved components of the organic waste are 

degraded to volatile fatty acids, alcohols, CO2 and H2 by the hydrolytic and other 

fermentative bacteria. It is suggested that the fermentation or acidogenesis process is highly 

exergonic enabling rapid growth of fermentative bacteria (Ghosh and Pohland, 1974; Van 

Lier et al., 2008). It is known that over-growth of acidogenic consortia is a cause of reactor 

souring which results in low biogas production and low COD reduction in AD.  

After acidogenesis, acetogenesis is carried out by acetogenic bacteria that produce acetate, 

carbon dioxide and hydrogen from volatile fatty acids, or by syntrophic bacteria that 

produce acetate from carbon dioxide and hydrogen. Acetogenesis is an endergonic reaction 

in which, under standard conditions, requires energy input to proceed (Saady, 2013). The 

metabolism of acetogenic bacteria relies on a syntrophic process with hydrogenotrophic 

methanogens, sulphate reducing bacteria or homoacetogens to maintain a low hydrogen 

partial pressure such that the acetogenic degradation of VFAs is thermodynamically 

favorable and can maintain growth (OôFlaherty et al., 2006). 

Last step of the anaerobic digestion is methanogenesis. While the preceding processes such 

as hydrolysis, acidogenesis and acetogenesis are carried out by microorganisms belonging 

to the domain Bacteria, methanogenesis is undertaken by obligate anaerobic 

microorganisms belonging to the domain Archaea (Liu and Whitman, 2008). In 

methanogenesis, aceticlastic methanogens convert acetate to CH4, while hydrogenotrophic 

methanogens convert CO2 and H2 to CH4. In a typical AD process, around 70 % of the 

methane is produced via the aceticlastic methanogens while the rest of the 30% is produced 

from hydrogenotrophic methanogens (Liu and Whitman, 2008; OôFlaherty et al., 2006).  
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Methanogens are found to be particularly sensitive to environmental pH. McCarty (1964)) 

suggested an optimum pH range for methanogens is 6.6 to 7.6. Either drops or increase 

beyond this range, methanogenesis rate will be significantly reduced. This is because the 

involved microorganisms may only work at their optimum capability within the very 

narrow pH range. 

Monod model is the most widely applied mathematical model developed for the analysis 

of growth kinetics in anaerobic digestion system. The model is used to describe the 

microbial growth rates in relation to the concentration of limiting nutrients or substrates, 

thus the rate of biomass production is limited by the rate of enzyme reactions.  

Two basic equations are generally used to describe the degradation of organic substrates, 

(1) rate of substrate utilization, (2) correlation between microorganismôs growth rate and 

substrate utilization degradation rate (Metcalf & Eddy, 2003). 

The microbial growth rate is commonly defined as: 

                                                               CÖ== m
dt

dX
r                                  (Equation 2-1)       

r   = Bacterial growth rate (mass of biomass/unit volume . time) 

m  = Specific growth rate (time-1) 

X  = Biomass concentration (mass of biomass/unit volume) 

While the correlation between microorganismôs growth rate and substrate utilization 

degradation rate is defined as: 
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dt

dS
Y

dt

dX
Ö-=                                (Equation 2-2) 

Y  = Yield coefficient (mg/mg) 

dS/dt  = Substrate utilization rate (volume/ time) 

 

The relationship between substrate degradation and yield coefficient is defined as: 

                                                              X
Ydt

dS
Ö=
m

                                        (Equation 2-3) 

Thus, the Monod equation is expressed as: 

                                                           Ö= maxmm
SK

S

s +
                                              (Equation 2-4) 

µmax  = Maximum specific growth rate (time-1) 

S  = Concentration of growth-limiting substrate (mass of substrate/unit volume) 

Ks  = Half saturation constant (mass of substrate/unit volume), Ö= max
2

1
mm  

Equation 2-4 assumes the system biomass to be limited and the growth rate is 

approximately equal to the maximum growth rate. On the contrary, if the substrate is 

limited, anaerobic digestion system will follow zero-order kinetics and the growth rate of 

the biomass is independent of the biomass concentration.  

Thus the microbial growth rate can be defined as: 
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SK

SX

dt

dX
r

s +

ÖÖ
== maxm

                                   (Equation 2-5) 

The rate of the substrate degradation can then be expressed as: 

                                                               
)(

max

SKY

SX

dt

dS

s+

Ö
-=
m

                                       

(Equation 2-6) 

While µmax/Y is often defined using the term km,the maximum rate of substrate degradation 

per unit mass of microorganisms can be defined as: 

                                                                       
Y

k max

max

m
=                             (Equation 2-7) 

kmax  = Maximum specific substrate utilization rate (mass/mass*time) 

Substituted the km into Equation 2-6: 

                                                                      
SK

SXk

dt

dS

s+

Ö
-= max                       (Equation 2-8) 

         

2.4. Thermal hydrolysis pretreatment 

Thermal hydrolysis process (THP) as a pretreatment of AD feed sludge, is one of the AD 

process pretreatment methods that has gained practical interest due to its ability to improve 

sludge digestibility, achieve high quality biosolids (e.g. Class A in the United States), 

reduce digester volume, and high cake dewaterability  (Barber, 2016a). Figure 2-3 shows 

the full scale CAMBI THP in DC Water Blue Plains AWTP. 
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Figure 2-3. Full Scale CAMBI THP at DC Water Blue Plains AWTP. 

The thermal hydrolysis process is a two-step process, whereby the substrate is first heated 

to around 155°C to 160 °C at a pressure of around 6 bar. The heat is typically provided by 

live stream injection at design temperature and pressure. After about 30 minutes, sludge is 

then flashed to a vessel with much lower pressure. The sudden pressure change causes the 

cells present in the sludge to rupture and thus release the cell contents (Keymer et al., 2013; 

Morgan-Sagastume et al., 2011). Along with the process, macromolecular components are 

reduced to  smaller molecular derivatives or released as soluble monomeric substances 

(Wilson and Novak, 2009). It is reported that THP could enable a 50-100% increase in 

biogas production when digesting secondary sludge from wastewater treatment plants 

(Norli, 2006a). Other than improving sludge digestibility, THP partially hydrolyzes sludge 
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and decreases its viscosity. The latter allows for efficient pumping and mixing at increased 

digester TS concentration and increased volatile solids (VS) loading (Barber, 2016a; 

Nielsen et al., 2011). For example, AD systems with THP pretreatment have been 

successfully operated at high loading in the range of 2.5-8.8 kg COD/m3-d with feed at 9-

12% TS (Higgins et al., 2017b; Norli, 2006b; Pook et al., 2013a; Walley, 2007; Wilson et 

al., 2011). This is about three times higher compared to the typical operating condition of 

conventional digesters with OLR of typically 1.0-3.2 kg COD/m3-d with feed at 3-6% TS 

(Hendricks, 2010; Higgins et al., 2017b; Metcalf et al., 2003; Rittmann and McCarty, 2012; 

Vesilind, 2004). Although most of the focus has been given to use of the technology to 

improve sludge biodegradability and reduce sludge viscosity, THP was originally seen as 

a technology to improve sludge dewaterability (Lumb, 1940). Various research has 

reported a significant waste activated sludge dewaterability improvement using THP (Haug 

et al., 1978; Higgins et al., 2017a; Stuckey and McCarty, 1984) .  

2.5. Recuperative thickening 

 

Although wastewater treatment plants (WWTPs) are benefited by the application of 

anaerobic digestion, there may be capacity issues in some WWTPs where the digester 

volume is not large enough to accommodate the increased organic loading rate (OLR) 

associated with the increasing sludge treatment needs. This is a significant concern as the 

capital costs of new digesters are expensive.  

To address the issue of digester capacity, a method of recycling a portion of thickened 

digested sludge back into the digester has been developed. Torpey and Melbinger (1967) 

acknowledge the original work in this field as órecuperative thickening (RT)ô.  It removes 

and thickens solids from the digester and returns the thickened solids back, thus decoupling 
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the solids retention time (SRT) from hydraulic retention time (HRT). Since a portion of 

thickened digested sludge is sent back to the digesters, RT increases the digester SRT 

compared to its HRT. On the other hand, recuperative thickening process can also be 

applied to maintain SRT at increased throughput rates and thus decreased HRT. This aspect 

can result in the management of soluble compounds available in the reactor as they are 

selectively removed from the digester. 

Various dewatering/ thickening technologies have been applied to recycle the partially 

digested sludge for RT.  Initially, RT processes used centrifugation, gravity thickening, 

belt filter press thickening, or anoxic gas flotation for sludge thickening (Kelly, 2006). 

Ostapczuk et al. (2011) used polymer flocculation in combination with gravity belt 

thickeners to increase the AD capacity. Between 2009 and 2011, there are two WWTFs in 

Australia upgraded to the RT-AD system by incorporating rotary drum thickeners with pre-

injection of polymer flocculants. A recent study reported that the active recycled polymer 

in the RT digester led to enhanced final dewatering performance (Cobbledick et al., 2016). 

Apart from the benefit of RT, the incorporation of RT often requires a significant capital 

investment to upgrade the mixers of anaerobic digester and to integrate the recycled stream 

into a dewatering process. WWTP with THP process incorporated should have lower 

mixing requirements due to the low viscosity of THP treated sludge, thus potentially 

favoring the application of RT process.  

2.6. Ammonia inhibition of anaerobic digestion 

Anaerobic digestion is a process that relies heavily on the metabolic activities of the 

microorganisms. The optimum efficiency of anaerobic digestion process will only be 
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achieved when various environmental conditions are favorable to the growth of microbial 

communities, particularly methanogens. Other than temperature and pH, the presence of 

inhibitory substances in a significant amount can cause an upset or even failure in the 

anaerobic digester. A substance is considered inhibitory if it causes an adverse effect in the 

microbial population involved in the anaerobic digestion process. Inhibition is typically 

indicated by a decrease and cessation in methane production and an accumulation of 

intermediate substrates such as VFAs. 

There are both inorganic and organic materials which may be inhibitory to anaerobic 

digestion. Inhibitory substances are either present in the influent or generated during the 

anaerobic digestion process. Several chemicals have been reported to inhibit the AD 

microbial activities such as ammonia (Angelidaki and Ahring, 1993), sulfide (Harada et al., 

1994), light metal ions (McCarty and McKinney, 1961), heavy metals (Swanwick et al., 

1969) and a wide range of  organics (Babich and Stotzky, 1983; Blum and Speece, 1991; 

Borja et al., 1997; Koster and Cramer, 1987; Van Beelen and Van Vlaardingen, 1994; Yang 

and Speece, 1986). For a recent review of inhibitory compounds, see Chen et al. (2008). 

Among them, ammonia has shown to be a significant inhibitor (Akindele and Sartaj, 2018; 

Angelidaki and Ahring, 1993; Capson-Tojo et al., 2020; Hashimoto, 1986; Sung and Liu, 

2003; Tao et al., 2017; Yenigün and Demirel, 2013) and overall total ammonia nitrogen 

(TAN) levels are often of concern during full-scale design of AD systems. 

Ammonia is one of the hydrolysis products produced during the degradation of 

proteinaceous organic matter. Ammonia is also an essential nutrient for the growth of 

anaerobic microorganisms. However, when available at high concentrations, ammonia can 

inhibit microbial activities. There are two forms of inorganic ammonia nitrogen: 
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ammonium (NH4
+) and free ammonia (NH3). Equation 2-9 refers to the ammonium and 

free ammonia conversion in an aqueous environment. Total ammonia nitrogen (TAN) 

refers to the combination of both (ammonium and free ammonia). Free ammonia, whose 

formation is favored by high pH and temperature, is the leading cause of inhibition in AD 

systems (De Baere et al., 1984; Kroeker et al., 1979). Research has shown that free 

ammonia is membrane-permeable and hydrophobic, and passively diffuses into the 

microbial cell (Gallert et al., 1998; Kroeker et al., 1979). This leads to a proton imbalance 

that disrupts microbial activities. 

 

NH3 + H2O ź NH4
+ + OH-

  

                (Equation 2-9) 

It was observed that the mesophilic and thermophilic microbial communities involved in 

anaerobic digestion have different sensitivity towards free ammonia, as the thermophilic 

ones are more susceptible to ammonia in comparison to the mesophilic ones (Poggi-

Varaldo et al., 1997). Also, it is generally agreed that of all the anaerobic microorganisms 

involved in anaerobic digestion, the methanogens are the least tolerant to the ammonia and 

most likely to be affected by the inhibition process (Jiang et al., 2019).   

In the past few decades, many studies were conducted to investigate the inhibitory 

concentration of ammonia in anaerobic digestion. Most reported observations have been 

related to AD systems at higher TAN such as systems fed with manure, dairy, food waste 

or municipal solid waste rather than municipal sewage applications. TAN and free 

ammonia concentrations at which decreased performance was observed vary between 

1200-7000 mg TAN-N/L and 45-1100 mg NH3-N/L (Angelidaki and Ahring, 1994; Borja 



23 
 

et al., 1996; Chen et al., 2016; Gallert and Winter, 1997; Hansen et al., 1998; Kayhanian, 

1999; Peng et al., 2018; Sung and Liu, 2003). This wide range of reported inhibitory 

concentrations of (free) ammonia was attributed to the differences in digester microbial 

community, substrates, temperature, pH and solids retention time (Chen et al., 2008). 

Especially the complexity of the substrate makes it hard to distinguish impacts of (free) 

ammonia on AD performance and stability from other factors. In addition, the solids 

retention time (SRT) and the degree of acclimation are other important factors which will 

determine when an impact in overall AD performance is observed. Operation at shorter 

SRT increase the sensitivity of the AD system towards factors such as (free) ammonia as 

organism washout occurs faster at decreased SRT (De la Rubia et al., 2006; Lee et al., 

2011). 

 

2.7. Mathematical modelling of anaerobic digestion 

A variety of mathematical models for the anaerobic digestion process has been developed 

by various researchers. To provide a standardized and research-based anaerobic digestion 

process model, the Anaerobic Digestion Model No.1 (ADM1) was developed by the IWA 

Task Group for Mathematical Modeling of Anaerobic Digestion Processes in 2002 

(Batstone et al., 2002). In the past few decades, microbiological studies were performed on 

anaerobic digestion process (Angelidaki et al., 1993; Angelidaki et al., 1999; Batstone et 

al., 2000; Donoso-Bravo et al., 2011a; Kalyuzhnyi and Davlyatshina, 1997; Keshtkar et al., 

2003), aimed to reveal the mechanisms of biological inhibition, substrate degradation 

kinetics and thus allow for more detailed information integration into the AD model. In 

recent years, many successful ADM1 applications have been published. Due to the 
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complexity of anaerobic digestion process and fixed stoichiometry approach of ADM1, 

certain model extensions and/or structural modifications are required to incorporate the 

physical-biological processes that are missing from the ADM1 framework and extend the 

model applicability. In ADM1, two methane production pathways are considered in the 

modelling process, they are aceticlastic methanogenesis and hydrogenotrophic 

methanogenesis pathway. Aceticlastic methanogens, as the dominant methanogenesis 

pathway for normal condition AD, utilize acetate as substrate to produce CH4, while the 

hydrogenotrophic methanogens utilize H2 and CO2.  

As described previously, ammonia has been known to be a significant inhibitor of AD 

when concentration exceeds a threshold number. In the anaerobic digesters limited by high 

concentration of ammonia, acetate will be oxidized by syntrophic acetate-oxidizing 

bacteria to produce H2 and CO2. The hydrogenotrophic methanogens will then use the H2 

and CO2 to produce CH4. This process of methane production is generally considered as 

the syntrophic acetate oxidation (ACOX) methane production pathway. The ADM1 model 

does not incorporate the acetate oxidation (ACOX) mechanism, which is reported to be the 

dominant methane production mechanism in a high ammonia concentration digester 

(Batstone et al., 2002; Karakashev et al., 2005; Wett et al., 2014). Wett (Wett et al., 2014) 

implemented the acetate oxidizing mechanism into the ADM1 and published the ACOX 

model. This provided a useful framework for high loading/ammonia AD process 

simulation. The ACOX model is published with a set of model parameters (Wett et al., 

2014) which is calibrated only based on the methanogenic inhibition factors generated from 

a simple batch ammonia toxicity test (Wilson, 2009). A more detailed model calibration 

based on a data set collected from the long-term anaerobic digester operation is needed for 
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proper future model application. Also, the initial ammonia inhibition calibration on ACOX 

only covered the TAN concentration up to the typical THP-AD level (0 to 2918 mg N/L). 

Recently, ammonia inhibition is drawing more AD operatorôs attention due to the recent 

trend of AD treatment intensification (Barber, 2016a; Choi et al., 2018; Higgins et al., 

2017a; Li et al., 2019), and high nitrogen content organics co-digestion, e.g. food waste, 

manure waste (El-Mashad and Zhang, 2010; Esposito et al., 2012; Mata-Alvarez et al., 

2014). Research aimed for further AD intensification via combined pretreatment have also 

shown the possibility of even higher ammonia concentration in future digester operation. 

All of these recent trends are leading to the necessity of a detailed calibration of the ACOX 

model.  

2.8. Critical factors for operational parameters selection of full scale THP-AD system 

In the past few decades, an increase in adoption of THP pretreatment systems has been 

observed (Barber, 2016a).  Despite the given default THP design conditions of temperature 

and reaction time, real-life full -scale conditions have often been variable or intentionally 

changed. This is due to the dependency of the THP operation on various factors including 

choice of reactors in service, steam availability, dilution water availability, sludge pre-

dewatering loading, digester loading demand etc., Taking Blue Plains AWTP (Washington 

DC, USA) as an example, THP reaction times within the plant have varied from 30 to 250 

minutes, while the setpoint was set to a minimum THP reaction time of 30 minutes. Other 

than reaction time, full scale THP temperature has also been changed in full-scale facilities, 

often to decrease color and recalcitrant nitrogen in final effluent (Dwyer et al., 2008) or to 

decrease inhibition of side-stream deammonification (Zhang et al., 2016). However, no 

clear guideline on optimal plant specific THP conditions for full plant process optimization 
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and hydrolysis optimization, is available thus far. In addition, the fixed THP design settings 

used as standards at this moment do not recognize the seasonal dynamics in sludge 

characteristics or inherent dynamic THP operation due to the complexity of the system.  

Intensive academic studies are performed to investigate the impact of different THP 

conditions ranging from 130 to 180 ęC and 10 to 50 minutes and provided insights for 

different sludge types (Barber, 2016a; Higgins et al., 2017b; Lu et al., 2015; Manning et 

al., 2019; Sapkaite et al., 2017; Wilson and Novak, 2009; Zhang et al., 2018).  It has been 

shown that heating sludge in THP at a higher temperature than needed caused several 

unwanted impacts, such as (i) increased UV adsorbing materials and recalcitrant organic 

nitrogen as temperature increased from 130-170 ęC (Higgins et al., 2017b), (ii) increased 

inert soluble compound formation once exceeding 170-180 ęC (Sapkaite et al., 2017), (iii) 

increased formation of inhibitory compound affecting side-stream nitrogen removal 

systems (Zhang et al., 2018), (iv) melanoid formation due to reactions between denatured 

polysaccharides and protein at temperature above 160 ęC (Barber, 2016a; Wilson and 

Novak, 2009), and (v) increased gel formation due to denatured polysaccharides or proteins 

reacting with itself resulting in gel-like or solid-like structures with decreased 

biodegradability and AD kinetics (Lu et al., 2015; Manning et al., 2019). In contrast, 

increased THP temperatures allowed for an increase in cake sludge with 18% and slightly 

improved methane yields (5-6%) over the tested temperature range of 130-170ęC (Higgins 

et al. (2017b).  

Other than THP temperature, THP retention time is also an important factor for efficient 

thermal hydrolysis pretreatment. It was found that increased thermal hydrolysis time from 

5 to 30 mins could increase the sludge solubilization from 53% to 75% with constant 
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temperature set at 170 ęC (Donoso-Bravo et al., 2011b). Also, one of the early researches 

conducted by Hiraoka et al. (1985) shown that similar gas production improvement can be 

achieved by a 60 ęC THP with longer retention time and 100 ęC THP with shorter retention 

time. A recent THP pilot-scale study reported similar levels of soluble COD (sCOD) 

release once a certain combination of temperature or time was reached and suggest the use 

of thermal dose (THP temperature * time) to describe THP conditions (Munshi et al. 2019). 

In addition, it was found that the efficiency of organics solubilization is heavily dependent 

on the organic content of the sludge (Qiao et al., 2012). It is reported that thermal hydrolysis 

is mainly beneficial to carbohydrates and proteins solubilization and has negligible impact 

on lipids (Barber, 2016a). Also, carbohydrates require lower temperature and shorter 

reaction time to initiate solubilization in thermal hydrolysis process compared to proteins 

(Liu et al., 2012; Lu, 2014). Due to the different organic content present in primary sludge 

(PS) and waste activated sludge (WAS), seasonal dynamics in PS/WAS ratio fed to the 

THP system, might impact overall THP sludge characteristics, and when one wants to 

optimize biogas production, dewaterability and final effluent water quality, seasonally 

different THP conditions might be desirable. 
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Chapter 3: Evaluate the application of recuperative thickening (RT) to enhance 

the performance of THP-AD process  

 

3.1. Introduction 

Intensification of anaerobic digestion, which reduces reactor volume requirements, 

is particularly important. Generally, anaerobic digestion intensification is considered as 

increasing the digester volumetric organic loading rates (OLR) without compromising 

digester performance. Increased digester volumetric OLR can be achieved by either 

increasing the total solids (TS) concentration of the feed sludge or by increasing digester 

flow rate for a given feed TS. However, increased TS concentration could cause pumping 

and mixing difficulties in full scale operation due to the increased viscosity. Increased feed 

TS concentration could also lead to the higher concentration of inhibitory substances such 

as free ammonia (Barber, 2016a; Mosey et al., 1971; Zayed and Winter, 2000). On the 

other hand, increased digester flow rate consequently reduces the SRT, which could be 

unfavorable to digester performance. 

As introduced in the previous section, THP partially hydrolyzes solids and 

decreases viscosity. The latter allows for efficient pumping and mixing at increased 

digester TS concentration and increased volatile solids (VS) loading (Barber, 2016a; 

Nielsen et al., 2011). In addition to the intensification potential of digesters by 

implementation of THP, enhanced biodegradability of activated sludge with 25-62% 

increase in VSR (Barber, 2016a) and improved digestate dewaterability resulting in 

increased cake solids from 20-35% (Barber, 2016a; Higgins et al., 2017b; Oosterhuis et al., 

2014; Phothilangka et al., 2008) has been reported as drivers for such technology. Although 
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increased digestibility has been observed in digesters with THP (Barber, 2016a; Higgins et 

al., 2017b; Li et al., 2017; Wang et al., 2009), there is still an estimated potential for about 

20-30% higher biogas production when one compares the digester biogas production with 

the long term biochemical methane potential (BMP) (Riffat and De Clippeleir, 2019). It is 

unclear if the limitation in reaching full digestion efficiency is limited by limitation in 

reaction time due to limited SRT or due to operation under unfavorable conditions in the 

digester. Recuperative thickening, which was developed by Torpey and Melbinger, has 

been a method for decoupling of SRT and hydraulic retention time (HRT) in digesters 

(Torpey and Melbinger, 1967). It removes and thickens solids from the digester and returns 

the thickened solids back, thus increasing the SRT compared to HRT. Increasing the 

digester SRT from 15.7 days to 24 days through application of RT increased VSR by 28% 

in a previous study (Reynolds et al., 2001). It is unclear, however, if application of 

recuperative thickening on digesters with THP, thus increasing SRT at given HRT (10-15 

days) to further improve hydrolysis, would allow for increased digestion efficiency and 

reach full potential biogas production. On the other hand, recuperative thickening process 

can also be applied to maintain SRT at increased throughput rates and thus decreased HRT. 

This aspect can result in the management of soluble compounds available in the reactor as 

they are selectively removed from the digester. Intensified AD systems can potentially 

suffer from limiting rates or digestion efficiency due to operation at increased inhibitory 

conditions. Due to the increased feed TS concentration in THP AD systems, increased 

ammonium (2400-3500 mg N/L) and free ammonia (150-200 mg N/L) levels have been 

observed (Barber, 2016a). These conditions could cause inhibition on hydrolysis 

(Fernandes et al., 2012; Griffin, 2012; Lü et al., 2007) and methanogenesis given the 
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reported inhibition levels for free ammonia of 150-620 mg N/L for methanogens (Chen et 

al., 2014; McCarty and McKinney, 1961). Other than ammonia toxicity, other inhibitors 

such as light metal ions (Na, K, Mg, Ca, Al), heavy metals (Fe, Zn, Ni, Co) and some 

organic compounds (alkyl benzenes, halogenated benzenes, nitrobenzenes, phenol and 

alkyl phenols) were also reported in literature (Barber, 2016a; Mosey et al., 1971; Zayed 

and Winter, 2000). Recuperative thickening could offer a method for intensification 

without application of increased TS concentrations and thus avoid inhibition impacts, 

Higgins et al. (2019) evaluated feed dilution as an approach to lowering the potentially 

inhibitory concentration of NH3. Decreased AD performance was observed when an SRT 

and HRT of 10 days was applied using diluted feed at similar OLR to 15-20 days SRT 

reactors. Recuperative thickening might offer a solution as it can maintain the necessary 

SRT at reduced HRT.  

This study evaluated the application of RT to enhance anaerobic digestion 

performance of THP digesters by either (i) increasing the SRT to degrade slowly 

hydrolysable materials more efficiently and allow for selection of slower growing microbes 

(Phase I), or by (ii) maintaining SRT at decreased HRT thus showing potential for 

increased AD throughput rates (Phase II). To allow for fair comparison, OLR was kept 

constant thus resulting in the use of diluted feed under decreased HRT (Phase II). Operation 

with diluted feed also allowed to evaluate the potential for RT to decrease impacts of free 

ammonia on AD performance. Process modeling was used to help explain observations 

and extrapolate lessons learned into consequences for application.  
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3.2. Research approach and methods 

3.2.1. Thermal hydrolysis pretreated feed sludge and digester set-up 

At Blue Plains Advanced WWTP (Washington, DC, USA), a blend of thickened primary 

sludge (PS) and waste activated sludge (WAS) was pre-dewatered to 16% TS using 

centrifuges before it was thermally hydrolyzed in Cambi© thermal hydrolysis units. The 

thermal hydrolysis process was operated at 6 bar steam pressure resulting in an operating 

temperature of 165 °C for a reaction time of 30 minutes. The thermally hydrolyzed sludge 

was then diluted with process water to reach the target of 9.5 % TS before it was sent to 

the anaerobic digesters. Feed sludge for the bench-scale digesters was collected weekly 

from the THP diluted stream and stored at 4 . The feed was warmed back up to 37 °C 

(AD operating temperature) using a water bath before it was fed to the digesters. During 

Phase II, this feed stock was diluted with dechlorinated tap water in a 1:1 volume ratio 

before it was fed to the RT reactors.  No dilution was used in Phase I and II for the 

conventional AD reactors.  

Five continuously stirred lab-scale anaerobic digesters (Figure A2)with 10 L active sludge 

volume and 5 L head space (Figure A3-1) were used. All five digesters were placed in a 

mesophilic temperature control room at 37 Ñ 0.2 . The digesters feeding and wasting 

were performed once per day. An overhead motor connected with a shaft and mixing 

paddle mixed constantly at 100 rpm. A gas port sealed with septa overhead was used for 

headspace gas sampling. 

Among the five digesters, two identical non-RT digesters were operated at the exact same 

conditions, so they were operated in duplicate. And 3 identical RT digesters were operated 

under the same conditions, or in triplicate. The two non-RT reactors, further in the paper 
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are referred to as Conv. #1 and Conv. #2, were operated as typical semi-continuous, 

completely mixed reactors during both Phases. The remaining three RT reactors were 

operated with recuperative thickening, further were referred to as RT #1, RT #2 and RT 

#3. Duplicate and triplicate digesters were used to evaluate the reproducibility of lab-scale 

digesters and increase reliability of obtained results. 

3.2.2. Recuperative thickening or sludge thickening 

Recuperative thickening or sludge thickening operational diagrams for both Phase I and II 

are shown in Figure 3-1. In the RT process, FLOPAM 4440 (SNF, GA, USA), a median 

cationic charge (35%) and density of 850 kg/m3 flocculant polymer powder, was added to 

the digester effluent with a target concentration of 7.5 kg polymer/ton TS (15 lb polymer/ 

US ton TS). Polymer addition was done under rapid mixing at 300 rpm for 20 seconds 

followed by a slow mixing at 30 rpm for 40 seconds. The mixed liquid was then poured 

over belt filter mesh membrane to separate the liquid and solids. A target amount of liquid 

was removed to achieve a sludge with 66.6% higher TS (66.6% RT recycle ratio) compared 

to the pre-thickened digester effluent. The thickened sludge was then mixed with sludge 

feed and fed to the digester on a daily basis.  
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Figure 3-1. RT digesters operational diagram of Phase I and Phase II study. 

3.2.3. Digester start-up and digester operation  

Seed sludge for digesters in this study was collected from full -scale digesters at Blue Plains 

advanced WWTP (Washington, DC, USA). The full-scale digesters were fed with diluted 

THP sludge at TS concentration of 9.5% and were operated at a temperature of 37.8  and 

SRT of 23 days. TS of the seed biomass, collected from the full-scale digester, was about 

4.7 % with total ammonia nitrogen of 2400 mg N/L and pH of 7.6. 

Conventional digesters were inoculated with 10 L seed sludge. The feeding regime was 

slowly ramped up to allow for acclimation of methanogens. The feeding process started on 

the second day after seed inoculation. After that, feeding was increased from 0.1 L per day 

to 0.666 L per day over a period of 7 days. The conventional digesters were operated at 15 

days SRT and HRT constantly until the project was finished (Phase I and Phase II).  

The RT digesters were started at increased TS concentration to decrease time needed for 

stabilization as the intent of Phase I was to increase SRT and thus biomass inventory. To 

achieve increased TS concentrations for inoculation, 20 L of seed sludge from the full-
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scale digesters was thickened using low shear centrifugation at 500 g for 10 mins to 

minimize impact on sludge characteristics and supernatant was removed to obtain 10 L of 

inoculum at 8% TS. Similar to the conventional reactors, the feeding process was started 

on the second day after seed inoculation. Feed flow was ramped up from 0.1 L/d on day 2 

to 0.666 L/d at day 7, resulting in a constant SRT of 30 days and HRT of 15 days until the 

55th day (end of Phase I). From the 56th day, HRT of RT digesters was reduced to 7.5 days 

by feeding the digesters with diluted feed. The variation of feed and wasting volume used 

during the RT process for both Phase I and II study can be found in Table A1. Digester 

OLR, SRT and HRT for both Phases are shown Table 3-1 in and Table 3-2. 
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Table 3-1. Comparison of overall conditions, feed and digestate characteristics, AD 

performance and kinetics for conventional and RT digesters during Phase I.  

Parameter Unit  Conv. #1,2 RT #1,2,3 

Overall conditions 

HRT d 15 15 

SRT d 15 30 

OLR (g COD/L-

d) 

8.66 ± 0.67 8.66 ± 0.67 

Sludge characterization 

  Feed Digester Feed Digester* 

Alkalinity  mg/L 1908 ± 

937 

9238 ± 990 1908 ± 937 8830 ± 775 

pH - 6.03 ± 

0.05 

7.7 ± 0.09 6.03 ± 0.05 7.7 ± 0.08 

TS % 9.07 ± 

0.74 

5.3 ± 0.4 9.07 ± 0.74 7.9 ± 0.3 

VS % 6.84 ± 

0.93 

3.4 ± 0.6 6.84 ± 0.93 5.0 ± 0.2 

tCOD g/L 122 ± 15 67.4 ± 9.8 122 ± 15 93.5 ± 17.1 

sCOD g/L 27.0 ± 8.1 5.4 ± 0.8 27.0 ± 8.1 5.0 ± 0.9 

TAN mg N/L 466 ± 132 1874 ± 305 466 ± 132 1633 ±287 

Performance 

VSR1 % 56 ± 2 57 ± 3 

COD 

removal 

% 52 ± 2 58 ± 4 

Biogas rate L/d 29 ± 2 29 ± 2 

CH4 content % 64 ± 2 64 ± 2 

CH4 yield L/kg VS 

added 

397 ± 35 399 ± 45 

Kinetics 

Hydrolysis 1/d 0.65 ± 0.07 0.64 ± 0.12 

Max biogas L/d 2.16 ± 0.097 2.11 ± 0.164 

Note. *The final digestate numbers, combining waste volume (0.333 L/d) and filtrate 

from RT process (0.333 L/d and filtrate from RT process (0.666 L/d) decreased the 

particulate fraction with a factor 2 compared to digester values. The impact of the RT 

return flow was accounted for in the performance evaluation. For the conventional 

system, digester conditions equaled digestate conditions. 
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Table 3-2. Comparison of overall conditions, feed and digestate characteristics, AD 

performance and kinetics for conventional and RT digesters during Phase II.  

Parameter Unit  Conv. #1,2 RT #1,2,3 

Overall conditions 

HRT d 15 7.5 

SRT d 15 15 

OLR (g COD/L-

d) 

8.98 ± 0.47 8.98 ± 0.47 

Sludge characterization 

  Feed Digester Feed Digester* 

Alkalinity  mg/L 2400 ± 

441 

10668 ± 

699 

1029 ± 254 6383 ± 576 

pH - 6.02 ± 

0.06 

7.7 ± 0.07 6.5 ± 1.0 7.5 ± 0.06 

TS % 9.61 ± 

0.15  

5.1 ± 0.1 4.8 ± 0.7 5.2 ± 0.2 

VS % 7.54 ± 

0.13 

3.2 ± 0.1 3.77 ± 0.6 3.2 ± 0.1 

tCOD g/L 138 ± 5 62.0 ± 2 69 ± 3 69.3± 8.0 

sCOD g/L 29.9 ± 2.6 4.6 ± 0.6 14.9 ± 1.3 2.9 ± 0.5 

TAN mg N/L 417 ± 32 1909 ± 190 208 ± 16 1148 ±146 

Performance 

VSR % 52 ± 3 53 ± 4 

COD 

removal 

% 55 ± 2 50 ± 3 

Biogas rate L/d 29 ± 2 29 ± 2 

CH4 content % 64 ± 2 63 ± 1 

CH4 yield L/kg VS 

added 

373 ± 16 373 ± 22 

Kinetics 

Hydrolysis 1/d 0.50 ± 0.05 0.55 ± 0.06 

Max biogas L/d 2.20 ± 0.098 2.07 ± 0.227 

Note. *The final digestate numbers, combining waste volume (0.333 L/d) and filtrate 

from RT process (0.333 L/d and filtrate from RT process (0.666 L/d) decreased the 

particulate fraction with a factor 2 compared to digester values. The impact of the RT 

return flow was accounted for in the performance evaluation. For the conventional 

system, digester conditions equaled digestate conditions. 
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3.2.4. Monitoring digester performance 

The pH of the digester effluent was measured daily, immediately after wasting using 

Denver Instrument Model 250 pH meter (Denver Instrument, Bohemia, NY). Alkalinity 

determination was conducted according to the Standard Methods 2320B Titration method 

using 0.1N H2SO4 (Fisher Chemicals, Hampton, NH) with an endpoint pH of 4.5 (APHA, 

2012). The alkalinity was measured weekly. TS, volatile solids (VS), total suspended solids 

(TSS) and volatile suspended solids (VSS) were measured according to the American 

Public Health Association (APHA, 2012) Standard Methods, at least twice per week. The 

volatile solids reduction (VSR) was calculated using the Van Kleeck approach. Sample for 

soluble component including soluble Chemical Oxygen demand (sCOD), total Ammonia 

Nitrogen (TAN) and Volatile Fatty Acids (VFA) was collected by centrifuging samples at 

3000 G for 30 mins followed by filtration using 0.45 µm pore size filters (Millipore, 

Burlington, MA). Total Chemical Oxygen Demand (tCOD) and sCOD were measured 

twice per week according to the Standard Methods 5220 D. TAN was measured using the 

Hach method 833 (Hach Inc., Loveland, CO) twice a week. Volatile Fatty Acids (VFAs) 

were measured once a week using a Shimadzu Gas Chromatograph Model GC-2010 

(Shimadzu, Kyoto, Japan) with flame ionization detector (FID). The column used in the 

Gas Chromatograph was Restek Stabilwaxfi-DA capillary column (Restek, Bellefonte, 

PA). The VFA sample was acidified using phosphoric acid prior to analysis. Real time gas 

production profiles were collected by a pulse-flow based PF-8000 Respirometer System 

(Respirometer Systems and Applications, LLC, Arkansas, USA) attached to all digesters. 

The headspace methane (CH4) and carbon dioxide (CO2) were analyzed weekly using SRI 

8610C Gas Chromatograph (SRI Instruments, Torrance, CA) with a thermal conductivity 
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detector (TCD). Helium was used as the carrier gas at a flow rate of 8 mL/min. The 

calibration was performed using calibration gas mixture of 50% CH4, 35% CO2 and 

balance N2 (GASCO, Oldsmar, FL). The column used was Haye Sep D packed column 

(SRI Instruments, Torrance, CA) 

3.2.5. Determination of hydrolysis constant kh and maximum gas production rate 

Qmax  

A first order reaction model (Higgins et al., 2017) was used to calculate the hydrolysis rate 

constant kh. The following model equation was used: 

 3 3 Å ᶻ  

 

(Equation 3-1) 

Where: 

Sx = concentration of hydrolysable COD (g COD/L) 

Sxo = initial concentration of hydrolysable COD (g COD/L) 

kh
 = first order hydrolysis rate constant(1/d) 

t = time (d) 

  Detailed kh calculation approach was used and described in the previous researches 

(Higgins et al., 2014; Vavilin et al., 2008). Daily maximum gas production rate was defined 

as the highest gas production rate from the 24 hours gas production rate profile (Figure 3-

2c, 3-2d). 
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3.2.6. Results comparison and Statistical analysis 

Data collected from the duplicate conventional and triplicate RT digesters in the steady 

state of each Phase were averaged respectively to make comparison for each operational 

scenario. Two-way analysis of variance (ANOVA) test was performed to compare the 

mean values of data sets for statistical difference, significance level 0.05 was selected as 

the confidence threshold.  

 

Figure 3-2. Digester performance for all five digesters in terms of (a) TS concentration in 

feed and digesters and (b) cumulative biogas production. Detailed biogas production 

profiles over 24 hours period for all five digesters during steady state period for Phase I (c) 
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and Phase 2 (d). Details of the Phase conditions are given in Table 3-1 and Table 3-3. 

Dotted lines in Figure 3-2c and Figure 3-2d represent the variation range of each conditions. 

3.2.7. Process modeling structure 

Conventional mesophilic digestion systems typically do not experience ammonia 

inhibition for normal loading conditions, however, in high solids loading digestion systems, 

the ammonia concentration can reach inhibitory levels of 2,500 mg N/L TAN. Ammonia 

inhibition of aceticlastic methanogenesis results in growth of acetate oxidizers (ACOX) 

which becomes the primary biochemical pathway under high ammonia conditions (Fotidis 

et al., 2014). Currently used plant-wide models are incapable of simulating performance of 

advanced digestion processes because the models are simplified and do not consider impact 

of ammonia inhibition on acetoclastic methanogensis, and substrate competition by ACOX. 

Sumo2ACOX was modified from Sumo2, a plant-wide model considering typical 

biological and physio-chemical reactions of activated sludge and anaerobic digestion. 

Major processes concerning anaerobic digestion process modeled using to Sumo2ACOX 

are as follows: 

1. Flocculation of colloidal organics 

2. Hydrolysis of particulate biodegradable organics dependent on all the biomasses 

under aerobic, anoxic, and anaerobic condition. 

3. Fermentation of soluble biodegradable organics 

4. Acetoclastic methanogensis pathway with ammonia inhibition 

5. Hydrogenotrophic methanogensis pathway 

6. Acetate oxidizing pathway with ammonia inhibition. 
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As the process model achieves perfect mass balances, model calibration was focused on 

correct representation of the feed composition, as this impacted both systems in similar 

way, and AD performance in terms of VSR, COD removal and biogas production, as this 

data was cleaned much more than the digestate data for data points with good COD mass 

balances. The feed characterization inputs, critical parameter values used, and main model 

specific process rate expressions are presented in Table A2, Table A3, Table A4, 

Respectively.  

 

3.3. Results 

Both the impact of increasing SRT (Phase I) as well as maintaining SRT at decrease HRT 

(Phase II) through recuperative thickening (RT) application was evaluated in this study. 

The observed AD performance and kinetics, as a result of the applied SRT and HRT 

conditions under constant OLR, were compared to conventional AD operation at 15 days 

SRT and HRT. Process modeling was used to help explain and extrapolate the observed 

results.  

3.3.1. Phase I- AD performance at increased SRT  

As previously reported, a significant biogas production potential is missed in anaerobic 

digestion systems fed with THP sludge when comparing observed biogas production with 

ultimate biogas production potential. It was hypothesized that when the AD systemôs 

efficiency was limited due to biomass limitation, operating under increased SRT would 

increase active biomass inventory and thus improve AD performance.  During Phase I, 

operation at an HRT and SRT of 15 days (conventional digesters) was compared to 
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operation under increased SRT (30 days) at similar 15 days HRT (RT digesters). Overall, 

digester conditions and performance parameters are presented in Table 3-1.  

It took about 30 days (1 SRT for RT digesters and 2 SRT for conventional digesters) to 

achieve a relatively steady operation in terms of TS and biogas production (Figure 3-3a, 3-

3b). Some variability was observed in TAN and free ammonia conditions during Phase I 

(Figure 3-4a, 3-4b) even though TS (Figure 3-3a) and alkalinity levels did stabilize (Figure 

3-4c). A potential reason for the variability was the variability in feed TS concentrations 

(Figure 3-3a). As the both conditions were experiencing this variability by receiving the 

same feed, it was believed that a fair comparison between the system could still be made 

especially because AD performance in term of biogas production (both as overall daily 

rates as well as 24h biogas rates, Figure 3-3c,3-3d) and VSR stabilized. A comparison at 

semi-steady state conditions was performed on the basis of average conditions from day 

25 to day 54 (Table 3-1). As expected, due to operation under increased SRT, TS 

concentrations in the RT digesters reached 7.9 ± 0.3 % compared to only 5.3 ± 0.4 % TS 

in the conventional digesters (Figure 3-3a). Due to RT operation, TAN and soluble COD 

levels decreased slightly in the RT digesters (Table 3-1). Except for the TS concentration 

and total COD numbers, digester conditions between conventional and RT digesters were 

similar (Table 3-1). This resulted in similar (p > 0.05) biogas production rates (Figure 3-

3b), VSR, COD removal and methane yields (Table 3-1).  

Looking more in detail to the AD kinetics, the 24 hours biogas production rates presented 

in Figure 3-2, showed similar profiles especially when including the variability observed. 

Average maximum biogas production rates, assumed to be related to methanogenesis rates 

considering the availability of hydrolyzed substrate originating from THP pretreatment 
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right after feeding, were slightly lower in the RT digesters although this was determined 

not statistically significant (Figure 3-3c, Table 3-1). Some variability was observed in the 

RT reactors which might be related to the RT procedure. When converting the 24 h 

respirometry data into COD removal curves, hydrolysis rate constants (kh) were estimated 

based on Equation 3-1. Hydrolysis rate constants were on average 0.65 ° 0.07 d-1 for 

conventional digesters and 0.64 ° 0.12 d-1 for RT digesters and thus not statistically 

different.  
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Figure 3-3.Overview of TAN, NH3, Alkalinity and soluble COD of all five digesters over 

two Phases. (a) TAN concentration (b) NH3 concentration (c) Alkalinity level (d) soluble 

COD concentration. 
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Model calibration based on the semi-steady state data presented in Table 3-1 aimed to use 

constant parameters for simulation of both, Phase I and II. The model output for the 

calibrated model matched the observed performance closely and is presented in Table . 

Based on the biomass levels simulated , it can be concluded that the increased SRT 

operation only resulted in an overall active biomass concentration increase of 19% and 

total methanogen concentration increase of 24%. However, this increase did not result in 

increased hydrolysis, fermentation or methanogen rates indicating a substrate rather than 

biomass limitation . The active fractions for total biomass content normalized for total 

COD levels in the digester were 12 versus 10 % for conventional and RT reactors, 

respectively.   

 

3.3.2. Phase II- AD performance at decreased HRT 

As SRT was identified not to be limited at 15 days SRT (Phase I), during Phase II the HRT 

of the RT digesters was decreased to 7.5 days, by diluting the feed with a factor 2 while 

maintaining SRT at 15 days. The dilution of the feed allowed for maintaining constant 

OLR compared to the conventional digesters around 9.1 ° 0.3 kg COD/m3/d. Performance 

of the RT digesters was compared to the conventional digesters at 15 days SRT and HRT. 

From day 56 to day 75, TS in RT digesters dropped from 7.9 ± 0.3% to about 5.2 ± 0.2% 

and thus reached similar levels compared to the conventional digesters (Figure 3-3a, Table 

3-2). As a result of the feed dilution in the RT reactors, alkalinity, sCOD and TAN of the 

RT digesters was 40%, 37%, and 40% lower, respectively, compared to conventional 

digesters (Table 3-3, Figure 3-4a, c, d). It should be noted that without change in 
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performance a consistent drop of 50% was expected. The free ammonia (FA) concentration 

in the RT digesters decreased to 41 ± 7 mg N/L while the conventional digesters maintained 

their FA concentration at 110 ± 19 mg N/L (Table 3-2). However, such difference in free 

ammonia or the relative higher sCOD in the digestate, did not seem to affect the overall 

digestion performance. There was no statistical difference observed in biogas production 

(Figure 3-3b), VSR and total COD reduction comparing conventional digesters and RT 

digesters for the steady state period (days 119-164) (Table 3-2). 

Average daily gas production rate profiles of both scenarios are shown in Figure 3-3(d). 

Although the area underneath the respirometer curve was similar for both reactors (Figure 

3-3d) resulting in similar overall biogas production rates (Figure 3-3b), the shape was 

slightly different. On average, the maximum biogas production rates for the RT reactors 

were significantly lower (p < 0.05) compared to the conventional digesters (Table 3-2). 

This however did only result in a small but non-significant (p < 0.05) increase of the 

hydrolysis rate (Table 3-2). 

Using a similar set of parameters as used for Phase I data, the process model was able to 

predict the average performance of the conventional and RT digesters well (Table 3-3). As 

the SRT was similar for both reactors, a similar biomass fraction and composition was 

estimated for both systems (Table 3-3). Although the model predicted slightly lower 

methanogen content in the RT digester operating under diluted feed, no change in overall 

biogas production rate or methanogenesis rate was predicted (Table 3-3). It should be noted 

that more detailed kinetic information would be needed to accurately simulate the more 

detailed kinetic profiles (24 h profiles). Due to a lack of literature kinetic data on THP 

digesters, this was beyond the scope of this work.  
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Table 3-3. Modeling input parameters and output results in terms of digestion 

performance, kinetic rates, and biomass composition for Phase II. 

Parameter Unit  Conventional AD RT AD 

Modeling sludge characterization 

  Influent Effluent Influent Effluent 

Alkalinity  mg/L 2400 8275 1029 4036 

pH - 6 7.7 6.5 7.5 

TS % 9.6 5.7 4.8 4.8 

VS % 7.5 3.7 3.8 4.0 

tCOD g/L 1840 66 920 42.7 

TAN mg N/L 417 1907 208 927 

Performance 

VSR % 53 53 

COD removal % 51 51 

Biogas rate L/d 28.8 28.8 

CH4 content % 62 62 

Kinetic rates (g COD/m3/d) 

Hydrolysis rate 4156 4069 

Hydrogenotrophic 

methanogenesis rate 

1805 1760 

Acetoclastic methanogenesis 

rate 

2951 2914 

ACOX H2 production rate 27.8 9.3 

Biomass composition (g COD/m3) 

Ordinary heterotrophic 

organisms (OHO) 

concentration 

1757 1600 

Acidoclastic methanogens 

(AMETO) concentration 

2821 2275 

Hydrogenotrophic 

methanogens (HMETO) 

concentration 

713 636 

Acetate oxidizers (ACOX) 

concentration 

30 8.4 

COD of all biomasses 5322 4519 
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Overall, this Phase showed that there exists a potential to intensify AD systems by applying 

recuperative thickening and thus decrease HRT for THP AD systems. In this study, OLR 

was kept constant for a fair comparison, a simulation exercise was setup to estimate RT 

application at a more realistic setting (i.e. without feed dilution) using the calibrated model. 

Two scenarios were simulated: (i) increased throughput rates for a conventional digester 

(HRT=SRT) and (i) increased throughput rates for RT application (Figure 3-4). For the RT 

application, the feeding rate was increased gradually while SRT was maintained at 15 days 

SRT. As it would not be realistic to operate AD systems at TSS concentration much higher 

than 8% TSS due to potential mixing limitations, SRT was managed in the RT system to 

maximum TSS of 8% (at HRT ¢ 7.6 days, Figure 3-4). The point of failure was defined as 

the HRT and corresponding SRT at which the VSR started to decrease significantly. This 

point has been indicated in Figure 3-4 using vertical lines.  Results from this simulation 

exercise showed that for both, the conventional as well as the RT system, the AD process 

started to fail when SRT reached 6-7 days. At this point the conventional system still 

operated at TSS values of 5.7 %, while the RT reactors already reached the set maximum 

of 8% TSS (Figure 3-4b). The corresponding HRT was 6-7 days for the conventional 

system and 3 days for the RT system at the failure point (Figure 3-4a). This indicated that 

by applying RT, throughput rates can potentially be increased by a factor of 2, compared 

to operation under conventional settings, without sacrificing AD performance.  
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Figure 3-4. Simulated washout experiment using calibrated model and non-diluted feed for 

both conventional (SRT=HRT) and RT system. SRT was maintained at 15 days for RT 

system as long as TSS < 8 %. TSS was reached, SRT was adjusted to maintain 8% TSS 

under increased loading and decreased HRT. Obtained SRT (A), reactor TSS (B) and VSR 

(C) under increased feeding and thus decreased HRT. Failure points where VSR decreased 

substantially is indicated with vertical lines.  
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3.3.3. Reproducibility of replicate digesters 

Throughout the experimental period of both Phase I and Phase II study, key performance 

parameters obtained from all digesters showed high consistency with their replicate 

digesters (Figure 3-3c, 3-3d). This showed that the digesters were operated with high 

reproducibility in this study and the data achieved in the study was reliable. It should be 

noted that some differences existed between Phase I and II performance of conventional 

digesters, although SRT and HRT were kept constant. During Phase I, VSR and hydrolysis 

rates were significantly higher than for Phase II. Looking into the full -scale operational 

data, it was observed that although the primary sludge over waste activated sludge 

(PS/WAS) ratio send to the biosolids facility was not different (0.55 versus 0.54, for Phase 

I and II, respectively), the capture rate in the gravity thickeners was significantly lower in 

Phase II (72% during Phase II compared to 90% in Phase I). As the capture rate of WAS 

thickening remained the same as well as the overall centrifuge capture for further 

thickening of the sludge before thermal hydrolysis, the estimated PS/WAS ratio finally fed 

into the THP was potentially 0.55 for Phase I, while only 0.43 during Phase II. This can 

potentially explain the increased VSR during Phase I.  

3.4. Discussion 

3.4.1. Recuperative thickening for operation under increased SRT 

This study showed that increasing SRT from 15 to 30 days did not improve AD 

performance or kinetics under similar OLR (Table 3-1). RT application in this 

configuration would thus not be justified. Based on the modeling results, active biomass 

concentrations only increased 19% while SRT was increased by 100% (Table 3-2). It has 

been reported that active biomass concentrations do not increase steeply once the necessary 
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SRT has been reached (Kim et al., 2006; Lee et al., 2011; Miron et al., 2000). In this study, 

AD kinetics were not biomass limited and thus more determined by the available substrate 

concentrations, which were similar for both systems during Phase I (Table 3-1, soluble 

digestate concentrations). Similarly, application of RT on digesters already operating at the 

necessary SRT showed no improvement in previous studies (Cobbledick et al., 2016; 

Ngwenya and Beightol, 2015; Ostapczuk et al., 2011; Xue et al., 2015).  

The necessary SRT needed for THP-AD systems has not been defined clearly in literature. 

As SRT is often coupled to HRT and OLR, comparing and separating the observed impacts 

is complex. Ngwenya et al. (2015) showed no AD performance difference for THP -AD 

systems operating at SRT of 10 days versus 18 days at constant organic loading rate. In 

contrast, (Higgins et al., 2019) showed decreased performance at 10 days SRT versus 18 

days SRT. Based on the simulation exercise performed, the minimum SRT to avoid 

performance loss is 6-7 days, independent of organic loading. The latter thus seemed to be 

a lower estimated washout SRT than other studies suggested (Higgins et al., 2019). With a 

more extensive model calibration using a larger range of data sets than obtained only in 

this study, in combination with better understanding of the impact of diluted feed on AD 

kinetics, the washout SRT estimate might be further improved. Nevertheless, this 

simulation suggested that the current full-scale THP-AD system operating at an SRT of 

20-23 days (Blue Plains advanced WWTP, Washington, DC, USA) has a safety factor of 

2 to 2.5, until reaching biomass limitation. Moreover, in the bench-scale setups used in this 

study, the SRT was about 2 times higher than needed to reach biomass limitation. For 

conventional AD systems without THP pretreatment washout SRT have been reported in 

the range of 8 to 17 days (Higgins et al., 2019; Miron et al., 2000; Rincón et al., 2008). 
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Performing some of the hydrolysis outside the digesters via THP does significantly 

decrease the minimum SRT needs. Based on the knowledge obtained in this study, 

application of RT to increase SRT will only be beneficial when one operates closer to the 

washout SRT.  

3.4.2. Recuperative thickening to increase throughput rates 

Decreasing the HRT from 15 days to 7.5 days while maintaining SRT at 15 days and OLR 

at 8.66 ± 0.67g COD-L/d, did not result in overall AD performance changes (Table 3-2). 

However, the detailed kinetics did differ. A significantly lower maximum biogas 

production rate was observed in the RT reactors (Table3-2, Figure 3-3d). The observed 

decrease in maximum biogas production rate and thus maximum methanogens rate in the 

RT reactors could be explained by either (i) substrate availability or (ii) the RT procedure 

and polymer impact. Due the addition of diluted feed, all feed concentrations available for 

the different steps were half of the concentration fed to the conventional digesters. The 

lower availability of substrate for methanogens might have resulted in decreased 

methanogen rates. In a previous study, a similar decrease in maximum biogas rate was 

observed when operating with diluted feed at 10 days SRT (Higgins et al 2019), although 

the maximum biogas rate was not consistently linked to the substrate availability for other 

treatments. If substrate limitation was the main cause, one would expect increased 

methanogen concentration in the reactor to achieve the similar overall biogas production 

rates. This was however not captured by the process model (Table 3-2), which might be 

the result of simplification within the model (average numbers and variability) or other 

causes not captured in the model. A second reason for the decreased maximum biogas 

production rates might be directly related to the RT application. During Phase II a larger 
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portion of sludge was exposed to the polymer addition (2 L/d in Phase II versus 1 L/d in 

Phase I). The dewatering process during recuperative thickening most likely changed the 

flocs structure and diffusion kinetics within and to the flocs. Decreased diffusion rates due 

to change in floc structure might have caused decreased methanogen rates and increased 

sCOD levels (66% instead of 50% compared to conventional digester levels). Dependency 

of AD performance on diffusion has been shown in previous studies (Shaw et al., 2015). 

Also, for Phase II, although methanogen kinetics might have been impacted, no overall 

impact was detected as biomass inventory was not limited (SRT >> 6-7 days).  

The similar performances also suggested that reducing the TAN concentration from 2200 

mg N/L to 1100 mg N/L, or FA concentration from 110 mg N/L to 41 mg N/L did not 

improve the digester performance significantly. The FA concentration in the conventional 

digesters was close to the lowest reported inhibitory FA concentration (150- 620 mg NH3-

N/L) from the literature (Angelidaki and Ahring, 1993; Bujoczek et al., 2000; Chen et al., 

2008; McCarty and McKinney, 1961; Sung and Liu, 2003). In addition, it can be concluded 

that no other potentially limiting or inhibitory compounds were present in the feed and 

impacted performance under the tested conditions. 

Short HRT could decrease the stability of anaerobic digestion when reaching a point where 

methanogens are washed out (Kim et al., 2006; Salminen and Rintala, 2002). Overall, 

based on results from Phase II as well as the extended simulation exercise, RT application 

has the potential to increase throughput by a factor of 2 and can thus significantly increase 

capacity of THP AD systems. For Blue Plains advanced WWTP, the THP-AD system was 

designed for 15 days SRT and HRT with 10% TS feed concentration at maximum capacity. 

Application of RT could potentially double the OLR while maintaining 15 days SRT. 
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However, some limitations need to be considered. Firstly, RT cannot increase TS 

concentrations unlimited. At a certain point (typically > 8 % TS), the viscosity becomes 

too high for efficient mixing and for efficient gas-liquid transfer. Risks for rapid rise events 

need to be taken into consideration. Secondly, the operational cost will need to be evaluated 

on plant by plant basis. The polymer dose applied during RT in this study was high (7.5 

kg/ton TS) and might need substantial further optimization. A single dewatering test 

determined a polymer dose of 9 ° 0.0 kg/ton TS for final dewatering of the RT digester 

versus 11.5 ° 1 kg/ton TS for the conventional system, with the same resulting cake solids 

of 32 % TS. Given the RT procedure and polymer dose needed for final dewatering, the 

RT system as applied in this study was using about 2.8 times more polymer overall than 

the conventional THP-AD system. Although better dewaterability in RT digester was 

reported before (Cobbledick et al., 2016), the operational cost for RT will need to be 

optimized and weighted against the capital investment. 

3.4.3. Kinetics within THP-AD systems  

It was observed that increased VSR (Phase I vs Phase II) occurred as a result of increased 

primary sludge loading during Phase I, and resulted in increased observed hydrolysis rates. 

In literature, hydrolysis rates without THP pretreatment are reported to be higher for 

primary sludge (0.4-1.2 d-1) (O`Rourke, 1968), compared to reported hydrolysis rate for 

WAS, i.e. 0.17-0.6 d-1 (Ghosh, 1981). The 30% increase in hydrolysis rates in Phase I 

compared to Phase II for the conventional digesters (Table 3-1, Table 3-2), correlated well 

with the 28% increase in PS/WAS ratio. So, despite the THP pretreatment, hydrolysis rates 

within the AD system were still driven by the PS/WAS ratio fed into the THP system. 

Overall, the reported first order hydrolysis rates in this study (0.5-0.65 d-1) were consistent 
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with the previously reported hydrolysis rates for THP digesters under similar PS/WAS 

sludge feeding (Higgins et al., 2019) and based on literature can be defined as relatively 

fast hydrolysis rates (Vavilin et al., 2008).  This could be favored by the THP process and 

the observed faster hydrolysis rates could be linked to the readily biodegradable substrates 

present in the THP feed sludge. 

3.5. Conclusion 

This study showed that due to the low SRT requirements for THP-AD system, RT 

application for SRT enhancements from 15 to 30 days did not improve AD performance 

or kinetics. Only when one would operate close to or lower than washout SRT (estimated 

at 6-7 days), RT application for SRT enhancement would make sense. However, RT 

application to maintain SRT while increasing throughput rates showed great potential for 

further intensification of AD system while maintaining biogas yields, VSR and COD 

removal efficiencies. Based on a calibrated process model RT application was estimated to 

allow for at least 100% increase of throughput rates without sacrificing AD performance. 

 

Note: This chapter was redrafted after: 

Li, B., Romero, A., Wadhawan, T., Tobin, Michael., Manning, R., Higgins, Matthew., 

Al -Omari, A., Murthy, S., Riffat, R., De Clippeleir, H. 2020. ñRecuperative thickening 

for sludge retention time and throughput management in anaerobic digestion with thermal 

hydrolysis pretreatment.ò Water Environment Research. In Press. 
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Chapter 4: Investigate the free ammonia inhibition of methanogens in THP-AD 

systems 

 

4.1. Introduction 

In anaerobic digestion, four microbiologically driven processes have different metabolic 

characteristics, growth rates, and sensitivity to environmental conditions, thus maintaining 

operational stability in anaerobic digestion is complex (Pohland and Ghosh, 1971). This 

has often resulted in large designs for anaerobic digesters and operation at relatively slow 

rates preventing most limiting or inhibitory impacts. Several chemicals have been reported 

to inhibit the AD microbial activities. Among them, ammonia has been shown to be a 

significant inhibitor (Akindele and Sartaj, 2018; Angelidaki and Ahring, 1993; Capson-

Tojo et al., 2020; Hashimoto, 1986; Sung and Liu, 2003; Tao et al., 2017; Yenigün and 

Demirel, 2013) and overall total ammonia nitrogen (TAN) levels are often of concern 

during full-scale design of AD systems.  

The recent trend of utilities to intensify AD treatment through installation of pretreatment 

systems, makes the ammonia discussion now even more relevant for municipal 

applications as TAN levels increased from 500-1000 mg TAN-N/L conventionally to 2000-

3000 mg TAN-N/L in the intensified configurations (Barber, 2016b). Thermal hydrolysis 

pretreatment (THP) has been adopted by treatment plants mainly due to its efficient 

decrease in sludge viscosity which results in efficient mixing and pumping at increased 

digester total solids (TS) concentrations (Barber, 2016b; Nielsen et al., 2011). Benefited 

by low sludge viscosity, THP-AD systems have been successfully operated at much higher 

OLR compared to the conventional AD. The higher feed concentrations proportionally 
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increased the concentration of potentially inhibitory substances, such as free ammonia and 

ammonium ion, in the digesters. TAN and free ammonia levels around 2200-2800 mg 

TAN-N/L and 160-245 mg NH3-N/L, respectively, have been observed for THP- AD 

systems (Barber, 2016b; Higgins et al., 2017b). As mentioned above, reported ammonia 

inhibitory levels varied largely and were intertwined with the complexity of AD systems 

and operational conditions. Very few researchers have reported ammonia inhibitory 

concentrations on THP pretreated AD systems. Jeong et al. (2019) observed a 9% lower 

methane potential in a biomethane potential test when THP pretreated waste activated 

sludge was used as a substrate. This decreased yield was a minor decrease given the 

increase in TAN from 213 to 1804 mg TAN-N/L and free ammonia increase from 8 to 213 

mg NH3-N/L. Other THP-AD studies have successfully operated AD systems with efficient 

volatile solids reduction and biogas yields under TAN concentration of 2400-4000 mg 

TAN-N/L and 138-455 mg NH3-N/L at SRT ranging from 9-20 days (Capson-Tojo et al., 

2020; Han et al., 2017; Higgins et al., 2017b; Jolis, 2008; Oosterhuis et al., 2014). However, 

clear data on inhibition constants for hydrolysis, fermentation and methanogenesis in AD 

systems, independent of other changing factors such as organic loading, SRT and substrate 

composition is still lacking in literature. So far, no clear guidelines on (free) ammonia 

inhibition in AD systems that can be generally applied or used in process models is 

available. The latter data will be essential to support the industrial trend of AD 

intensification, where the boundaries of AD systems will be shifted as we better understand 

the microbial interactions and limitations.   

This study aimed to fill this research gap by conducting a lab-scale study in which five 

digesters were fed with a mixture of primary and secondary activated sludge after full-scale 
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THP treatment (9% TS) and operated under similar organic loading rate of 8.9 ± 0.5 kg 

COD/m3/d and SRT of 15 days. Fifteen different steady state TAN and free ammonia 

conditions were created by addition of ammonium bicarbonate in the feed, thus making the 

free ammonia and TAN levels the only variable between system runs. The impact of free 

ammonia and TAN on reactor performance as well as the impact on final dewaterability 

after reaching steady state and potential adaptation was evaluated. In addition, methanogen 

inhibition kinetic constants were estimated based on detailed methane production rate 

dynamics to provide general guidelines. This study provides a unique dataset that gives 

insights into inhibition levels and kinetics within anaerobic digestion without other 

interfering factors. 

4.2. Research approach and methods 

4.2.1. Research approach overview 

THP sludge was collected from Blue Plains wastewater treatment plant (WWTP) 

in Washington, DC, and used to feed a set of five lab-scale anaerobic digesters. These 

digesters were operated for about 20 months, in which three different operational phases 

were conducted. Each phase was operated until their steady state was reached before the 

next phase commenced. Steady state phases are highlighted in Figure 4-1. Steady state 

digester effluent was collected and used for analysis to evaluate the digester performance. 

The five digesters were labeled with AD-1, AD-2, AD-3, AD-4 and AD-5. 
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Figure 4-1. (a) Free ammonia concentration, (b) Total ammonia nitrogen (TAN), (c) daily 

methane yield and (d) gas production of all five digesters for the entire operational period. 

Each digester was operated under 3 incremental TAN conditions and referred to as phase 
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I to III. The different operational phases as well as steady state (SS period) are highlighted. 

Steady state data is also presented in Table 4-2 and Figure 4-2. 

4.2.2. Feed sludge and digester set-up 

Pre-thickened primary sludge (PS) and waste activated sludge (WAS) mixture at a mass 

ratio of on average 49.8% PS/WAS and at about 5% TS was further dewatered using 

centrifuges to 16.5% TS before THP treatment. Through a full-scale THP process, the pre-

dewatered solids were then thermally hydrolyzed (Cambi, UK). Both primary and waste 

activated sludge was thermally hydrolyzed to guarantee class A biosolids production. The 

thermal hydrolysis units were operated with 600 kPa pressure at 165 °C for a reaction time 

of minimum 30 minutes. Afterwards, the thermally hydrolyzed sludge was diluted with 

chlorinated plant effluent to 9.5 % TS. Each week, this diluted sludge was collected, and 

transported to the research laboratory. At the laboratory, the sludge was stored at 4  for 

maximum one week. Before feeding, the sludge was warmed up to operational temperature 

(37 °C) using a warm water bath. Key THP feed sludge quality parameters for the three 

phases are summarized in Table 4-1. All digesters used in this study had an active sludge 

volume of 10 L, and head space of 5 L. Digesters were placed in a temperature controlled 

room, where the temperature was set at 37 Ñ 0.2 , and fed once a day. A shaft paddle, 

operated continuously at 100 rpm, was attached to the head of the digester. For headspace 

gas sampling, a gas port sealed with septa on the cap of digester was utilized. Out of the 

five digesters, two were operated as typical semi-continuous reactors (AD-1, AD-2), and 

the remaining three were operated with recuperative thickening (AD-3, AD-4, AD-5). 

Solids retention time (SRT) was the same for all five digesters and was set at 15 days. In 

order to shorten the required time for reaching digester steady state, the digestersô 
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configuration was adapted from previous research (Li et al., 2019). Recuperative 

thickening proved not to affect digester performance under the same organic loading rate 

and SRT (Li et al., 2019), hence, a change in digestersô configuration should not influence 

digester performance between digesters. Digester steady state digestate from the research 

of Li et al. (2019) was used as digester starting point for this research. 

Table 4-1. Comparison of key feed characteristics to the digester after the THP process of 

all three operational phases.  

Parameter Unit  Phase I Phase II Phase III 

Alkalinity  mg/L 1960 ± 643 2040 ± 271 2162 ± 155 

pH - 6.00 ± 0.09 6.04 ± 0.11 6.02 ± 0.07 

TS % 9.31 ± 0.16 8.94 ± 0.65  9.20 ± 0.10 

VS % 7.23 ± 0.23 7.10 ± 0.21 7.25 ± 0.11 

Total COD g/L 138 ± 12 129 ± 9 132 ± 4 

Soluble COD g/L 27.0 ± 1.6  23.9 ± 2.2 23.3 ± 1.5 

TAN mg N/L 498 ± 21 467 ± 108  512 ± 46 

Note. AD3-5 were fed with diluted feed (2x) at increased feed flow rate under 

recuperative thickening protocol (see methods). 

4.2.3. Operational phases  

 This study was conducted in three phases, namely phase I, II and III. In phase I and 

II , NH4HCO3 was added in the digester feed to increase the total ammonia nitrogen (TAN) 

concentration of the digester. NH4HCO3 was preferred over NH4Cl in phase I and II to 

avoid Cl- inhibition previously described in Chen et al. (2008). To avoid pH increments 

due to NH4HCO3, NH4Cl was used at 1000 mg TAN-N/L dosage in the feed during phase 

III to achieve the desired TAN concentration. In total 5 different reactors were operated 

with incremental increase in TAN conditions (see timeline in Figure 4-1). The target TAN 

concentration for each digester, in each phase can be found in Table B1. For all digester 
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conditions, TAN concentrations increased to the desired level over a period of one SRT or 

15 days. In this study, the TAN levels applied in the digesters ranged from 1249 to 5638 

mg TAN-N/L, and corresponding free ammonia concentration range was 37 to 966 mg 

NH3-N/L.  

4.2.4. Monitoring digester performance 

Using Denver Instrument Model 250 pH meter (Denver Instrument, Bohemia, NY), the pH 

of the digestate was measured daily after wasting. Alkalinity was measured weekly 

according to the Standard Methods 2320B titration method, using 0.1N H2SO4 (Fisher 

Chemicals, Hampton, NH) with a titration endpoint pH of 4.3 (APHA, 1998). Total Solids 

(TS) and Volatile Solids (VS) measurements were performed twice per week, according to 

the Standard Methods 2540B and Standard Methods 2540E. Volatile solids reduction (VSR) 

of each digester at their steady state was calculated using Van Kleek equation (USEPA, 

1999). Hach NH3-N high range test vials were used for TAN concentration measurement 

(Hach Inc., Loveland, CO; Salicylate method). Due to the fact that anaerobic sludge was a 

non-ideal solution,  free ammonia was calculated based on the Davis equation by using 

simplified I calculation without iterative NH4
+ correction (Capson-Tojo et al., 2020) to 

minimize the calculation error. Total Chemical Oxygen Demand (tCOD) and Soluble 

Chemical Oxygen Demand (sCOD) were measured twice per week based upon Standard 

Methods 5220D. Soluble COD samples were obtained by centrifuging digestate samples 

at 3000 G for 30 mins, and filtering through 0.45 µm pore size filters (Millipore, Burlington, 

MA). A pulse-flow based PF-8000 Respirometer System (Respirometer Systems and 

Applications, LLC, Arkansas, USA) was attached to all digesters to collect 24h real-time 

gas production profiles. The hour with highest hourly gas production rate at the digester 
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steady state was considered as the maximum gas production rate. This maximum gas 

production rate was latter used for Monod inhibition constant Ki calculation. The methane 

(CH4) and carbon dioxide (CO2) composition of digester headspace biogas was analyzed 

weekly before daily feeding using SRI 8610C Gas Chromatograph (SRI Instruments, 

Torrance, CA) with a thermal conductivity detector (TCD). The carrier gas was helium 

with flow rate of 8 mL/min. Volatile Fatty Acids (VFAs) were measured by a Shimadzu 

GC-2010 Gas Chromatograph (Shimadzu, Kyoto, Japan) with flame ionization detector 

(FID). The column used in the Gas Chromatograph was the Restek Stabilwaxfi-DA 

capillary column (Restek, Bellefonte, PA). At first, digestate samples were centrifuged 

using AccuSpinTM 400 (Fisher Scientific, Hampton, NH) for 30 minutes at 3000 G. This 

action was followed by filtration using Millipore Millex-HN (Millipore, Burlington, MA) 

0.45 µm pore size filters. Prior to the use for analysis, the solution or supernatant was 

acidified with o-phosphoric acid. This analysis was performed once a week, and the 

measured VFAs were presented as the total VFA equivalent COD. Biogas production 

potential of VFA present in digester was calculated by using theoretical biogas yield 0.35 

L methane/g COD removed. Steady state periods had at least five samples taken for 

comparison of TAN and free ammonia conditions. 

4.2.5. Dewatering test 

A one-time dewatering test, performed in triplicate, was performed to evaluate the impact 

of ammonia on digestate dewaterability at the digester steady state for each digester 

operational scenario. A median cationic charge (35%) with density of 850 kg/m3 flocculant 

polymer powder (FLOPAM 4440, SNF, GA, USA) was selected. Optimum polymer dose 

(OPD) was determined by building the polymer dose-response curve based on capillary 
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suction time (CST), as the measure of the degree of conditioning and floc formation. A 500 

mL of digestate sample was placed in a 2L baffled container. The polymer was added to 

the digestate and mixed at 563 rpm (G å 700/seconds) for 30 seconds, followed by a slow 

mixing at 54 rpm (G å 10/seconds) for 90 seconds. After mixing was done, the 

measurement of CST was performed. The dosage that achieved the lowest CST was 

considered as the optimum polymer dose. Overall polymer dose for RT digesters (Table 4-

2) was calculated by adding the polymer dose applied during digester operation to the 

polymer dose added during dewatering tests (Li et al 2019). No adjustment was needed for 

the conventional digesters as no polymer was added during daily operation. The next step 

involved determination of cake solids and the method described by Higgins et al. (2017b) 

was used to simulate belt filter press dewatering. Dewatering was performed using gravity 

to drain 200 mL of solids onto a belt filter press fabric. Then, the drained solids were placed 

in a specially design cup which comprised of a belt filter press fabric (Higgins et al., 2017b). 

Centrifugation of solids  
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Table 4-2. Dewaterability including Optimum polymer dose and cake TS of digestate from 

digesters with different free ammonia concentration.   

Free ammonia 

 (mg NH3-N/L) 

Optimum 

polymer dose  

(lb/ton dry 

solids) 

Overall 

polymer dose 

(lb/ton dry 

solids) 

Cake total 

solids 

(%) 

Reactor Phase 

37 ± 6 16 ± 0 31 ± 0 35.4 ± 0.4 AD-5 I 

103 ± 76 24 ± 0 24 ± 0 33.7 ± 0.3 AD-2 I 

128 ± 8 16 ± 1 31 ± 1 33.3 ± 0.4 AD-5 II  

202 ± 71 16 ± 1 31 ± 1 32.7 ± 0.4 AD-4 I 

211 ± 2 18 ± 0 33 ± 0 33.2 ± 0.3 AD-5 III  

225 ± 21 18 ± 0 33 ± 0 33.9 ± 0.5 AD-3 I 

226 ± 24 24 ± 0 24 ± 0 34.3 ± 0.4 AD-1 I 

297 ± 29 16 ± 0 31 ± 0 32.7 ± 0.6 AD-4 II  

396 ± 25 18 ± 0 33 ± 0 33.3 ± 0.3 AD-4 III  

509 ± 59 24 ± 1 24 ± 1 33.7 ± 0.3 AD-2 II  

549 ± 36 24 ± 0 24 ± 0 32.2 ± 0.4 AD-2 III  

554 ± 74 18 ± 0 33 ± 0 32.4 ± 0.2 AD-3 II  

734 ± 13 18 ± 1 33 ± 1 33.8 ± 0.3 AD-3 III  

800 ± 171 22 ± 0 22 ± 0 34 ± 0.4 AD-1 II  

966 ± 22 24 ± 0 24± 0 33.6 ± 0.3 AD-1 III  

Note. The overall polymer dose includes polymer used during recuperative thickening 

protocol when applied. The conventionally operated digesters are highlighted in bold. 

occurred at 3000 G for 10 min, and the cake was removed from the belt filter press fabric 

and used for total solids and volatile solids analysis. For each sample, cake samples were 

generated and analyzed in duplicate. 

 

4.2.6. Kinetic studies 

To compare the impact of ammonia on biogas production with and without high ammonia 

acclimation, a stress test using NH4Cl was performed in batch. Stress tests were performed 

based on methods for activated sludge samples (Melcer, 2004) and adjusted for anaerobic 
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digestion. Ten batch bottles were used, and each had a volume of 250 mL, of which 200 

mL was used as active sludge volume and 50 mL left as headspace. Five bottles were 

seeded with the steady state digestate from high free ammonia digester AD-1 from Phase 

III (966 mg NH3-N/L) and the other five bottles were seeded with steady state digestate 

from low free ammonia digester AD-5 from Phase III (211 mg NH3-N/L). THP sludge was 

used as feed in the batch test and a similar food to microorganism ratio was applied (15 d 

SRT) for all batch bottles (13.3 mL of THP sludge in 200 mL with 186.7 mL digestate). It 

should be noted that the THP sludge, due to significant hydrolysis, already contains readily 

biodegradable organics and VFA and was therefore preferred over synthetic substrate 

addition. With the addition of NH4Cl, 5 free ammonia conditions for each set of digestate 

samples were achieved, with the lowest concentration representing the condition of the 

seeding digester. Overall, the free ammonia in the different batch tests varied from 236 to 

1335 mg NH3-N/L. Each bottle was connected to respirometer to record the gas production 

profile during the test. Cumulative biogas production over the first 24 hours was used as a 

representative biogas rate of methanogens, given the high content of solubilized organics 

in the THP based feed. 

4.2.7. Statistical analysis and Monod inhibition constant Ki calculation 

One-way analysis of variance (ANOVA) test was performed to compare the mean 

values of data sets for statistical difference. The selected significance level for confidence 

threshold was 0.05.  

The effect of excessive free ammonia on biogas production or methane production 

is expressed empirically by the following Monod function: 
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                     (Equation 4-1) 

Where R (L/d) is the biogas production rate or methane production rate determined from 

the pilot anaerobic digesters and batch tests at inhibitor concentration of I (mg NH3-N/L); 

Rmax (L/d) is the maximum biogas production rate or maximum methane production rate 

without having substrate (acetate) limitation; Ki  is the Monod inhibition constant (mg NH3-

N/L) and describes the inhibitor concentration at which the maximum gas production 

decreases by 50%. The Monod inhibition curve was fitted to maximum biogas rates 

observed in respirometer tests, and there was no substrate limitation for methanogens. 

4.3. Results and discussion 

4.3.1. Impact of (free) ammonia on AD performance during transitions 

Given the five digesters and the 3 different phases in each digester, a total of 15 free 

ammonia and TAN, which varied in the range of 37 to 966 mg NH3-N/L and 1249 to 5820 

mg TAN-N/L, respectively, were created providing performance information both at 

transitions as well as at steady state (Figure 4-1). There is no statistical difference between 

the feed sludge composition during the three different phases studied (Table 4-1) in terms 

of alkalinity, pH, TS, VS, total COD, soluble COD and TAN. The average TAN, pH and 

free ammonia concentrations for the steady state phases are shown in Table 4-3. It should 

be noted that, due to the dosing of ammonium bicarbonate (NH4HCO3), all digesters 

operated were well buffered and the pH in the digesters varied in the range of 7.5 to 8.2. In 

phase III, the additional 1000 mg TAN-N/L in the feed was added in the form of 

ammonium chloride (NH4Cl) to avoid further pH increment.  
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Table 4-3. Fifteen steady state total ammonia nitrogen (TAN), free ammonia and pH 

conditions generated from the different reactor runs.  

Free ammonia 

(mg NH3-N/L) 

TAN 

(mg N/L) 

pH 

(-) 

Reactor Phase 

37 ± 6 1249 ± 63 7.51 ± 0.05 AD-5 I 

103 ± 76 2264 ± 137 7.82 ± 0.04 AD-2 I 

128 ± 8 2093 ± 252 7.94 ± 0.04 AD-5 II  

202 ± 71 2557 ± 437 7.93 ± 0.11 AD-4 I 

211 ± 2 2959 ± 13 7.94 ± 0.01 AD-5 III  

225 ± 21 3134 ± 101 7.94 ± 0.05 AD-3 I 

226 ± 24 3220 ± 118 7.93 ± 0.05 AD-1 I 

297 ± 29 2985 ± 105 8.09 ± 0.04 AD-4 II  

396 ± 25 4076 ± 40 8.09 ± 0.03 AD-4 III  

509 ± 59 3781 ± 140 8.24 ± 0.05 AD-2 II  

549 ± 36 4635 ± 31 8.19 ± 0.03 AD-2 III  

554 ± 74 4109 ± 250 8.25 ± 0.05 AD-3 II  

734 ± 13 5820 ± 276 8.23 ± 0.02 AD-3 III  

800 ± 171 4809 ± 227 8.41 ± 0.06 AD-1 II  

966 ± 22 5638 ± 235 8.38 ± 0.02 AD-1 III  

Note: The different phases and reactors are highlighted in Figure 4-1 and included here in 

ascending free ammonia order for direct comparison with Figure 4-1. The different 

operational phases of each reactor (5 reactors in total) is highlighted and can be compared 

with the timeline graphs shown in Figure 4-1. Table 4-5 summarizes additional operational 

conditions. 

As a result of the step increase in feed ammonium concentration (start of Phase II), the free 

ammonia and total ammonia nitrogen levels in each digester increased over one SRT and 

reached a steady concentration after 30 days. At the transition from Phase I to Phase II, 

digester gas production and methane yield decreased temporarily for AD-1, AD-2 and AD-

3 reactors, when their free ammonia concentrations reached about 550 mg NH3-N/L 
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(Figure 4-1c, d) on day 203, day 230 and day 225 respectively. However, TAN 

concentration of these digesters at the time when gas production and methane yield 

decreased were 3700, 4160 and 4300 mg TAN-N/L, respectively (Figure 4-1c, d). This 

observation therefore suggested that the biogas production and methane yield was more 

sensitive to free ammonia than TAN which was suggested before in the literature (Akindele 

and Sartaj, 2018; Chen et al., 2008; Zhao et al., 2019). A larger impact of the increased 

free ammonia concentrations on biogas production rate was initially observed for AD-1 as 

the increase in free ammonia continued up to 800 mg NH3-N/L, while steady state free 

ammonia concentrations for AD-2 and AD-3 reactors were 509 and 549 mg NH3-N/L, 

respectively (Figure 4-1a, b). A slight daily gas production rate and methane yield decrease 

in all digesters was observed in the first 25 days of the study. The lowest daily gas 

production and methane yield of AD-1 in the transition period was 14.1 L/day and 190 mL 

CH4/g VS added respectively (Figure 4-1c, d), which corresponded to a 48% decrease in 

gas production when compared to Phase I. Biogas production in AD-2 and AD-3 reactors 

only reduced by 22.2 % and 30%, respectively. The decreased slope of free ammonia 

increases in these two cases and the lower final steady state concentration compared to the 

AD-1 reactor decreased the overall impact on biogas production rates and methane yield. 

The biogas production and methane yield deficiency in AD-2 was fully recovered after two 

SRT. However, the gas production and methane yield deficiency were only partially 

recovered in AD-1 and AD-3 at their steady state. The VSR of AD-1 and AD-3 was 17% 

and 9% lower compared to their Phase I performance, respectively (Table 4-2). This 

observation agreed with the findings from literature (Hansen et al., 1998; Zeeman et al., 

1985). This could be due to the internal fraction shift of the dominant methanogens species 
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and changes in methanogens population (Zeeman et al., 1985). Hansen et al. (1998) 

conducted a batch experiment using inoculums acclimated to high ammonia concentration 

to determine the ammonia toxicity. They reported that ammonia inhibition started at a free 

ammonia concentration of 1100 mg NH3-N/L with the acclimated inoculum. Specific 

apparent methanogens growth rate was found to be constant when free ammonia is below 

1100 mg NH3-N/L. This was similar to what was observed in this study.  

4.3.2. Impact of (free) ammonia on AD performance after acclimation 

The impact of free ammonia and total ammonium was evaluated based on the steady state 

period and thus after acclimation as indicated in Figure 4-1. An overview of the different 

free ammonia and TAN levels under steady state conditions is shown in Table 4-2. The 

performance parameters at steady state conditions were evaluated in function of free 

ammonia concentrations (Figure 4-2, Table B2). The same evaluations in function of TAN 

can be found in Figure B1. As mentioned above, data indicated that the main impacts were 

related to free ammonia rather than TAN during transition periods, this was confirmed 

during steady state (Figure B1) and is consistent with previous reports (Akindele and Sartaj, 

2018; Chen et al., 2008; Zhao et al., 2019). 
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Figure 4-2. Key digester parameters in terms of (a) Volatile solids reduction calculated by 

Van Kleeck method (VSR-VK), (b) COD removal efficiency, (c) methane yield, (d) 

maximum biogas production rate as observed in the 24h biogas rate profiles as indicators 

for maximum methanogenesis, (e) digestate soluble COD and (f) VFA concentrations in 

function of free ammonia concentrations. Data represent steady state conditions for the 

different conditions presented in Table 4-2. 
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A decrease in AD performance in terms of VSR, COD removal efficiency and biogas yield 

was observed when free ammonia concentration exceeded 554 mg NH3-N/L (p=0.00015), 

734 mg NH3-N/L (p=0.000007) and 554 mg NH3-N/L (p=0.000001), respectively. The 

decrease in steady state performance at around 550 mg NH3-N/L was similar to the 

temporary impact observed during the transition periods (Figure 4-1). At the highest free 

ammonia concentration of 966 mg NH3-N/L and 4809 TAN-N/L, a decrease of 33 ± 5% in 

VSR, 22 ± 2% in COD removal and 18 ± 6% in methane yield was observed (Figure 4-2). 

Very few studies looked at the impact of extreme free ammonia (700-1000 mg NH3-N/L) 

on acclimated anaerobic digestion system fed with municipal sludge. Akindele and Sartaj 

(2018) conducted a 60 days biomethane potential test using municipal solid waste as 

substrate and reported that a 62% lower cumulative biogas production was found when free 

ammonia increased from 69 to 770 mg NH3-N/L. The cumulative biogas production was 

further decreased by 90% when free ammonia further increased to 1077 mg NH3-N/L. The 

observed decrease in digestion performance in this study (18-33%) was lower than 

expected and more in the range of  reported impacts for free ammonia levels of 60 to 480 

mg NH3-N/L rather than 550-970 mg NH3-N/L (Angelidaki and Ahring, 1993; Chen et al., 

2016; Chen et al., 2008; Wang et al., 2016). 

Another potential explanation for the high tolerance to free ammonia might be attributed 

to the buffering capacity of this system. In this study, the buffer capacity and pH were 

higher than conventional AD systems and was close to reported mature AD systems. 

Similar to previous observations in the literature, due to free ammonia inhibition of 

methanogens, VFA accumulated in the reactors (Figure 4-2f) (Akindele and Sartaj, 2018; 

Sung and Liu, 2003; Yenigün and Demirel, 2013). However, due to the added buffer 
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capacity and high pH in this study, acidification was avoided. This allowed for the 

assessment of free ammonia impact without interference of acidification.  

4.3.3. Impact of free ammonia on hydrolysis and fermentation 

With increased free ammonia concentrations, an exponential increase in soluble COD and 

VFA was observed in the digesters (Figure 4-2e, f). To evaluate if hydrolysis or 

fermentation was impacted by free ammonia, the potential biogas amount within the 

accumulated VFA was added to the observed biogas production (Figure 4-3). For example, 

for the total VFA accumulation of 898 mg COD/L, given a reactor volume of 10 L and a 

theoretical methane yield of 0.38 L methane per g COD removed, 3.4 L methane estimated 

to be available in the reactor. When adding this calculated value to the observed 14.3 ± 0.9 

L CH4/d, the overall estimated methane of 17.7 L CH4/d was close to the biogas rate of the 

first digester at free ammonia of 45 mg NH3-N/L. This calculation was done for all free 

ammonia concentrations and based on VFA accumulation. Figure 3-3 shows, except the 

highest total VFA accumulation scenario, no statistical difference in potential biogas, 

indicating no significant impact of free ammonia on hydrolysis and fermentation within 

the digesters. Although it is generally agreed that hydrolysis and fermentation are less 

sensitive to ammonia inhibition (Akindele and Sartaj, 2018; Angelidaki and Ahring, 1993; 

Yenigün and Demirel, 2013), Wilson et al. (2013) reported the hydrolysis rate of anaerobic 

digestion could decreased by 50% when TAN increased from 1000 mg TAN/L to 5000 mg 

TAN/L (36 mg NH3/L to 182 mg NH3/L) due to ammonia inhibition.  It should be noted 

that the SRT of 15 days might have been long enough to compensate for potentially 

decreased hydrolysis or fermentation rates. In addition, unlike methanogen kinetics it is 
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not feasible to focus directly on hydrolysis and fermentation kinetics from biogas 

production rates so only overall results could be evaluated. 

 

 

Figure 4-3. The daily observed methane production in function of free ammonia under 

steady state conditions. The calculated methane potential from accumulated volatile fatty 

acids (VFA) present in digesters under different free ammonia concentration was added to 

the observed biogas rate. The maximum methane potential in 966 mg NH3-N/L free 

ammonia digester was overestimated due to the excessive VFA accumulation as shown in 

Figure 4-2f. 
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4.3.4. Impact of free ammonia on kinetics of methanogens 

Previous studies have indicated that under high free ammonia, a selection for 

hydrogenotrophic methanogens occurred (Angelidaki and Ahring, 1993; Borja et al., 1996; 

Chen et al., 2008; Zeeman et al., 1985). As the latter pathway depends on an optimal 

hydrogen partial pressure to make the reaction thermodynamically feasible, VFA 

accumulation might have occurred due to a thermodynamic limitation rather than a rate 

limitation. To investigate this, feeding was stopped for 2 days at the end of phase III study 

and VFA consumption and biogas production was monitored (Figure B3). In all digesters 

a steep consumption of VFA was observed in the first 24 hours without feed (Figure B3b). 

After 2 days without feed, similar cumulative biogas levels were reached in all digesters 

and thus VFA levels decreased to below 100 mg COD/L for all digesters with free ammonia 

concentration below 734 mg NH3-N/L, and to levels of 430 mg COD/L for highest free 

ammonia concentration (Figure B3b). This experiment indicated that thermodynamic 

limitation was unlikely and the observed VFA accumulation was a result of rate limitations. 

Providing increased reaction time through an increase the solids residence time was 

suggested to result in decreased VFA accumulation and increased biogas rates under the 

applied high ammonia concentrations. This was similar to suggestion from Climenhaga 

and Banks (2008) who tested the ammonia inhibition effect on food waste bench scale 

anaerobic digesters and reported that increasing the SRT of the digester from 100 days to 

180 days could increase the ammonia tolerance level from 300 mg NH3-N/L to 1000 mg 

NH3-N/L. The latter also suggested that when inhibition is compared between studies, one 

should put this in context of SRT and organic loading. 
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As the AD performance indicators were impacted by the applied SRT and were thus hard 

to use as general guidelines for inhibition of methanogens, more detailed kinetic 

information was gathered. Detailed 24 hours respirometer data was collected from which 

maximum methanogen rates were calculated (Figure B2), and the calculated methanogen 

rates are presented in Figure 4-4a in function of free ammonia levels. Figure 4a shows that 

methanogen rates were impacted earlier than the observed AD performance indicators by 

free ammonia (Figure 4-2a, b, c). Similar conclusion can be drawn from Figure 4-2d, which 

shows the steady state maximum gas production rate of a 24 h cycle. As readily 

biodegradable substrate concentration was similar for all digester conditions, maximum 

gas production rate was directly related to the digester methanogen rates and occurred 

within the first 2 hours after feeding. Figure 4-2d shows that the maximum gas production 

rate was impacted earlier than the observed AD performance indicators. This confirmed 

that SRT of 15 days was compensating for the decreased methanogen rates up to 550 mg 

NH3-N/L. Based on the calculated maximum methanogen rates at digester steady state, an 

inhibition constant for free ammonia was estimated (Figure 4-4c). The Monod inhibition 

constant Ki, describing the concentration at which half of the maximum rate was achieved, 

was estimated to be 817 ± 198 mg NH3-N/L and thus higher than the reported values in 

current literature (Akindele and Sartaj, 2018; De Vrieze et al., 2015; Fernandes et al., 2012). 

The variation in threshold ammonia inhibition concentration could be related to several 

factors such as acclimation time, buffer capacity, inoculant composition, feed stock type 

(Akindele and Sartaj, 2018) and SRT as discussed above. In addition, the use of THP 

pretreated sludge allowed for the availability of VFA and readily biodegradable COD 

(Barber, 2016b) and thus allowed to extract the kinetic information for the substrate used 
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in this study. The Monod inhibition constant estimated based on batch respirometer test 

using biomass from a low (211 mg NH3-N/L, AD-5, Phase III) and a high free ammonia 

concentration (966 mg NH3-N/L, AD-1, Phase III) were slightly lower, but not significantly 

different (p>0.05; Figure 4-4b) to the Monod inhibition constant Ki estimated based on the 

steady state maximum biogas production and methane production data from the digesters 

(Figure 4-4a, c). The similarity in inhibition kinetics between the batch and reactor data 

suggested that overall population might not have changed much, which might be a result 

of an enriched hydrogenotrophic methanogen population in THP digesters to start with 

(Barber, 2016b; Wilson et al., 2008) . Inhibition constants presented in this study are for 

the overall digestion system performance. Future complex modeling with combination of 

molecular analysis would be needed to develop detailed kinetic information.  

A minimum inhibition level of THP digesters operating at a pH level of 7.8 and temperature 

of 37°C was estimated based on the Ki estimations from the reactor data (Figure 4-4a). The 

highlighted grey area in Figure 4-5 indicates the operational levels of free ammonia and 

TAN for typical THP AD systems (Barber, 2016b; Higgins et al., 2014). Based on the 

kinetic information gathered in this study, current THP AD systems operate under an 

estimated inhibition level of 12-18% for methanogens. Only at inhibition levels of more 

than 40% (> 600 mg NH3-N/L) significantly impact on VSR and VFA accumulation were 

observed in our study under SRT of 15 days. This also indicates that when enough buffer 

capacity is available to avoid acidification, THP AD systems have significant potential for 

further intensification and operation under increased TS loading should be feasible. A need 

exists in better understanding of the buffer capacity (avoiding acidification) and the 

physical limitation (increased viscosity) of AD intensification in contrast to ammonia 
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inhibition. Based on this study, free ammonia inhibition will not form the barrier for further 

intensification. 

 

 

Figure 4-4. Estimation of Monod inhibition constant Ki and maximum rates (Rmax values) 

based on the (a) observed maximum biogas rates in the 24h profiles in function of free 

ammonia concentrations in the reactor (see also Figure 4-2d). (b) Average biogas 

production rate in the first 24 hours in function of free ammonia. Data was obtained from 

batch tests using biomass from AD-5 at low free ammonia (211 mg NH3-N/L, non-

acclimated) and biomass from AD-3 at high free ammonia (966 mg NH3-N/L, acclimated) 

and dosing of NH4Cl. (c) observed maximum methane production rates in the 24h profiles 
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in function of free ammonia concentrations in reactor (see also Figure 4-2d). The line in (a) 

and (b) represents the Monod inhibition function fitting and dotted lines represent 95% 

confidence interval (see Equation 4-1). 

 

 

Figure 4-5. Translation of estimated inhibition kinetics based on the steady conditions 

obtained in this study (Figure 4-4a) into inhibition levels for methanogens at different free 

ammonia levels and their equivalent TAN levels assuming a pH of 7.8 and temperature of 

37°C (zone highlighted represents the inhibition level range of anaerobic digesters operated 

with thermal hydrolysis pretreatment). 

 

4.3.5. Impact of free ammonia on final dewaterability 

Dewaterability is an important parameter in sludge handling and contributes significantly 

to operational cost of biosolids treatment facilities. Previous studies have shown 

correlations between TAN concentration and polymer dose or cake indicating decreased 
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dewaterability at increased ammonium concentrations (Higgins et al., 2008). However, it 

has not been clear if those correlations were actual causations. Increased polymer doses 

might be caused at increased TAN and/or soluble COD concentration by an increase in 

charge neutralization needs (Wu and Wu, 2001) or increase in monovalent to divalent 

cations ratio (Higgins and Novak, 1997). To evaluate the impact of ammonia on sludge 

dewaterability under controlled SRT and organic loading rate, dewaterability parameters 

including optimum polymer dose and cake total solids (Cake TS) were measured for the 

different steady state conditions (Table 4-2). No impact of higher TAN on optimal polymer 

dose nor cake TS was observed in this study. Due to additional polymer addition within 

the recuperative thickening protocol (Li et al., 2019), overall polymer doses for the 

recuperative thickening reactors (reactor AD-3, AD-4, AD-5) were higher than the 

conventional digesters (Digester AD-1, AD-2) despite the lower polymer additions during 

the dewatering test (Table 4-3). Thus, separate statistical analysis was performed within 

the group of recuperative thickening reactors and conventional digesters. No statistically 

significant difference was found for optimal polymer dose and cake TS (p>0.05). This 

study therefore indicated that previously observed relationships between TAN and 

dewaterability (Higgins et al., 2008) were correlations and most probably driven by other 

factors correlated with TAN. On the other hand, the addition of bicarbonate might have 

changed the charge balance of our system, minimizing impacts on the dewaterability in 

contrast to Higgins et al., (2008). 

4.4. Conclusion 

This study, for the first time, identified free ammonia inhibition constants for methanogens 

without interference of acidification (as result of VFA accumulation), based on in-reactor 
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kinetic rate indicators. A Monod inhibition constant Ki for methanogenesis of 847 ± 222 

mg NH3-N/L was estimated. The estimated Monod inhibition constant was independent of 

the SRT condition and can be used as a global kinetic parameter for extrapolation to other 

systems. Given an SRT of 15 days, 33% decrease in AD performance was observed at the 

highest free ammonia concentration of 966 mg NH3-N/L. The results of this study show 

that free ammonia inhibition levels in current THP digesters are only 12-18%, indicating 

potential for further AD intensification. 

Note: This chapter was redrafted after: 

Li, B., Ladipo-Obasa, M., Romero, A., Wadhawan, T., Tobin, Michael., Manning, R., 

Higgins, Matthew., Al-Omari, A., Murthy, S., Riffat, R., De Clippeleir, H. 2020. The 

inhibitory impact of ammonia on thermally hydrolysed sludge fed anaerobic digestion. 

Water Environment Research. In Press. 
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Chapter 5: Generate kinetic parameters for high-rate anaerobic digestion system 

for application in process models 

 

 

5.1. Introduction 

A number of mathematical models have been developed for the anaerobic digestion process. 

In the past few decades, many microbiological studies were performed on anaerobic 

digestion process (Angelidaki et al., 1993; Angelidaki et al., 1999; Batstone et al., 2000; 

Donoso-Bravo et al., 2011a; Kalyuzhnyi and Davlyatshina, 1997; Keshtkar et al., 2003), 

aimed to reveal the mechanisms of biological inhibition, substrate degradation kinetics and 

thus allow for more detailed information integration into the AD model. To provide a 

standardized and research-based anaerobic digestion process model, the Anaerobic 

Digestion Model No.1 (ADM1) was developed by the IWA Task Group for Mathematical 

Modeling of Anaerobic Digestion Processes in 2002 (Batstone et al., 2002). There are two 

methane production pathways considered in ADM1, acetoclastic methanogenesis and 

hydrogenotrophic methanogenesis pathway. Acetoclastic methanogens utilize acetate as 

substrate to produce CH4, while the hydrogenotrophic methanogens utilize H2 and CO2 

(Figure 5-1). ADM1 does not incorporate the acetate oxidation (ACOX) mechanism 

(Figure 5-1a), which is reported to be the dominant methane production pathway in a 

digester with high ammonia concentration (Batstone et al., 2002; Karakashev et al., 2005; 

Wett et al., 2014). 

As described in the previous chapter, Ammonia has been known to be a significant inhibitor 

for AD when concentration exceeds a threshold number. From past studies (Angelidaki 

and Ahring, 1994; Borja et al., 1996; Chen et al., 2016; Hansen et al., 1998; Kayhanian, 
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1999), free ammonia has been shown to be the main cause of ammonia inhibition. Free 

ammonia is membrane-permeable and hydrophobic, thus can pass into the microbial cells 

freely and lead to a proton imbalance that can disrupt the microbial activities. It is found 

that, under high ammonia condition, acetate will be oxidized by syntrophic acetate-

oxidizing bacteria to produce H2 and CO2. The hydrogenotrophic methanogens will then 

use the H2 and CO2 to produce CH4.  Wett et al. (2014) implemented the acetate oxidizing 

mechanism into the ADM1 and published the ACOX model (Figure 5-1b). This provided 

a useful framework for high loading/ammonia AD process simulation. The ACOX model 

is published with a set of model parameters (Wett et al., 2014) which is calibrated only 

based on the methanogenic inhibition factors generated from a simple batch ammonia 

toxicity test (Wilson, 2009). A more detailed model calibration based on a data set collected 

from the long-term anaerobic digester operation is needed for proper future model 

application. Also, the initial ammonia inhibition calibration on ACOX only covered the 

TAN concentration up to the typical THP-AD level (0 to 2918 mg N/L). Recently, 

ammonia inhibition is drawing more AD operatorôs attention due to the recent trend of AD 

treatment intensification (Barber, 2016a; Choi et al., 2018; Higgins et al., 2017a; Li et al., 

2019), and high nitrogen content organics co-digestion (e.g. food waste, manure waste) 

(El-Mashad and Zhang, 2010; Esposito et al., 2012; Mata-Alvarez et al., 2014). Research 

aims for further AD intensification via combined pretreatment, have also shown the 

possibility of even higher ammonia concentration in the future of digester operation.  

To fill the knowledge gap mentioned above, a wide range of experimental data generated 

from a long-term ammonia inhibition study, which covered the TAN concentration in the 

range between 1250 to 5640 mg N/L, was used for ACOX model calibration. A new set of 
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kinetic parameters was developed for the ACOX model for future high loading/ammonia 

AD application. 

 

Figure 5-1. Diagram of hydrolysis, fermentation and methanogenesis implemented in (a) 

Sumo2 model and (b) Sumo2ACOX model. 



85 
 

5.2. Materials and methods 

5.2.1. Model structure description 

In this study, Sumo2ACOX model was calibrated and Sumo2 model was used for 

comparison of the simulation results on high loading/ammonia anaerobic digestion. Sumo 

is an open source, multipurpose simulation environment developed for environmental 

models, particularly municipal and industrial wastewater treatment plant modelling. 

Sumo2ACOX was modified from Sumo2, which is a plant-wide model considering typical 

physico-chemical and biological reactions of anaerobic digestion. Major processes 

concerning anaerobic digestion process modeled using Sumo2ACOX are as follows: 

1. Flocculation of colloidal organics 

2. Hydrolysis of particulate biodegradable organics dependent on all the biomasses under 

anerobic anoxic and anerobic condition 

3. Fermentation of soluble biodegradable organics 

4. Acetoclastic methanogenesis pathway with ammonia inhibition 

5. Hydrogenotrophic methanogenesis pathway 

6. Acetate-oxidizing pathway with ammonia inhibition 

Table 5-1 shows the major steps of anaerobic digestion process modeled using both 

Sumo2ACOX and Sumo2. To help better understand the Sumo language terms used in the 

process equations in the following section, a description of the terms are provided in Tables 

in Appendix A and C. The main rate-expression for Sumo2 and Sumo2ACOX model are 

generated from the fundamental equations presented in Chapter 2. The rate expressions are 

as follows: 
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1. Soluble biodegradable organic fermentation rate with high VFA in Sumo2:                  

Ὓ ‘ ȟ ȟ ὢz ὒzέὫ ίὥὸȟ ȟ ὓzίὥὸȟ ȟ

ὓzὭὲὬ ȟ ȟ ὓzὭὲὬ ȟ ȟ

ὓzὭὲὬ ȟ ȟ ὓzίὥὸȟ ȟ

ὓzίὥὸȟ ȟ ὓzίὥὸȟ ὓzίὥὸȟ ȟ

ὄzὩὰὰὭὲὬὴὌ 

(Equation 5-1) 

                                                                              

2. Soluble biodegradable organic fermentation rate with low VFA in Sumo2: 

Ὑ ‘ ȟ ȟ ὢz ὒzέὫ ίὥὸȟ ȟ ὓzίὥὸȟ ȟ

ὓzὭὲὬ ȟ ȟ ὓzὭὲὬ ȟ ȟ

ὓzὭὲὬ ȟ ȟ ὓzίὥὸȟ ȟ

ὓzίὥὸȟ ȟ ὓzίὥὸȟ ὓzίὥὸȟ
ὓzίὥὸȟ ȟ ὄzὩὰὰὭὲὬὴὌ 

(Equation 5-2) 

 

3. Soluble biodegradable organic fermentation rate with high VFA in Sumo2-ACOX: 

Ὑ ‘ ȟ ȟ ὢz ὒzέὫ ίὥὸȟ ȟ ὓzίὥὸȟ ȟ

ὓzὭὲὬ ȟ ȟ ὓzὭὲὬ ȟ ȟ

ὓzὭὲὬ ȟ ȟ ὓzίὥὸȟ ȟ

ὓzίὥὸȟ ȟ ὓzίὥὸȟ ὓzίὥὸȟ ȟ

ὄzὩὰὰὭὲὬὴὌ 

(Equation 5-3) 

 

4. Soluble biodegradable organic fermentation rate with low VFA in Sumo2-ACOX: 

Ὑ ‘ ȟ ȟ ὢz ὒzέὫ ίὥὸȟ ȟ ὓzίὥὸȟ ȟ

ὓzὭὲὬ ȟ ȟ ὓzὭὲὬ ȟ ȟ

ὓzὭὲὬ ȟ ȟ ὓzίὥὸȟ ȟ

ὓzίὥὸȟ ȟ ὓzίὥὸȟ ὓzίὥὸȟ
ὓzίὥὸȟ ȟ ὄzὩὰὰὭὲὬὴὌ 

(Equation 5-4) 

 

5. Ordinary heterotrophic organism decay rate in both Sumo2 and Sumo2ACOX: 

Ὑ ȟ ὦ ȟ ὢz ʂzȟ ὓzὭὲὬ ȟ ȟ

ὓzὭὲὬ ȟ ȟ ὓzὭὲὬ ȟ ȟ  

(Equation 5-5) 
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6. Aceticlastic methanogens growth rate in both Sumo2 and Sumo2ACOX: 

Ὑ  АὃὓὉὝὕȟὝ ὢzὃὓὉὝὕzὌίὥὸὛὠὊὃȟὃὓὉὝὕ
ὒzέὫὭὲὬὴὌὔὌσȟὃὓὉὝὕzὓὭὲὬὛὕςȟὑὕςȟὃὓὉὝὕ
ὓzὭὲὬὛὔὕὼȟὑὔὕσȟὃὓὉὝὕzὓίὥὸὛὔὌὼzὑὔὌὼȟὄὍὕ
ὓzίὥὸὛὖὕτȟὑὖὕτȟὄὍὕzὓίὥὸὛὅὃὝȟὑὅὃὝzὓίὥὸὛὃὔȟὑὃὔ
ὄzὩὰὰὭὲὬὴὌȟὃὓὉὝὕ 

(Equation 5-6 

 

7. Aceticlastic methanogens decay rate in both Sumo2 and Sumo2ACOX: 

Ὑ ȟ ὦ ȟ ὢz ʂzȟ ὓzὭὲὬ ȟ ȟ

ὓzὭὲὬ ȟ ȟ ὓzὭὲὬ ȟ ȟ  

(Equation 5-7) 

 

8. Aceticlastic anaerobic decay rate in both Sumo2 and Sumo2ACOX: 

Ὑ ȟ ȟ

 ὦ ȟ ὢz ὓzὭὲὬ ȟ ȟ

ὓzὭὲὬ ȟ ȟ  

(Equation 5-8) 

 

9. Acetate oxidizer growth rate in Sumo2ACOX: 

Ὑ  А ȟὝ ὢz ὌzίὥὸὛὠὊὃȟ ὒzέὫὭὲὬὴὌὔὌσȟ
ὓzὭὲὬὛὕςȟὑὕςȟ ὓzὭὲὬὛὔὕὼȟὑὔὕσȟὃὅὕὢzὓίὥὸὛὔὌὼ
ὑzὔὌὼȟὄὍὕzὓίὥὸὛὖὕτȟὑὖὕτȟὄὍὕzὓίὥὸὛὅὃὝȟὑὅὃὝ
ὓzίὥὸὛὃὔȟὑὃὔzὄὩὰὰὭὲὬὴὌȟ  

(Equation 5-9) 

 

10. Acetate oxidizer decay rate in Sumo2ACOX: 

Ὑ ȟ ὦ ȟ ὢz ʂzȟ ὓzὭὲὬ ȟ ȟ

ὓzὭὲὬ ȟ ȟ ὓzὭὲὬ ȟ ȟ  

(Equation 5-10) 

 

11. Acetate oxidizer anaerobic decay rate in Sumo2ACOX: 

Ὑ ȟ ȟ  ὦ ȟ ὢz ὓzὭὲὬ ȟ ȟ

ὓzὭὲὬ ȟ ȟ  
(Equation 5-11) 

 

12. Hydrogenotrophic methanogens growth rate in both Sumo2 and Sumo2ACOX: 

Ὑ  А ȟ ὢz Ὄzίὥὸȟ

ὒzέὫὭὲὬὴ ȟ ὓzὭὲὬ ȟ ȟ

ὓzὭὲὬ ȟ ȟ ὓzίὥὸ ὑz ȟ

ὓzίὥὸȟ ȟ ὓzίὥὸȟ ὓzίὥὸȟ
ὄzὩὰὰὭὲὬ ȟ  

(Equation 5-12) 
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13. Hydrogenotrophic methanogens decay rate in both Sumo2 and Sumo2ACOX: 

Ὑ ȟ ὦὌὓὉὝὕȟὝ ὢzὌὓὉὝὕz ÍÔÏὼȟὥὩὶzὓίὥὸὛὕςȟὑὕςȟὌὓὉὝὕ
άὸέὼȟὥὲέὼzὓίὥὸὛὔὕὢȟὑὔὕσȟὌὓὉὝὕ
ὓzὭὲὬὛὕςȟὑὕςȟὌὓὉὝὕ 

(Equation 5-13) 

 

14. Hydrogenotrophic anaerobic decay rate in both Sumo2 and Sumo2ACOX: 

Ὑ ȟ ȟ

 ὦ ȟ ὢz ὓzὭὲὬ ȟ ȟ

ὓzὭὲὬ ȟ ȟ  

(Equation 5-14) 

 

 

15. Particulate biodegradable organic hydrolysis rate in both Sumo2 and 

Sumo2ACOX:  

Ὑ ȟ ή ȟ ὢz ȟ ὓzὙίὥὸȟ ȟ

ᶻὓίὥὸȟ ȟ ʂ
ȟ

ᶻὓίὥὸȟ
ὓίὥὸȟ ȟ ὓzὭὲὬ ȟ

ὓzὭὲὬ ȟ ȟ ʂ
ȟ

ὓzὭὲὬ ȟ ȟ

ὓzὭὲ ȟ ȟ ὓzὭὲὬ ȟ ȟ  

(Equation 5-15) 

 

16. Soluble nitrogen content ammonification rate in both Sumo2 and Sumo2ACOX: 

Ὑ ȟȟ ή ȟ Ὓzȟ ὢz ȟ  (Equation 5-16) 
 

17. Particulate endogenous organic matter conversation rate in both Sumo2 and 

Sumo2ACOX: 

Ὑ ȟ ή ȟ ὢz  (Equation 5-17) 
 

18. Particulate endogenous organic matter anaerobic hydrolysis rate in both Sumo2 

and Sumo2ACOX: 

Ὑ ȟ ȟ ή ȟ ὢz ȟ ὓzὙίὥὸὢὉȟ ȟ

ᶻὓίὥὸȟ ȟ ʂ
ȟ

ᶻὓίὥὸȟ ȟ ὓὭὲὬ ȟ ȟ

ὓzίὥὸȟ ὓzὭὲὬ ȟ ȟ  

 (Equation 5-18) 

 

The individual terms are explained in Tables in provided in Appendix A and C.  
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5.2.2. Data collection for Sumo2ACOX calibration and validation 

Five lab-scale mesophilic (37°C) anaerobic digesters (two with conventional and three with 

recuperative thickening configuration) were fed with a mixture of primary and secondary 

activated sludge after full-scale THP treatment (9.5% TS) and operated under similar 

organic loading rate of 8.9 ± 0.5 kg COD/m3/d and SRT of 15 days. Different doses of 

ammonium bicarbonate were added into the daily feed sludge to create a full spectrum of 

digester TAN level ranging from 1250 to 5640 mg N/L. To ensure all the biomass 

acclimated to the different TAN concentration, each digester scenario was operated for no 

less than 180 days. The study was conducted for 20 months. Detailed description can be 

found from the research work of Li et al., (2020).  As the process model achieves perfect 

mass balances, model calibration was focused on correct representation of the feed 

composition and the digester performance in terms of VSR, COD removal, biogas 

production and the variation trend of molecular information regarding different 

methanogenesis pathway as collected. 

5.2.3. Molecular information collection 

The impact of free ammonia on anaerobic digestion methanogenesis pathway selection was 

studied based on 16s DNA sequencing and mRNA based metatranscriptome for evaluation 

of presence and activity, respectively, of acetoclastic and hydrogenotrophic methanogens. 

As part of the Water Research Foundation project, the molecular measurement was 

conducted at Columbia University by Professor Kartik Chandran and his research group. 

The data was shared with GW and DC Water research group. Data analysis was performed 

by the Author of this paper. 
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Table 5-1. Major physio-chemical and biological processes concerning in Sumo2 and 

Sumo2ACOX model. 

Physio-chemical and biological processes Sumo2 Sumo 

Flocculation of colloidal organics Implemented Implemented 

Hydrolysis of particulate biodegradable organics 

dependent on all the biomasses under aerobic, 

anoxic, and anaerobic condition 

Implemented Implemented 

Fermentation of soluble biodegradable organics Implemented Implemented 

Acetoclastic methanogensis pathway with 

ammonia inhibition 

Implemented w/o 

ammonia 

inhibition 

Implemented 

Hydrogenotrophic methanogensis pathway Implemented Implemented 

Acetate oxidizing pathway with ammonia 

inhibition 

Not Implemented Implemented 

 

5.2.4. Calculation 

The model simulation, calibration and validation were all performed using the Sumo 

process modeling software in the version of 19.3.0 (Dynamita, Sigale, France). Detailed 

model set-up configuration is shown in Table 5-2 and Figure 5-2.  

5.2.5. Model calibration and validation 

Four conventional configuration digesters with 0/1000/2000/3000 mg N/L of TAN 

addition were used for model calibration. The model calibration was focused on correct 

representation of the feed composition and the kinetic parameters of methanogenesis 

process, as they both impacted the systems in similar way. AD performance in terms of 

VSR, total COD removal rate and intermediate substrate soluble COD (sCOD , volatile 
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fatty acid (VFA) and molecular data were used for methanogenesis kinetic parameter 

calibration.  

 

Table 5-2. Digester configuration and model set-up. 

Parameter Non_RT reactor RT reactor Unit  

Solids influent flow rate 0.0006 0.0006 m3/d 

Dilution water flow rate N/A 0.000666 m3/d 

Influent temperature 37 37 °C 

Dilution water temperature N/A 37 °C 

Liquid volume 0.01 0.01 m3 

Gas/volume fraction 10 10 % 

Liquid depth 0.61 0.61 m 

Water temperature 37 37 °C 

Solids percent removal N/A 87 % 

Sludge flow N/A 0.0013 m3/d 

Solids retention time (SRT) 15 15 Days 

Hydraulic retention time (HRT) 15 7.5 Days 

NH4HCO3 flow rate 0.000066 0.000066 m3/d 

1200 TAN condition 0 0 g/m3 

2200 TAN condition 7989 7989 g/m3 

3200 TAN condition 15978 15978 g/m3 

4200 TAN condition 23967 23967 g/m3 
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Figure 5-2. Model configuration of both non-RT reactor and RT reactor. 

 

From the same study mentioned above, four RT (recuperative thickening) digesters with 

0/1000/2000/3000 mg N/L of TAN addition were used for model calibration. Similar 

approach as used in model calibration was applied to model validation.  

The feed characterization inputs, critical parameter values used, and main model specific 

process rate expressions are presented in Table C1, Table C2 and Table C3, respectively. 

Process model parameters not shown in Table C2, remained as default values from 

SUMO2ACOX. 

5.2.6. Model comparison between Sumo2 and Sumo2ACOX 

Thirteen simulation scenarios with different volatile solids loading ranging from 0.22 to 

0.78 VS/L/d (corresponding to 4.6 to 14.8 % TS feed) were designed to investigate the 

different reaction between Sumo2 and calibrated Sumo2ACOX. The same model 

parameter values as used in the calibrated Sumo2ACOX was used in the Sumo2 model, 

except the parameters that were not implemented in Sumo2.  
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5.3. Results and discussion 

5.3.1. Methanogenesis and pathway selection 

Methanogenesis biomass presence 

Figure 5-3 shows the functional genes related to different microbial steps within the 

acetoclastic and hydrogenotrophic methanogenesis pathway. To study the change in 

methanogens as a function of free ammonia inhibition, only the presence of the functional 

genes specific to the two pathways was used for evaluation (Figure 5-3). Figure 5-4a and 

Figure 5-4b show the 16S DNA functional genes read from acetoclastic and 

hydrogenotrophic methanogenesis pathway, respectively, in function of free ammonia. 

Increased copies of 1-AMINOCYCLOPROPANE-1-CARBOXYLATE SYNTHASE (acs) 

for acetoclastic methanogens showed that most likely the direct conversion of acetate to 

Acetyl coenzyme A was more important that the pathway through acetyl phosphate (Figure 

5-3, Figure 5-2a). Within this first step of acetoclastic methanogenesis, an increase in acs 

gene counts was observed up to about 600 mg NH3-N/L, before it declined due to free 

ammonia inhibition or toxicity. As SRT of the system was long enough to maintain overall 

performance (Li et al 2020), the increase in gene counts indicated inhibition occurring, 

resulting in the need for more methanogens to do a similar overall conversion rate at 

individual decreased rates. This has been observed before in other systems with excess 

SRT but inhibition. The decline at 600 mg NH3-N/L linked well with observed impact of 

free ammonia on overall digester performance (Li et al,. 2020). 

For hydrogenotrophic methanogens, increased gene counts for the initial step of the 

hydrogenotrophic pathways formylmethanofuran dehydrogenase (fwd) was observed 

(Figure 5-4b). Unlike the acetoclastic methanogens, gene copies remained constant 
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between 170 to 600 mg NH3-N/L and thus indicated increased resistance of 

hydrogenotrophic methanogens for free ammonia. However, at free ammonia higher than 

600 mg NH3/L, a decline in hydrogenotrophic gene counts was also observed explaining 

the decreased overall biogas yields.  

When looking at the metagenome results however, despite the stability of the functional 

gene at free ammonia below 600 mg NH3-N/L, increased counts of hydrogenotrophic 

methanogens species were observed (Figure 5-5). Methanobacterium was the most 

significant methanogen observed in our test.  Some members of Methanobacterium have 

been known to live through the reduction of formate to methane, while the rest of the 

members utilize carbon dioxide and hydrogen (Boone, 2015).  
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Figure 5-3. Functional genes involved in the acetoclastic and hydrogenotrophic 

methanogenesis pathway in anaerobic digestion. (ack: acetate kinase; acs: acetyl-CoA 

synthetase; pta: phosphate acetyltransferase; cdh: acetyl-CoA decarbonylase/synthase 

complex; fdh: glutathione-independent formaldehyde dehydrogenase; Fwd, 

formylmethanofuran dehydrogenase ; ftr: formylmethanofuran-tetrahydromethanopterin 

N-formyltransferase; mch: methenyltetrahydromethanopterin cyclohydrolase; mtd: 

methylenetetrahydromethanopterin dehydrogenase; mer: coenzyme F420-dependent N5, 

N10-methenyltetrahydromethanopterin reductase; mtrABCDEFGH, 

tetrahydromethanopterin S-methyltransferase; mta: [methyl-Co(III) methanol-specific 

corrinoid protein]:coenzyme M methyltransferase; mcr, methyl-coenzyme M reductase 

alpha; hdr: heterodisulfide reductase; (Figure is reproduced, original source from Wong et 

al. (2013)) 
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Figure 5-4. Sequencing data in terms of 16S-DNA measurement of key functional genes 

for acetoclastic methanogenesis (a) and hydrogenotrophic methanogenesis (b) and 

metatranscriptome measurement fold changes of key functional genes for acetoclatic 

methanogenesis (c) and hydrogenotrophic methanogenesis (d). 

 

 

 

 

 



97 
 

 

Figure 5-5. Metagenome count for main methanogens in both acetoclatic and 

hydrogenotrophic methanogenesis pathway. (Data provided by Chandran et al., 2020) 

 

In addition, Methanocarcina represented up to 30% of the overall methanogens present. 

Previous studies have shown the versatility of Methanocarcina to be able to perform both 

pathways (Galagan et al., 2002). In addition, Methanosarcina has been observed before in 

THP digesters (Chen et al., 2019; Chen et al., 2018; Choi et al., 2018) and under increased 

free ammonia levels (Hajarnis and Ranade, 1993; Sprott and Patel, 1986). Given the 

versatility of Methanosarcina, mRNA data will need to reveal true pathway contributions. 

Combining all information (Figure 5-4a,b and Figure 5-5), we concluded that 

hydrogenotrophic methanogens were dominant organisms within the THP digesters 

studied. A potential presence of 30% acetoclastic methanogens (driven by Methanosarcina) 
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might be occurring at low free ammonia conditions based on metagenome data (Figure 5-

5). Due to inhibition, both acetoclasitic and hydrogenotrophic methanogen counts 

increased up to 600 mg NH3-N/L. At higher free ammonia concentration, SRT became 

limited and due to increased inhibition on both type of methanogens, decreased 

methanogens were found. This was summarized in Figure 5-4a,b and formed the based for 

model calibration. 

Contribution of different methanogenesis pathways to biogas production: 

To show the impact of free ammonia on the activity of the methanogens, the fold changes 

of the mRNA functional genes were shown (Figure 5-4c,d) rather than absolute counts 

(Figure 5-6). Almost all functional genes involved in the acetoclastic pathway (ack, pta, 

acs and cdh) decreased with the increase in free ammonia concentration (Figure 5-4c). The 

decrease was faster in the range of 170 to 600 mg NH3-N/L and slower in the free ammonia 

range higher than 600 mg NH3/L (Figure 5-4c). In contrast, carbon monoxide 

dehydrogenase (cdh), the functional gene converting Acetyl-CoA into Methyl-

Tetrahydromethanopterin (Methyl-THMPT) (Figure 4-3) was showing an overall 

increasing trend over the process of free ammonia increasement.  

In contrast to the decreasing trends for acetoclactic methanogens, fold changes of 

functional genes of the hydrogenotrophic pathway showed an initial increase in gene 

expression (200-700 mg NH3-N/L, Figure 5-4d). The only exception functional gene, H2-

forming methylene-tetrahydromethanopterin dehydrogenase (hmd), instead showing a 

decreasing trend during the process of digester free ammonia concentration incensement. 

At free ammonia concentrations above 600 mg NH3-N/L functional gene expression 

remained constant (Figure 5-4d).  Overall, the difference in gene expression trends of 
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acetoclastic and hydrogenotrophic methanogens indicated the increased robustness of the 

hydrogenotrophic pathway for free ammonia inhibition.  

 

Figure 5-6. Molecular results and biomass information from calibration and validation 
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Studies have reported that hydrogenotrophic methanogensô activities are inhibited less 

severely compared to acetoclastic methanogensô activities (Amha et al., 2018; Gao et al., 

2015; Hagen et al., 2017; Niu et al., 2013). This was suggested due to the reason that 

inhibition of acetoclastic activities favor the growth of syntrophic acetate oxidizing bacteria 

(SAOB). SAOB converting acetate into carbon dioxide and hydrogen, which thermal 

dynamically favor the hydrogenotrophic methanogenic activities(Gao et al., 2015).  Unlike 

what was reported in literatures, inhibition of hydrogenotrophic methanogens in this study 

was only observable in 16S-DNA functional gene expression measurement of free 

ammonia higher than 600 mg NH3-N /L. This could be due to the fact of using THP-AD 

digestate as inoculum sludge. Because of the higher organic loading, THP-AD digestate 

has a higher free ammonia concentration compared to the conventional AD, thus microbial 

community in THP-AD digestate have already adapted to the higher free ammonia 

concentration. This was also shown in Figure 5-5 as the only methanogens that perform 

methanogenesis through acetolactic (Methanosaeta and Methanosarcina) are much less 

abundant compared to the hydrogenotrophic methanogens in base line free ammonia 

condition. 

The molecular data results were translated into Figure 5-6a, 5-6b and thus showed the 

increased in hydrogenotrophic methanogenesis contribution as a function of free ammonia 

inhibition. The latter might also suggest that Methanosarcina, most likely switched from 

an acetoclastic mechanisms to a hydrogenotrophic mechanisms as the free ammonia got 

higher. It has been shown that methanogenesis mechanism of Methanosarcina could 
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potentially switched in response to the most energetically favorable substrate or to a stress 

environment (Maeder et al., 2006; Reichlen et al., 2012). 

5.3.2. Model calibration 

The model calibration was conducted with the measured TAN, sCOD, VFA, VSR, total 

COD removal rate and the methanogensô information as shown in Figure 5-6a, 5-6b.   

Figure 5-6c and 5-6d shown the calibrated Sumo2ACOX simulation result of biomass 

concentration and rates of different methanogens. With the increasing TAN concentration, 

both HMETO and ACOX biomass was first showing a stable biomass concentration and 

start to decline at 4200 mg N/L TAN. AMETO was started to decline from 2200 mg N/L 

TAN and reached low and stable concentration at 3600 mg N/L TAN (Figure 5-6c). The 

model simulation results matched the measured data well (Figure 5-6a, b). Similar 

observations were found for the calibration result of different methanogenesis rate (Figure 

5-6d). Hydrolysis rate qh and half-inhibition constant of NH3 for AMETO KiNH3 was 

calibrated to be 1.4 1/d and 0.18 mol N/L, respectively. The estimated hydrolysis rate value 

qh in this study is lower than the Sumo2ACOX default value 2.0 1/d but similar to what 

was reported for the THP sludge fed anaerobic digester with similar SRT (Higgins et al., 

2017a). The lower hydrolysis rate in the THP sludge fed digesters may be due to the fact 

that a significant portion of hydrolysable organics has gone through the hydrolysis process 

during the THP. The half-inhibition constant of NH3 for AMETO calibrated is 25% lower 

than the default value. In Sumo2ACOX, there is no half-inhibition constant of NH3 for 

HMETO. The ammonia inhibition on HMETO is controlled by the ammonia inhibition 

mechanisms of ACOX. By default, the half-inhibition constant of NH3 for AMETO and 

ACOX are the same at 0.24 mol N/L. This is conflict to the reported information which 
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suggesting ACOX and HMETO are less sensitive to the AMETO (Amha et al., 2018; Gao 

et al., 2015; Hagen et al., 2017; Niu et al., 2013). Thus, a lower half-inhibition constant of 

NH3 for AMETO compared to HMETO/ACOX is expected to be realistic. 

Figure 5-7a, 5-7c and 5-7e shows the simulation result of digester TAN, pH and free 

ammonia. With the different dosing of ammonium bicarbonate in the feed stream, digester 

TAN simulation result matched the measured pilot data well (Figure 5-7a). The simulation 

pH result (Figure 5-7c) was not able to repeat what was measured from the pilot study. 

Free ammonia was calculated based on the pH thus free reported free ammonia from 

simulation also shown a bid error (Figure 5-7e). pH in the lab-scale study was measured 

with the digester effluent right after every dayôs feeding process. Due to the environmental 

pressure difference between the simulated digester headspace and the lab placing the 

digester, the pH measured from the lab-scale study is expected to be higher compared to 

the simulated pH from Sumo. Thus, in this work, we are comparing simulation results and 

the lab-scale study data at their similar TAN concentration. 

Calibration results of digester sCOD, VFA, VSR and total COD removal rate are shown in 

Figure 5-8a, 5-8c, 5-8e and 5-8g. With the calibrated hydrolysis rate qh value and half-

inhibition constant of NH3 for AMETO, all the parameters compared matched the lab-scale 

data well at different TAN concentration. Other calibration results including TS, VS, total 

COD (not shown in the figure) are presented in Table C5, Table C6. 
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Figure 5-7. Calibration and validation result of TAN, PH and FA. 
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Figure 5-8. Calibration and validation result of sCOD, VFA, VSR and tCODr. 

5.3.3. Model validation 

The model validation was conducted using the data generated from the lab-scale 

recuperative thickening digesters operated at different TAN concentration. Validation 

results in terms of methanogens biomass concentration are presented in Figure 5-6e and 

Figure 5-6f, respectively. Similar trend of AMETO, HMETO, ACOX biomass and 

methanogenesis rate as observed from the calibration can be seen from Figure 5-6e and 

Figure 5-6f. Due to the same pH measurement error as mentioned above, validation pH 

data and free ammonia data do not match the lab-scale data, which is expected. Other 

parameters used for model validation including VSR, total COD removal rate (Figure 5-8f, 

4-8h), TS, VS and total COD concentration (Table C4) all matched the measured data well 

with maximum error of 7.6% (Table C5). For the highest TAN concentration scenario, 

validation sCOD and VFA results showing relatively large errors. However, he larger 

measurement standard deviation of the sCOD and VFA data at the highest TAN 

concentration may explain this observation.  

5.3.4. Effect of increasing organic loading on Sumo2 and calibrated 

Sumo2ACOX 

 To evaluate the difference between Sumo2 and calibrated Sumo2ACOX model on 

high organic loading anaerobic digestion process simulation, thirteen simulation scenarios 

with different volatile solids loading ranging from 0.22 to 0.78 VS/L/d (corresponding to 

4.6 to 14.8 % TS feed) were tested using Sumo2 and calibrated Sumo2ACOX model. The 

simulation results are presented in Figure 5-9. It was found that the hydrolysis rate 

normalized with volatile solids loading of Sumo2 and Sumo2ACOX are very similar when 
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the digester loading is lower than 0.5 g VSS/L/d. For volatile solids higher than 0.5 g 

VSS/L/d, normalized hydrolysis rate of Sumo2ACOX decreased significantly when it is 

stabilized for Sumo2 model (Figure 5-9a). A very similar trend of the normalized 

fermentation rate of Sumo2 and Sumo2ACOX compared to the normalized hydrolysis rate 

was found between the Sumo2 and Sumo2ACOX model (Figure 5-9b). The trend of 

normalized fermentation rate in Sumo2A and ACOX is closely linked to the substrate that 

are available for the fermentation process thus explain the similar trend of normalized 

hydrolysis and fermentation rate. Figure 5-9c shows that the normalized hydrogenotrophic 

methanogenesis (HMETO) rate simulated in Sumo2 was not impacted by the increased 

digester organic loading while the normalized acetoclastic methanogenesis (AMETO) rate 

was linked to the variation trend of Sumo2 normalized fermentation rate. Overall Sumo2 

is not able to present the dynamic methanogens dynamic changes found in Figure 5-6a, 5- 

6b, which is expected due to the lack of acetate oxidation pathway implementation. 

Normalized rate in terms of AMETO, HMETO and acetate oxidizer (ACOX) of Sumo2 in 

reaction to the increase digester loading are shown in Figure 5-9d. It was found that the 

overall normalized AMETO rate was the highest in the digester at low organic loading rate 

( 0 <.35 g VSS/L/d) and kept decreasing with the increasing digester organic loading until 

reaching a plateau at  around 0.7 g VSS/L/d. The normalized rate of HMETO and ACOX 

increased with the increasement of digester organic loading when the organic loading lower 

than 0.45 g VSS/L/d. In the organic loading ranging from 0.45 to 0.75 g VSS/L/d, HMETO 

activity is stable while ACOX activity slightly decreases. A steeper normalized 

methanogenesis rate reduction was observed for both HMETO and ACOX when organic 

loading increases from 0.75 to 0.8 g VSS/L/d. Volatile solids reduction rate and digester 



107 
 

volatile fatty acid concentration of both Sumo2 and Sumo2ACOX are presented in Figure 

4-9e and 4-9f respectively. Overall, VSR of the calibrated Sumo2ACOX decreased when 

the digester organic loading increased, the decreasing trend is steeper when digester 

volatile solids loading is higher than about 0.5 g VSS/L/d (Figure 5-9e). It was found that 

at digester organic loading higher than about 0.5 g VSS/L/d, Sumo2 overestimated the 

digester volatile solids removal rate significantly. With the decrease VSR in Sumo2ACOX, 

digester VFA concentration increases (Figure 5-9f).  
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Figure 5-9. Simulation results of Sumo2 (ADM) and Sumo2ACOX (ACOX) for different 

organic loading rates. 
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5.3.5. Free ammonia level difference between lab-measured value and 

mathematically  estimated value 

As described before, the mathematically estimated pH value in this study was not able to 

repeat what was measured from the pilot study value showed in Chapter 4. Free ammonia, 

which was calculated based on the pH value, TAN level, and digester temperature, thus 

shown a significant difference between the pilot-measured value and the Sumo estimated 

value (Figure 5-7e). Although the pH value in the lab-scale study was measured with the 

digester effluent right after the daily feeding process. Due to the environmental pressure 

difference between the simulated digester headspace and the lab placing the digester, the 

pH measured from the lab-scale study found to be higher compared to the simulated pH 

from Sumo. Because of the high concentration of bicarbonate within the digester due to 

the ammonia bicarbonate addition, the difference between the measured free ammonia 

level and the estimated value in our study is particularly significant due to CO2 dissociation. 

Thus, it is very important to report the pH value and temperature value along with the 

digesterôs free ammonia concentration. In the typical anaerobic digestion operation 

procedure, pH and temperature measurement of the digestate should be taken right after 

the digestate is collected to minimize the error of free ammonia calculation.  

Other than getting the accurate pH and temperature value of the digestate, selecting the 

appropriate methodology for free ammonia calculation in anaerobic digestion is also 

important. Capson-Tojo et al., (2020) provided a detailed review comparing different 

algorithms for free ammonia calculation, aiming at finding the best compromise between 

simplicity and accuracy.  It was shown that the assuming anaerobic digestate to be the ideal 

liquid solution leads to the overestimation of free ammonia concentration up to 37%. The 
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modified Davis equation, which considering the anaerobic digestate as a non-ideal solution 

behavior by taking into account the ion strength-I (by using the concentration of NH4
+, Na+ 

and K+ ) of the media, only has a 2% calculated error when compared to the comprehensive 

MINTEQA2 equilibrium speciation model. For full-scale anaerobic digester operator and 

designer, it is essential to put the digester environmental factors, including pH, temperature, 

ion strength, and free ammonia calculation methodology in perspective when evaluating 

digester ammonia levels. 

5.4. Conclusions 

This study, for the first time, calibrated and validated the Sumo2ACOX model with 

comprehensive experimental data collected from long-term ammonia inhibition study. A 

set of kinetic parameters for methanogenesis activities are proposed based on the 

calibration. The logistic half-inhibition constant of NH3 for ACOX and AMETO was 

calibrated to be 0.024 mol N/L and 0.018 mol N/L, respectively. The model simulation 

results showed that the calibrated Sumo2ACOX model could properly simulate the kinetic 

activities of methanogens and digester overall performance for increased loading, while 

Sumo2 model overestimated the digester performance when volatile solids loading was 

higher than 0.5 g VSS/L/d.  

  



111 
 

Chapter 6: Evaluate the overall impact of dynamic sludge characteristics and 

THP conditions on full-scale operation of THP-AD facility  

 

 

6.1. Introduction 

Globally, water utilities are looking for more efficient ways to manage their resources. 

Within the anaerobic digestion (AD) field this has been achieved by investments in 

pretreatment technologies, such as thermal hydrolysis pretreatment (THP). Due to the 

dependency of the THP operation on choice of reactors in service, steam availability, 

dilution water availability, sludge pre-dewatering loading, digester loading demand etc., 

reaction times within the Blue Plains advanced AWTP have varied from 30 to 250 minutes 

(see Figure 6-1a), while the setpoint was set to a minimum THP reaction time of 30 minutes. 

THP temperature has been changed in full-scale facilities to decrease color and recalcitrant 

nitrogen in final effluent (Dwyer et al., 2008), or to decrease inhibition on side stream 

deammonification (Zhang et al., 2016). However, no clear guideline on optimal plant 

specific THP conditions for full plant optimization, and hydrolysis optimization, is 

available thus far. In addition, the fixed THP design settings used as standards at this 

moment do not recognize the (seasonal) dynamics in sludge characteristics or inherent 

dynamic THP operation due to the complexity of the system and place within the AWTP. 

Previous academic studies investigated the impact of different THP conditions ranging 

from 130 to 180 ęC and 10 to 50 minutes and provided insights for different sludge types 

(Barber, 2016a; Higgins et al., 2017b; Lu et al., 2015; Manning et al., 2019; Sapkaite et al., 

2017; Wilson and Novak, 2009; Zhang et al., 2018).  It has been shown that heating sludge 

in THP at a higher temperature than needed caused several unwanted impacts, such as (i) 
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increased UV adsorbing materials and recalcitrant organic nitrogen as temperature 

increased from 130-170 ęC(Higgins et al., 2017b), (ii) increased inert soluble compound 

formation once temperature exceeded 170-180 ęC (Sapkaite et al., 2017), (iii) increased 

formation of inhibitory compound affecting side-stream nitrogen removal systems (Zhang 

et al., 2018), (iv) melanoid formation due to reactions between denatured polysaccharides 

and protein at temperature above 160 ęC (Barber, 2016a; Wilson and Novak, 2009) and (v) 

increased gel formation due to denatured polysaccharides or proteins reacting with itself 

resulting in gel-like or solid-like structures with decreased biodegradability and AD 

kinetics (Lu et al., 2015; Manning et al., 2019). In contrast, increased THP temperatures 

allowed for an increase in cake sludge with 18% and slightly improved methane yields (5-

6%) over the tested temperature range of 130-170ęC (Higgins et al. (2017b). Other than 

THP temperature, THP retention time is also an important factor for efficient thermal 

hydrolysis pretreatment. It was found that increased thermal hydrolysis time from 5 to 30 

mins could increase the sludge solubilization from 53% to 75% with constant temperature 

set at 170 ęC (Donoso-Bravo et al., 2011b). Also, one of the early researches conducted by 

Hiraoka et al. (1985) showed that similar gas production improvement can be achieved by 

a 60 ęC THP with longer retention time and 100 ęC THP with shorter retention time. A 

recent THP pilot-scale study reported similar levels of soluble COD (sCOD) release once 

a certain combination of temperature or time was reached and suggest the use of thermal 

dose (THP temperature x time) to describe THP conditions (Rasel, 2019). It should be 

noted that the latter study operated in a small THP temperature range (130-165 ęC) and 

therefore might not have seen the previously reported dominant temperature impact 

compared to time (Li and Noike, 1992; Lu et al., 2014).  
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In addition, it was found that the efficiency of organic matter solubilization is heavily 

dependent on the organic content of the treatment sludge (Qiao et al., 2012). It is reported 

that thermal hydrolysis is mainly beneficial to carbohydrate and protein solubilization and 

has negligible impact on lipids (Barber, 2016a). Also, carbohydrates require lower 

temperature and shorter reaction time to initiate solubilization in thermal hydrolysis 

process compared to proteins (Liu et al., 2012; Lu, 2014). Due to the different organic 

content present in PS and WAS, seasonal dynamics in PS/WAS ratio fed to the THP system, 

might impact overall THP sludge characteristics, and when one wants to optimize biogas 

production, dewaterability and final effluent water quality, seasonally different THP 

conditions might be desirable. Although the major driver for THP implementation has been 

the viscosity reduction of sludge (Barber 2016), thus far, biosolids and THP system 

monitoring has been focused on hydraulic, sludge and chemical signals (Madsen et al., 

2011). Previous work has shown the importance of physical changes (gel formation) due 

to thermal hydrolysis on biodegradability and hydrolysis kinetics in the AD systems 

(Manning et al., 2019). Recently, an experimental method was developed by Rasel et al., 

2019 to measure the gelation formation in sludge. This method quantified a gelation factor, 

which described the ratio of THP sludge retention on a 3.18 mm sieve versus 1.4 mm sieve. 

When sludge was retained equally on the two sizes, even though individual particles were 

smaller than 3 mm, a gelation factor of 1 was measured and the sludge behaved as gel. 

Without any thermal treatment or significant gelation, a gelation factor below 0.5 was 

measured (Rasel et al., 2019). In addition, THP pilot testing in combination with kinetic 

testing revealed that when gelation factors above 0.8 were measured as a result of thermal 

treatment, decreased hydrolysis rates and decreased overall biogas yield during anaerobic 
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digestion were detected Rasel et al., in prep.). This parameter might be a good global 

measurement to detect unwanted side reactions of denatured polysaccharides and proteins 

and might help to optimized THP systems in function of downstream impacts rather than 

just THP operation. It is unclear however if the latter impacts are significant in full-scale 

systems given the typical long sludge retention time (SRT) of AD system and less 

controlled conditions.  

This chapter provides the detailed results from 400 d operation of a full-scale THP-AD 

facility. Within this study, the overall impact of the dynamic sludge characteristics and 

dynamic THP conditions inherent to full-scale operation on (i) gelation behavior of sludge, 

(ii) solubilization degree in THP, (iii) volatile sludge reduction in AD and (iv) final 

dewatering, was investigated for the Blue Plains Advanced AWTP. This study focused on 

understanding the value of a newly developed physical property measurement, e.g. gelation 

factor, for process understanding and optimization compared to conventionally used 

chemical measurements. Results obtained from this study provide directions for full-scale 

facilities to maximize the benefit of THP pretreatment for biogas production and final 

dewatering. 
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Figure 6-1. Overview of a) THP reaction temperature and time, b) THP applied thermal 

dose, c) sludge primary to waste activated sludge (PS/WAS) ratio, d) THP sludge 
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gelation factor, e) anaerobic digestion volatile solids reduction and f) dewatered cake 

total sludge solids. 

6.2. Materials and methods  

6.2.1. Research overview and sludge processing in Blue Plains AWTP 

DC Water Blue Plains advanced wastewater treatment plant has a treatment capacity of 

1.5x106 m3/d and treats an average flow of about 1.1x106 m3/d. Treatment processes at Blue 

Plains includes ferric chloride addition for phosphorus removal in primary treatment, high 

rate active sludge process for organic content removal, nitrification/denitrification process 

for nitrogen removal and sand filter as the polishing step for final effluent.  

At Blue Plains AWTP, primary and waste activated sludge are collected from gravity 

thickeners and dissolved air flotation process, then sent to solids blend tank #1. The 

primary and waste activated sludge mixture ratio was determined by the total flow ratio of 

primary and waste activated sludge. Before sending to the THP, primary and secondary 

sludge are thickened, blended and pre-dewatered to about 16% TS dry solid (DS) with the 

aid of polymer at around 3.5 kg/tone dry solid. After pretreatment, sludge is fed from pre-

dewatering centrifuges via a sludge silo to a pulper/preheater. In the pulper, the sludge is 

preheated by the injection of recycled steam from the THP reactors and the flash tank. The 

sludge is homogenized in the pulper by pump recirculation. Pre-heated and homogenized 

sludge are then sent into the THP reactors which operated under 600 kPa steam pressure. 

The design temperature and retention time for reactors is 160 ęC and 30 minutes 

respectively (equivalent to 4800 ęC.min thermal dose energy input). Hydrolyzed sludge is 

then pumped into the flash tank where a sudden pressure drop takes place. All final effluent 

of THP process is diluted with process water targeting at 9% total sludge before sending to 
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anaerobic digester. After anaerobic digestion, digestate sludge are then sent to the final 

dewatering process and the Class-A dewatered cake sludge is transported out from the plant. 

To accomplish the goals of the study, full scale information in terms of primary sludge to 

waste activated sludge (PS/WAS) mixture ratio, volatile solids to total solids (VS/TS) ratio, 

THP operational parameters in terms of reaction temperature and reaction time, THP 

treatment outcome in terms of THP sludge gelation factor and  THP sludge soluble COD 

(sCOD), anaerobic digestion performance in terms of volatile solids reduction (VSR) and 

digestate dewaterability in terms of dewatered cake total solids were collected over a period 

of about 400 days and analyzed. 

 

6.2.2. Measurement of gelation factor 

The gelatinization effect of sludge during the THP process was evaluated by the 

measurement of THP sludge gelation factor. The measurement was performed right after 

the THP sludge sample collection to minimize the impact of sludge temperature cooling 

down. Manning et al. (2019) have shown that substrate structure changes due to the heat 

treatment of protein and polysaccharides could impact their biodegradability in anaerobic 

digestion. Thus, gelation factor could be parameter of THP sludge that can potentially 

linking the THP operation and digestion performance. The method of gelation factor refers 

to Munshi et al., (in preparation). Two of 100 g equivalent to 100 mL sludge sample was 

taken in two beakers for the gelation factor measurement. The retention rates of two 

different sizes sieves (1.4 mm and 3.18 mm) were determined by pouring the sludge in the 

beaker through the sieves and calculate how much sludge in terms of weight can be passed 
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through the sieves. The sludge gelation factor was then calculated by taking the ratio of 

3.18 mm sieve retention rate and 1.4 mm sieve retention rate. The measurement was 

performed in triplicate. 

 

6.2.3. Sludge characteristics 

Total sludge (TS) and volatile sludge (VS) measurements were performed according to the 

standard methods 2540B and standard methods 2540E. As the anaerobic digester in Blue 

Plains has a design sludge retention time of 15 days, volatile solids reduction rate was 

determined by the difference of volatile solids content of THP feed sludge of day 1st and 

volatile solids content of digestate sludge of day 15th. Dewatered cake sludge total solids 

were simply determined by measuring the total solids content of the dewatered cake sludge. 

Polymer dose applied for digestate sludge dewatering in this study shows a negative linear 

relationship with dewatered sludge cake total solids, thus only dewatered cake total solids 

was used in this study for digestate dewaterability evaluation. The soluble chemical oxygen 

demand (sCOD) was measured twice per week based upon Standard Methods 5220D. 

Soluble COD samples were obtained by centrifuging digestate samples at 3000 G for 30 

mins, and filtering through 0.45 µm pore size filters (Millipore, Burlington, MA). Hach 

high range COD test vials were used for the measurement (Hach Inc., Loveland, CO).  

 

6.2.4. Data screening 

As the wet and dry seasons can impact the sludge composition dynamics significantly and 

thus affect the analysis of THP impact, the data corresponding to digester flow higher than 
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3100 m3/d and lower than 2300 m3/d were discarded. Only data that fell into the normal 

operation region was used for analysis.  

 

 

6.2.5. Statistical analysis and cumulative probability calculations 

One-way analysis of variance (ANOVA) test was performed to compare the mean values 

of data sets for statistical difference. The selected significance level for confidence 

threshold was 0.05. The cumulative probability in this study refers to the probability that 

the value of the target variable falls within the specified range. The cumulative probability 

value shown in figures and tables of this study represent the probability that the target 

variable is less than or equal to the specified value. 

 

6.3. Results 

6.3.1. Dynamic changes of THP conditions and PS/WAS ratio 

Figure 6-1(a) illustrates the dynamic variation of the THP reaction time and temperature 

over the 400 days sampling period. During this period, temperature setpoints varied from 

155 to 165 ęC. Lower temperatures (<165 ęC) were set during startup of the side-stream 

deammonification system to minimize inhibition (De Clippeleir et al 2019). Due to the 

dependency of the THP operation on choice of reactors in service, steam availability, 

dilution water availability, sludge pre-dewatering loading, digester loading demand etc., 

the variability of reaction times was high (30-250 minutes), even though operation control 

targets were maintained at 30 minutes. Within this facility, THP condition variation was 
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thus mainly driven by reaction time, and temperature changes were minor (Figure 6-1a). 

Similar to Rasel (2019), we chose to define THP conditions as a thermal dose, combining 

both temperature and reaction time, as within the temperature range tested we hypothesized 

that temperature would not have a dominant impact on thermal hydrolysis outcomes. This 

resulted in a broad range of thermal dose variation in the data sets, i.e. 4500 to 41200 

ęC.min (Figure 6-1b). The variability of feed sludge composition in PS/WAS is shown in 

Figure 6-1c and showed high variability with average values around 49 ± 9% PS/WAS 

(Table 6-1) and 78 ± 4% VS/TS (Table 6-1). The overall performance of the biosolids 

facility was good with an average VSR of 62 ± 2% and average final cake sludge of 32 ± 

2% (Table 6-1). However, variability in performance was present and about 25% of the 

data had a VSR below 59% and cake sludge below 29% TS. The question that this study 

tried to answer was to see how THP operation can be improved to avoid the decreased 

performance. 

6.3.2. Impact of THP conditions on sludge characteristics after THP process 

When design THP conditions (30 min, 165 ęC) were applied, a thermal dose of 4950 ęC.min 

was expected. However, due to the minimum setpoint of 30 minutes and operational 

complexity, thermal doses were significantly higher (Figure 6-1b). Rasel (2019) suggested 

overcooking conditions leading to decreased biodegradability and increased gelation to be 

around 8000 ęC.min and an optimal THP thermal dose of 3900-4950 ęC.min. The largest 

change in sludge properties was observed at a thermal dose above 6000 ęC.min and no 

significant difference in sludge properties was found between sludge treated at thermal 

dose above 6000 ęC.min or 8000 ęC.min. Therefore, this study used a thermal dose of 6000 

ęC.min as criteria to highlight optimal (< target) and overcooking (> target) conditions. It 
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should be noted that this target thermal dose was close to the median thermal dose of the 

data set (Table 6-1), allowing for fair probability calculations. Figure 6-2(a) shows the 

cumulative probability of the gelation factor (GF) of sludge treated below and above a 

thermal dose of 6000 ęC.min. A significant increase in median gelation factor from 0.67 to 

0.87 was observed when thermal doses above 6000 ęC.min were reached (p=0.0048) 

(Figure 6-2(b)). In addition, the probability of producing sludge with a gelation factor 

higher than 0.8, previously defined as overcooking condition (Rasel, 2019), increased from 

5% to 68% when increasing the thermal dose from below to above 6000 ęC.min, or 36-38 

minutes (Table 6-2). 
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Table 6-1. Key parameters used in this analysis.  

 All data Data from days with GF measurement performed 

 Media

n 

1st 

Quartil

e 

3rd 

Quartil

e 

Average Media

n 

1st 

Quartil

e 

3rd 

Quartil

e 

Average Threshol

d 

selected 

PS/WAS (%) 49 44 55 49 ±8 50 44 54 49±9 50 

VS/TS (%) 78 76 81 78±4 78 77 80 78±3 78 

Thermal Dose (ęC.min) 6771 5091 9952 9393±4113 6760 5254 9674 8266±4760 6000 

THP GF (-) 0.82 0.67 0.92 0.79±0.19 0.82 0.67 0.92 0.79±0.19 0.7/0.8 

Digestate GF (-) 0.38 0.32 0.43 0.38±0.1 0.38 0.32 0.43 0.38±0.1 0.4 

THP sCOD (mg/L) 29300 27290 31990 28710±536

0 

29300 27290 31990 28710±536

0 

29000 

VSR (%) 63 60 66 62±6 63 59 65 62±6 60 

Cake TS (%) 32 29 34 31±2 32 29 33 32±2 32 

Note. Data spread is shown in all data sets during the period of this study, and the data set from days with gelation factor (GF) 

measurement was performed. (PS: primary sludge; WAS: waste activated sludge; VS: volatile sludge; TS: total sludge; GF gelation 

factor; sCOD: soluble COD; VSR: volatile sludge reduction) 
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Table 6-2. Observed probability of THP sludge gelation factor, soluble COD concentration, anaerobic digestion volatile sludge reduction 

and dewatered cake total sludge content based on thermal dose of THP system.  

       Overall data 

set 

    PS/WAS>50%    PS/WAS <50%         VS/TS>78% VS/TS <78% 

     THP thermal 

dose 

THP thermal 

dose 

THP thermal 

dose 

THP thermal dose THP thermal dose 

Probability (%) of:  <6000 >6000 <6000 >600

0 

   <6000 >6000   <6000 >6000 <6000 >6000 

 THP GF > 0.8 5 68 0 85   20 50   5 75 10 45 

THP GF < 0.7 62 18 72 12   65 30   70 18 58 35 

sCOD >29000 

(mg/L) 

68 58 69 55   65 50   82 55 58 57 

VSR > 55% 93 83 90 75   100 78   90 89 60 72 

VSR > 60% 89 72 90 70   87 76   88 86 25 35 

VSR > 65% 58 58 61 48   60 75   61 61 5 15 

  Cake TS > 32 (%)        68 48       82    65       58      35       61        40        78 72 

Note. Table prepared based on 400 days full-scale data from Blue Plains Advanced WWTP. Data can also be found in Panel Figure 6-

3, Figure 6-4 and Figure 6-5 (PS: primary sludge; WAS: waste activated sludge; VS: volatile sludge; TS: total sludge; GF gelation factor; 

sCOD: soluble COD; VSR: volatile sludge reduction) 
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probability of producing sludge with GF lower than 0.7, indicative of optimal THP 

conditions (Rasel, 2019), reduced from 62% to 18% at increased thermal dose (Table 6-2).  

To incorporate the impact of sludge composition on the THP output, the data set was split 

into PS/WAS ratio above and below its median value (Table 6-2). Table 6-2 show that the 

production of high gelation sludge (GF > 0.8) at increased thermal dose was significant 

when feeding high PS/WAS ratio sludge (p=0.009) (Table 6-2) and not statistically 

significant in the low PS/WAS ratio sludge (p=0.28) (Figure 6-2b). Similarly, sludge with 

higher VS/TS ratio (> 78%, median value, see Table 6-1) led to increased gelation at 

thermal doses above 6000 ęC.min (Table 6-2). The probability of producing sludge with 

gelation factor above 0.8 was 78%, while this number dropped to 45% when looking at the 

sludge with VS/TS ratio smaller than 78% (Table 6-2).  

In addition to the gelation behavior of sludge, soluble COD levels (sCOD) were evaluated 

(Figure 6-2c, d, e, f). Overall, median sCOD levels around 32000 mg COD/L and 28000 

mg COD/L were observed for thermal doses below and above 6000 ęC.min, respectively 

(Figure 6-2d, f; p=0.118). The slightly decreased sCOD levels at increased thermal dose 

correlated with the increased gelation behavior (Figure 6-2e, f) and might indicate gelation 

of solubilized organics into a gel or solid matrix (Manning et al., 2019). The latter impact 

was statistically significant for increased PS/WAS ratios (p=0.044; Figure 6-2d, f), while 

this relationship was not significant for lower PS/WAS ratios. The increased soluble COD 

levels achieved at lower thermal dose (< 6000 ęC.min) were not significant (p> 0.05) when 

for VS/TS ratio of sludge above 78% (Figure 6-8), unlike results for high PS/WAS ratios.   

Figure 6-1c presents the relationship between THP sludge gelation factor and soluble COD 

concentration. It can be found that the 70% THP sludge with a gelation factor smaller than 
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0.7 has a soluble COD concentration higher than 29,000 mg/L while this probability 

reduced to only 40% when looking at the THP sludge with gelation factor greater than 0.8 

(Table 6-1). This trend seems to be mainly contributed by the higher PS/WAS ratio sludge 

since the sludge with higher PS/WAS ratio tends to enlarge the differences of soluble COD 

concentration between lower and higher gelation factor group (Figure 6-2d, f).  

6.3.3. Impact of THP conditions and gelation factor on AD performance 

The impact of THP thermal dose, expressed as below or above 6000 ęC.min, and the sludge 

composition, expressed in PS/WAS ratio above or below 50%, on the volatile sludge 

reduction (VSR) observed over a 15 day period, is shown in Figure 6-3. Only slightly 

reduced VSR was observed at increased thermal doses (Figure 6-3a). In addition, no clear 

impact of increased PS/WAS ratio on the relationship between thermal dose and VSR 

(Figure 6-3b) was observed. Similarly, no significant impact of sludge VS/TS ratio and 

thermal dose on VSR was found (Table 6-2). This indicated that thermal dose as a 

parameter does not allow for direct prediction of impact on AD performance. 

In contrast, gelation behavior of sludge did impact observed VSR (Figure 6-3c, d). A 

significantly lower VSR (from median VSR of 67 to median VSR of 58%) was observed 

when sludge with GF > 0.8 was fed to the AD system instead of sludge with GF < 0.7 (p= 

0.008, Table D1). In addition, when considering sludge composition, the latter impact was 

mostly driven by high PS/WAS ratios (Figure 6-3d). No significant impact of gelation 

factor on VSR was observed when PS/WAS ratio was below 50% (Figure 6-3d). When 

looking into VS/TS ratio as sludge characteristics, relationships were less clear than for 

PS/WAS ratios and no clear threshold VS/TS ratio could be determined (Table 6-2). 

Overall, it can be concluded that the probability to achieve at least 60% VSR increased 



126 
 

from 22 to 80%, when GF of the feed sludge decreased from GF > 0.8 to GF <0.7 (Figure 

6-3d). 

 

Figure 6-2. Impact of THP thermal dose (TD) on THP sludge gelation factor (THP GF) 

(a, b), soluble COD (sCOD) of THP sludge (c, d) and the correlation between THP 

sludge gelation factor and soluble COD (e, f). 
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Figure 6-3. Impact of THP thermal dose (TD) (a, b) and feed THP sludge gelation factor 

(THP GF) (c,d) on volatile sludge reduction of anaerobic digestion.  Data set labeled with 

ó*ô indicate a statistically significant difference observed between the average value of 

two data groups in the data set. 

 

6.3.4. Impact of THP conditions and THP output on sludge final dewatering 

Due to a strong correlation in the data set between the polymer dose and cake sludge 

(Figure 6-4, correlation factor -0.694), both dewatering parameters could not be separated. 

Polymer dose used was based on the visual observation of the operator. Higher polymer 

dose was applied when physical appearance (flocs formed, filtrate quality, sludge 

appearance in free drainage zone) of dewatered sludge was not as desired. Thus, in this 
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study, we chose dewatered cake total sludge as the target parameter for dewaterability 

evaluation. Good dewatering was defined as a cake sludge level above the observed median 

level of 32% cake sludge (Table 6-1). Table 6-1 summarizes the digestate composition and 

THP feed conditions (15 days earlier) related to good and bad dewatering performance. 

Good dewaterability (> 32% cake TS) was related to decreased soluble COD, ammonium, 

VS/TS and gelation behavior in the digestate (Table D2). As the gelation factor was a new 

parameter, this was further investigated in detail (Figure 6-4). A significantly better cake 

sludge concentration was achieved for digestate with a gelation factor < 0.4 compared to 

digestate with gelation factor > 0.4 (p= 0.004; Figure 6-4a, b). Median cake sludge 

increased from 31 to 33% (Figure 6-4b). Expressed in probabilities, when GF >0.4 was 

achieved, the probability of getting cake sludge above 32% increased from 45% to 78% 

(Table D1). Unlike previous analysis, no clear impact of sludge composition on the latter 

observation was detected (Figure 6-4b). 

To try to predict dewatering performance based on THP sludge characteristics, the gelation 

factor of the THP sludge as well as the thermal dose, 15 days earlier than the cake TS, was 

evaluated (Figure 6-4c, d, e, f, Table D2). No clear relationships between the THP gelation 

factor or thermal dose on the cake sludge was observed (Figure 6-4). The latter might have 

been caused by the variability in THP sludge conditions, long retention time in the digester 

and the uncertainty on time delay of feed impact on digestate composition.  
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Figure 6-4. Impact of digestate gelation factor (Dig. GF) (a, d, g, j), feed THP sludge 

gelation factor (THP GF) (b, e, h, k) and THP thermal dose (TD) (c, f, i, l) on cake total 

sludge after final dewatering process. 
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6.4. Discussion 

6.4.1.  Gelation factor as THP sludge characteristic 

One of the main functions of the THP process is the solubilization of proteins and 

polysaccharides. Previous work has shown that while thermal treatment denatured 

polysaccharides and proteins, and thus increased biodegradability, extended exposure to 

increased temperature resulted in the formation of intermolecular bonds between denatured 

proteins and/or polysaccharides, which resulted in formation of a gel like macrostructure 

(Anson & Mirsky 1932; Li et al 2015; Wang et al 2015) and decreased biodegradability 

(Manning et al., 2019; Rasel, 2019). The gelation factor parameter, developed by (Rasel, 

2019), showed increased gelation behavior of sludge at increased thermal dose, or thus in 

this case increased reaction time (Figure 6-1). The latter indicated that the restructuring of 

denatured proteins and/or polysaccharides might be indeed occurring during full-scale THP 

operation as suggested by Rasel (2019). The decreased soluble COD concentration at 

increased gelation factors (Figure 6-2e, f) aligned with a potential transition from soluble 

to gel-like or solid organic structures.  

Thermal treatment of primary sludge was the main cause for the gel-like behavior of the 

sludge at increased thermal dose (> 6000 ęC.min) or increased reaction time (> 36-39 

minutes) (Figure 6-1b). Previous studies showed faster solubilization of primary sludge 

than waste activated sludge, at lower temperatures and shorter reaction time (Liu et al., 

2012; Lu, 2014). Gelation of denatured polysaccharides or proteins from primary sludge 

could therefore have started from lower thermal doses. When operating under a thermal 

dose optimized for solubilization of WAS, unintended reactions between denatured organic 

compounds might occur when treating increased PS/WAS ratios (> 50%). The latter 
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suggested that different THP conditions might be required to optimized THP output for 

different PS/WAS ratios. The variability in PS/WAS ratio was dependent on plant loading, 

wet weather events, SRT in the activated sludge system, seasonal changes in operation, 

and the pre-dewatering and thickening performance. In addition, the VS/TS level of the 

sludge did not fully correlate with the PS/WAS ratio, indicating differences in sludge 

quality within different PS/WAS ratios. Overall, data from this study suggested that setting 

maximum THP reaction times rather than minimum reaction times, the current control 

standard, would help to avoid gelation of the sludge especially when the PS fraction is high.  

 

6.4.2. Impact of increased sludge gelation on AD performance 

Previous studies showed only minor, but non statistically significant increases in COD or 

VSR reduction when THP temperature was increased from 130 to 170 oC despite increases 

in soluble COD formed within the THP process (Higgins et al 2017; Wilson et al 2011). 

The increased soluble COD levels did result in increased soluble COD levels in the 

digestate, indicating the formation of recalcitrant organics at increased THP temperature 

(Barber, 2016a; Higgins et al., 2017b; Phothilangka et al., 2008). As the THP temperature 

only slightly changed from 155-160 oC, we hypothesized that the impact of thermal dose 

in this study was mainly an impact of THP reaction time. Higgins et al. (2017b) shown 

increasing THP temperature from 130 to 170 ęC (30 mins reaction time, equivalent to 3900-

5100 ęC.min) leads to an 60% sCOD increasement in THP sludge, but however not 

impacting the digester performance in terms of both VSR and total COD removal rate. The 

slightly lower sCOD at increased gelation factors (>0.8) and increased reaction time (>36-

39 min) in this study was not statistically different (Figure 6-2e, f). The variability in THP 
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conditions and outcome as well as the delayed output in the digestate made it hard to get a 

full understanding of soluble COD behavior. 

Although increased thermal dose was linked to increased gelation, especially for high 

PS/WAS ratios, the thermal dose could not predict the AD performance expressed by VSR 

(Figure 6-2a, b). Production of recalcitrant compounds at increased THP temperature or 

time has been reported before and has been one of the main concerns when implementing 

THP systems (Barber, 2016a). The lack of link between thermal dose and VSR might be 

related to variability in sludge characterization or might be caused by the high variability 

in THP conditions compared to slow digestion process. In contrast, a statistically 

significant higher VSR was obtained when sludge gelation was lower (GF <0.7). The 

probability to achieve a VSR above 60% dropped to 22% when a gelation factor above 0.8 

was reached after THP. Gelation factor thus combined the impact of thermal dose and 

sludge composition and was therefore a superior THP characteristic to predict AD 

performance. Increased gelation of sludge was previously associated with decreased 

biodegradability and decreased hydrolysis rates (Manning et al., 2019; Rasel, 2019), 

however initial work on model polysaccharides showed contradicting results (Manning et 

al., 2019). This study confirmed that increased gelation of sludge, mainly driven by 

restructuring of denatured organic compounds from primary sludge, led to decreased VSR. 

Although the overall performance of the AD system was good, with an average 63% VSR, 

the lower 25% of the VSR data was associated with gelation of sludge. Decreased THP 

reaction times when increased PS/WAS ratios were collected would be recommended to 

avoid negative impacts on AD performance.  
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6.4.3. Impact of sludge gelation on dewatered cake total solids 

Higgins et al. (2017b) showed that increasing THP temperature from 130 to 170 ęC (30 

min reaction time, equivalent to 3900-5100 ęC.min) linearly increased the cake total solids 

from approximately 27% to 32%. Everett (1972) reported that dewatered cake sludge total 

solids could increase from 26% to 34% by increasing the temperature from 150 to 220 ęC 

(various reaction time; 5 to 60 mins, equivalent to 750-6600 ęC.min) in the heat-pressure 

treatment process. It was therefore expected that increased thermal dose would lead to 

increased cake solids. Such relationship was, however, not observed in this study (Figure 

6-4e, f). Similarly, no relationship between the gelation factor of the THP sludge and final 

cake solids was observed (Figure 6-4c, d). The lack of observed impact of THP on final 

dewatering might have been caused by the fast and high variability in THP conditions in 

the facility (Figure 6-1) and the uncertainty of time delay of the THP effect on cake sludge. 

In addition, variability in PS/WAS ratio was also expected to influence cake sludge with 

increased PS/WAS ratios increasing cake solids. The previous studies cited systems 

operated at constant THP conditions and sludge composition and could therefore establish 

such relationships. Evaluation of THP condition on final dewatering at more stable 

conditions will be needed to draw better conclusions.  

Throughout anaerobic digestion the gelation behavior of the sludge decreased from a 

median gelation factor of 0.82 for THP sludge to a median gelation factor of 0.38 for 

digestate (Table 6-1). Increased gelation behavior of the digestate decreased final 

dewatered cake total solids (Figure 6-4a, b). The bound water trapped in a gel matrix might 

explain the decreased cake sludge. Indeed, increased bound water in sludge has shown to 

correlated with decreased cake sludge (Katsiris and Kouzeli-Katsiri, 1987; Vesilind, 1994). 
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The cause for the increased gelation in the digestate remained unclear for similar reasons 

as the lack of link between THP conditions and final dewatering. 

 

6.4.4. THP control optimization 

Currently, the full-scale THP facility studied controlled the THP process based on a 

minimum THP reaction time of 30 minutes and set THP temperature setpoint. However, 

the complexity of the system integration within the biosolids facility impacted the actual 

reaction times applied, significantly. Given the reality of this complexity, adjustment in the 

control system to better manage the start of a THP batch, better prediction of the amount 

of THP reactor is needed, in service and incorporation of maximum THP time limits, rather 

than minimum THP limits would be suggested. The latter would be especially important 

in periods with high PS/WAS ratios. The gelation factor of the THP sludge might be a good 

operational parameter to inform THP settings and optimize AD output. Future work will 

need to involve the development of an online parameter with the same strength of the 

gelation factor to allow for online control. 

 

6.5. Conclusions 

Based on a 400-d sampling study at the THP-AD facility, this study was performed to 

evaluate the real-life dynamics in THP operational conditions and sludge composition on 

THP sludge characteristics, anaerobic digestion (AD) performance and final dewatering. It 

was found increased THP thermal dose above 6000 ęC.min could significantly increase the 

gelation behavior of sludge. This was mainly driven by increased gelation of primary 
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sludge and indicated the need for shorter THP reaction times when higher PS/WAS (>50%) 

ratio sludge being treated. AD system has a probability of 88% to achieve above 60% 

volatile solids reduction when gelation factor of THP sludge maintained below 0.7, while 

the probability reduced to only 18% when THP sludge gelation factor is above 0.8. This 

was explained by avoiding overcooking of highly biodegradable primary sludge. Finally, 

no statistical correlation between THP sludge gelation factor and digestate dewaterability 

was found. However, lower dewatered cake total solids were found to be correlated with a 

higher digestate gelation factor.



136 
 

Chapter 7: Discussion 

 

This chapter discusses the feasibility of applying recuperative thickening on the thermally 

hydrolyzed sludge fed anaerobic digestion (THP-AD) system. The impact of (free) 

ammonia and THP over cooking on the THP-AD system, the methanogenesis mechanisms 

of high rate AD, and the application of novel ACOX mathematical model on such systems 

are also discussed.  

7.1. Application of recuperative thickening on thermally hydrolyzed sludge fed 

anaerobic digestion system 

Improving the anaerobic digester capacity and organic matter removal efficiency is vital 

for WWTPs due to the extremely high digester tankage construction cost and limited 

WWTP footprint in certain areas. Although thermal hydrolysis process increases the 

digestibility of the pretreated solids and improves digestion performance significantly, a 

certain fraction of biodegradable COD can still be found in the THP-AD effluent. This 

could result in about 20~30% biogas production loss. Recuperative thickening, as a process 

that decouples digester SRT and HRT, can increase the digester SRT without changing the 

digester flowrate and digester volume. Our study showed that application of RT to increase 

digester SRT will only be beneficial when one operates closer to the washout SRT. For 

example, increasing SRT of THP-AD from 15 to 30 days did not improve AD performance 

or kinetics under similar OLR. AD kinetics of digesters operating at the necessary SRT 

were not biomass limited and thus more determined by the available substrate 

concentrations. However, the necessary SRT needed for THP-AD systems has not been 

defined clearly in literature. As the digester SRT is often coupled to HRT and OLR, 
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comparing and separating the observed impacts is complex. Based on the simulation 

exercise in our study, the minimum SRT to avoid performance loss is 6-7 days, independent 

of organic loading. Due to the limited size of the data set of our study, the estimated 

washout SRT might be improved with a more extensive model calibration using a larger 

range of data sets than only this study, in combination with better understanding of the 

impact of diluted feed on AD kinetics. The current full-scale THP-AD system operating at 

an SRT of 20-23 days (Blue Plains advanced WWTP, Washington, DC, USA) has a safety 

factor of 2-2.5 until reaching biomass limitation.  

Other than increasing digester SRT, RT can be also applied to decrease the digester HRT, 

while maintaining SRT and OLR. This is especially useful when WWTPs are limited by 

digester tankage volume. For example, with the help of RT application, decreasing the 

digester HRT from 15 days to 7.5 days while maintaining SRT at 15 days and OLR, would 

double the digester throughput rates, thus doubling the digester volumetric loading rates. 

Our study showed that RT application has the potential to increase throughput by a factor 

of 2, and can thus significantly increase capacity of THP-AD systems without sacrificing 

digester performance.  

However, there are some limitations that need to be considered when applying RT to THP-

AD. Firstly, RT cannot increase TS concentrations exponentially. At a certain point 

(typically > 8 % TS), the viscosity of the digester sludge becomes too high for efficient 

mixing and for efficient gas-liquid transfer. Risks for rapid rise events need to be taken into 

consideration. Secondly, the operational cost will need to be evaluated on a plant-by-plant 

basis. The application of RT often requires significant capital cost for sludge thickening 

process upgrade. In this study, we applied polymer for sludge thickening and solids 
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separation. The polymer dose applied during RT in this study was high (7.5 kg/ton TS) and 

might need further optimization. A single dewatering test determined a polymer dose of 9 

° 0.0 kg/ton TS for final dewatering of the RT digester versus 11.5 ° 1 kg/ton TS for the 

conventional system, with the same resulting cake solids of 32% TS. Given the RT 

procedure and polymer dose needed for final dewatering, the RT system as applied in our 

study was using about 2.8 times more polymer overall than the conventional THP-AD 

system. Although better dewaterability in RT digester was reported before (Cobbledick et 

al., 2016), the operational cost for RT will need to be optimized and weighted against the 

capital investment. 

7.2. Impact of (free) ammonia on thermally hydrolyzed sludge fed anaerobic digestion 

system 

 

Among all the inhibitors of AD microbial activities, ammonia has shown to be one of the 

most significant inhibitor (Akindele and Sartaj, 2018; Angelidaki and Ahring, 1993; 

Capson-Tojo et al., 2020; Hashimoto, 1986; Sung and Liu, 2003; Tao et al., 2017; Yenigün 

and Demirel, 2013) and overall total ammonia nitrogen (TAN) levels are often of concern 

during full-scale design of AD systems. As introduced in the previous section, benefited 

by the low viscosity and high biodegradability of the THP pretreated feed sludge, THP-

AD systems have been operated at the organic loading rates that is much higher than the 

typical AD operating conditions. This has resulted in the much higher ammonia 

concentration in the THP-AD systems. It is understood that the free ammonia is the leading 

cause of ammonia inhibition in AD systems. This is due to the fact that free ammonia was 

freely membrane-permeable and hydrophobic, and passively diffused into the microbial 
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cells (Gallert et al., 1998; Kroeker et al., 1979). This would lead to a proton imbalance that 

disrupted microbial activities.  To date, there are no clear guidelines on (free) ammonia 

inhibition in AD systems that can be generally applied in process models is available. The 

latter data will be essential to support the industrial trend of THP-AD application. Our pilot 

study was aimed to fill this research gap by conducting a lab-scale study in which five 

digesters were fed with a mixture of primary and secondary activated sludge after full-scale 

THP treatment and operated under similar organic loading rate and SRT but different 

ammonia concentration (adjusted by ammonium bicarbonate addition). 

7.2.1. Impact of (free) ammonia on overall AD performance 

It is known that the degree of microbial acclimation is an important factor which 

determines when an impact in overall AD performance is observed. During the process of 

ammonia concentration build up in the THP-AD systems, we observed a daily gas 

production rate and methane yield decrease in all digesters during the first 25 days of the 

study. The degree of biogas reduction was positively correlated to the ammonia 

concentration in the digesters, as expected. The lowest daily gas production and methane 

yield in the transition period was found in AD-1 when its free ammonia reached 800 mg 

NH3-N/L. This was 14.1 L/day and 190 mL CH4/g VS added, respectively. This 

corresponded to a 48% decrease in gas production when compared to the control digesters, 

which were operated at a free ammonia of 103 mg NH3-N/L. Due to the lower free 

ammonia concentration, biogas production in AD-2 and AD-3 reactors only reduced by 

22.2 % and 30%, respectively. Also, the decreased slope of free ammonia increases in these 

two cases and the lower final steady state concentration compared to the AD-1 reactor, 

decreased the overall impact on biogas production rates and methane yield. It is interesting 
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to note that biogas production and methane yield deficiency in AD-2 was fully recovered 

after two SRTs, and the gas production and methane yield deficiency was only partially 

recovered in AD-1 and AD-3 at their steady state due to their higher free ammonia 

concentration. Our observation confirmed the findings from literature (Hansen et al., 1998; 

Zeeman et al., 1985) which reported that the free ammonia inhibition could be partially 

mitigated by the internal fraction shift of the dominant methanogen species and changes in 

methanogen population (Zeeman et al., 1985) after adaptation.  

On the other hand, the impact of free ammonia on THP-AD was also evaluated 

based on the steady state period of digester performance and thus after adaptation. At 

steady state after acclimation, our study showed the decrease in digester performance at 

free ammonia around 550 mg NH3-N/L and a decrease of 33 ± 5% in VSR, 22 ± 2% in 

COD removal and 18 ± 6% in methane yield was observed at the highest free ammonia 

concentration of 966 mg NH3-N/L and 4809 TAN-N/L. The observed decrease in digestion 

performance in this study (18-33%) was lower than expected and more in the range of  

reported impacts for free ammonia levels of 60 to 480 mg NH3-N/L rather than 550-970 

mg NH3-N/L (Angelidaki and Ahring, 1993; Chen et al., 2016; Chen et al., 2008; Wang et 

al., 2016).  The potential explanation for the high tolerance to free ammonia observed in 

our study might be attributed to the buffering capacity of this system due to the addition of 

bicarbonate alkalinity. Thus, the potential acidification caused by the free ammonia 

inhibition was avoided and allowed for the assessment of free ammonia impact without 

interference of acidification.  
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7.2.2. Impact of (free) ammonia on AD kinetics and methanogenesis pathway 

selection 

An exponential increase in soluble COD and VFA was observed in the digesters with 

increased free ammonia concentrations. Our study indicated no significant impact of free 

ammonia on hydrolysis and fermentation within the digesters. The methanogenesis was 

found to be the critical biological step that was limited by the increase of free ammonia. It 

is generally agreed that hydrolysis and fermentation are less sensitive to ammonia 

inhibition (Akindele and Sartaj, 2018; Angelidaki and Ahring, 1993; Yenigün and Demirel, 

2013), Wilson et al. (2013) reported the hydrolysis rate of anaerobic digestion could 

decreased by 50% when TAN increased from 1000 mg TAN/L to 5000 mg TAN/L (36 mg 

NH3/L to 182 mg NH3/L) due to ammonia inhibition.  Digesters in our study operated at a 

long SRT of 15 days might compensate for the potentially decreased hydrolysis or 

fermentation rates.  

To understand the change in methanogenic microbial community as a function of free 

ammonia inhibition, the presence of the functional genes related to the acetolactic 

methanogenesis and hydrogenotrophic methanogenesis was studied based on the 16s DNA 

sequencing and mRNA based metatranscriptome test. Results from our study showed that 

the hydrogenotrophic methanogens were dominant organisms and that hydrogenotrophic 

methanogenesis was the dominant pathway within the THP-AD studied. This could be due 

to the use of THP-AD digestate as inoculum sludge. Because of the higher organic loading, 

THP-AD digestate has a higher free ammonia concentration compared to the conventional 

AD, thus microbial community in THP-AD digestate have already adapted to the higher 

free ammonia concentration. As shown in the previous section, a potential presence of 30% 
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acetoclastic methanogens mainly driven by Methanosarcina might be occurring at the 

control THP-AD without ammonia addition. Due to free ammonia inhibition, the number 

of both acetoclastic and hydrogenotrophic methanogens increased to compensate for the 

reduced methanogenic activities. The increasing trend of methanogen count was observed 

to cease at the free ammonia of 600 mg NH3-N/L. SRT became limited at higher free 

ammonia concentration and decreased number of methanogens were found, due to more 

severe free ammonia inhibition on both types of methanogens. Inhibition of 

hydrogenotrophic methanogens in this study was only observed when free ammonia was 

higher than 600 mg NH3-N /L. It is understood that hydrogenotrophic methanogensô 

activities are inhibited less severely compared to acetoclastic methanogensô activities 

(Amha et al., 2018; Gao et al., 2015; Hagen et al., 2017; Niu et al., 2013). This was 

suggested due to the reason that inhibition of acetoclastic activities favor the growth of 

syntrophic acetate oxidizing bacteria (SAOB). SAOB convert acetate into carbon dioxide 

and hydrogen, which thermodynamically favor the hydrogenotrophic methanogenic 

activities (Gao et al., 2015). 

The inhibition constant for free ammonia was estimated based on the calculated 

maximum methanogenic rates at digester steady state. The Monod inhibition constant Ki 

was estimated to be 847 ± 222 mg NH3-N/L. This was higher than the reported values in 

current literature (Akindele and Sartaj, 2018; De Vrieze et al., 2015; Fernandes et al., 2012). 

Inhibition constants presented here are for the overall digestion system performance. Based 

on the Ki value estimated from our study, the inhibition level of THP digesters operating 

at a pH level of 7.8 and temperature of 37°C was estimated. It was found that the current 

THP AD systems operate under an estimated inhibition level of 12-18% for methanogens. 
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The significant impact on VSR and VFA accumulation were only observed  at inhibition 

levels of more than 40% (> 600 mg NH3-N/L) in our study, under SRT of 15 days. This 

also indicates that when enough buffering capacity is available to avoid acidification, free 

ammonia inhibition will not be a barrier for further intensification. 

7.2.3. Impact of (free) ammonia on AD dewaterability 

Digestate dewaterability is an important parameter in sludge handling and 

contributes significantly to operational cost of biosolids treatment facilities. It was reported 

in previous studies that a decreased dewaterability is correlated with increased ammonium 

concentrations (Higgins et al., 2008). To evaluate the impact of ammonia on digestate 

dewaterability, dewaterability parameters including optimum polymer dose and cake total 

solids (Cake TS), which were measured for different steady state conditions. No impact of 

higher TAN on optimal polymer dose nor cake TS, was observed in our study. Therefore, 

this study indicated that the previously observed relationships between TAN and 

dewaterability (Higgins et al., 2008) is probably driven by other factors correlated with 

TAN, such as increased soluble COD caused by ammonia inhibition leading to an increase 

in charge neutralization needs (Wu and Wu, 2001), or increase in monovalent to divalent 

cation ratio (Higgins and Novak, 1997). 

7.3. Application of novel ACOX model on high rate anaerobic digestion process 

A proper mathematical model which includes the essential physical, chemical and 

biological reactions is crucial for accurate simulation of the AD process. As discussed in 

the above sections, AD methanogenesis relies primarily on the syntrophic methanogenesis 

pathway under high free ammonia condition. With the increasing interest in AD 

intensification, which leads to higher AD OLR and free ammonia concentrate, a proper 
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mathematical model with detailed calibration for high ammonia AD process is urgently 

needed. Wett et al., (2014) implemented the acetate oxidizing mechanism into the ASDM 

and published the ACOX model. This provided a useful framework for high 

loading/ammonia AD process simulation. The ACOX model is published with a set of 

model parameters (Wett et al., 2014) which is calibrated only based on the methanogenic 

inhibition factors generated from a simple batch ammonia toxicity batch test (Wilson, 

2009). In our study, a wide range of experimental data generated from our long-term 

ammonia inhibition study, which covered the TAN concentration in the range between 

1250 to 5640 mg N/L, was used for ACOX model calibration. A new set of kinetic 

parameters was developed for the ACOX model for future high loading/ammonia AD 

application. Our study showed that the calibrated Sumo2ACOX model could properly 

simulate the kinetic activities of methanogens and digester overall performance for high 

rate digestion process, while Sumo2 (ASDM) model overestimated the digester 

performance when digester volatile solids loading was higher than 0.5 g VSS/L/d. This was 

expected due to the lack of acetate oxidation (ACOX) mechanism incorporation in the 

Sumo2 (ASDM) model.  

7.4. Impact of THP overcooking on anaerobic digestion process 

Despite the constant reaction temperature and time targets for thermal hydrolysis 

pretreatment (THP) process when designing full-scale THP systems, real-life full -scale 

THP conditions have been variable or intentionally changed. This is due to the dependency 

of the THP operation on choice of reactors in service, dilution water availability, sludge 

pre-dewatering loading, steam availability, digester loading demand etc. Also, the 

efficiency of organics solubilization is heavily depended on the organic content of the 
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treatment sludge (Qiao et al., 2012). It is understood that thermal hydrolysis is mainly 

beneficial to carbohydrates and proteins solubilization and has negligible impact on lipids 

(Barber, 2016). Also, carbohydrates require lower temperature and shorter reaction time to 

initiate solubilization in thermal hydrolysis process compared to proteins (Liu et al., 2012; 

Lu, 2014). Knowing the complexity of the organic content present in the WWTP sludge 

and the dynamic full-scale THP operational conditions, overall THP pretreated sludge 

characteristics are often negatively impacted due to the over cooking/heating. Therefore, a 

seasonally different THP operational conditions might be desirable when one wants to 

optimize biogas production, dewaterability and final effluent water quality. Our study 

provided detailed report from 400 days operation of a full-scale THP-AD facility and an 

evaluation of the overall impact of the dynamic sludge characteristics and dynamic THP 

conditions inherent to full-scale operation on (i) gelation behavior of sludge, (ii) 

solubilization degree in THP, (iii) volatile sludge reduction in AD and (iv) final dewatering 

was investigated for the Blue Plains Advanced WRRF.  

It was shown in the previous work that that while thermal treatment denatured 

polysaccharides and proteins, extended exposure to increased temperature resulted in the 

formation of intermolecular bonds between denatured proteins and/or polysaccharides, 

which resulted in formation of a gel like macrostructure (Anson & Mirsky 1932; Li et al 

2015; Wang et al 2015) and decreased biodegradability (Manning et al., 2019; Rasel, 2019). 

The gelation factor parameter, developed by Rasel (Rasel, 2019), showed increased 

gelation behavior of sludge at increased thermal dose. Our study confirmed that increased 

thermal dose was linked to increased gelation, especially for high PS/WAS ratios. It was 

also found that the thermal treatment of primary sludge was the main cause for the gel-like 
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behavior of the sludge at increased thermal dose or increased reaction time. This is due to 

the faster solubilization of primary sludge than waste activated sludge, at lower 

temperatures and shorter reaction time (Liu et al., 2012; Lu, 2014). Gelation of denatured 

polysaccharides or proteins from primary sludge could therefore have started from lower 

thermal doses. When operating under a thermal dose optimized for solubilization of WAS, 

unintended reactions between denatured organic compounds might occur when treating 

increased PS/WAS ratios.  

A significant amount of research was done in previous studies to investigate the impact of 

THP conditions on AD performance. The formation of recalcitrant organics at increased 

THP temperature was reported (Barber, 2016; Higgins et al., 2017; Phothilangka et al., 

2008). Higgins et al. (2017) showed that increasing THP temperature from 130 to 170 ęC 

(30 mins reaction time, equivalent to 3900-5100 ęC.min) leads to a 60% sCOD increase in 

THP sludge but did not impact digester performance in terms of both VSR and total COD 

removal rate. In our study, we hypothesized that the impact of thermal dose in this study 

was mainly an impact of THP reaction time, as the THP temperature only slightly changed 

from 155-160 oC. Although no direct link between thermal dose and VSR was observed in 

this study, a statistically significant higher VSR was obtained when sludge gelation was 

lower (GF <0.7). The probability of achieving a VSR above 60% dropped to 22%, when a 

gelation factor above 0.8 was reached after THP. Gelation factor combined the impact of 

thermal dose and sludge composition and was therefore found to be a superior THP 

characteristic for predicting AD performance. 

Previous studies have shown an increase in digestate dewaterability with increasing THP 

temperature. However, such relationship was not observed in our study. This might have 



147 
 

been caused by the fast and high variability in THP conditions in the facility and the 

uncertainty of time delay of the THP effect on cake sludge. In addition, variability in 

PS/WAS ratio was also expected to influence cake sludge with increased PS/WAS ratios. 

The previous studies operated systems at constant THP conditions and sludge composition 

and could therefore establish such relationships. Evaluation of THP condition on final 

dewatering at more stable conditions will be needed to draw more accurate conclusions.  

Given the complexity of the full-scale THP facility, adjustment in the control system to 

better manage the start of a THP batch, better prediction of the volume of THP reactor 

needed in service, and incorporation of maximum THP time limits rather than minimum 

time limits would be suggested. The latter would be especially important in periods with 

high PS/WAS ratios. The gelation factor of the THP sludge might be a good operational 

parameter to inform THP settings and optimize AD output. 

 

 

 

 

 

Chapter 8: Conclusions  

This chapter presents the final conclusions of the different objectives of this research. The 

recommendations for future research on THP-AD systems are also proposed at the end of 

the chapter.  
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8.1. Conclusions from specific objectives of this study 

Objective 1: Evaluate the application of recuperative thickening (RT) to enhance the 

performance of THP-AD process. This was evaluated in two ways: (i) increasing the SRT 

to degrade slowly hydrolysable biodegradable materials more efficiently at constant 

organic loading rate (OLR) (Phase I); and (ii) maintaining SRT at increased AD throughput 

rates, thus showing potential for increased AD volumetric capacity (Phase II).   

 This study showed that due to the low SRT requirements for THP-AD system, RT 

application for SRT enhancements from 15 to 30 days did not improve AD performance 

or kinetics. Only when one would operate close to or lower than washout SRT (estimated 

at 6-7 days), RT application for SRT enhancement would make sense. However, RT 

application to maintain SRT while increasing throughput rates showed great potential for 

further intensification of AD system while maintaining biogas yields, VSR and COD 

removal efficiencies. Based on a calibrated process model, RT application was estimated 

to allow for at least 100% increase of throughput rates without sacrificing AD performance. 

Objective 2: Investigate the free ammonia inhibition of methanogens in THP-AD 

systems. This was investigated with an experimental set-up of five lab-scale digesters fed 

with a mixture of primary and secondary activated sludge after full-scale THP treatment 

(9% TS) and operated under similar organic loading rate of 8.9 ± 0.5 kg COD/m3.d and 

SRT of 15 d.  

 This study, for the first time, identified free ammonia inhibition constants for methanogens 

without interference of acidification (which occurs as a result of VFA accumulation) and 

on the basis of in-reactor kinetic rate indicators. A Monod inhibition constant Ki for 

methanogenesis of 847 ± 222 mg NH3-N/L was estimated. The estimated Monod inhibition 
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constant was independent of the SRT condition, and can be used as a global kinetic 

parameter for extrapolation to other systems. Given an SRT of 15 days, 33% decrease in 

AD performance was observed at the highest free ammonia concentration of 966 mg NH3-

N/L. The results of this study showed that free ammonia inhibition levels in current THP 

digesters were only 12-18%, indicating potential for further AD intensification. 

Objective 3: Generate kinetic parameters for high-rate anaerobic digestion system 

for application in process models. This was achieved by calibrating the high-rate AD 

model Sumo2ACOX using experimental data generated from the study of objective 2. 

This study, for the first time, calibrated and validated the Sumo2ACOX model with 

comprehensive experimental data collected from long-term ammonia inhibition study. A 

set of kinetic parameters for methanogenesis activities are proposed based on the 

calibration. The logistic half-inhibition constant of NH3 for ACOX and AMETO was 

calibrated to be 0.024 mol N/L and 0.018 mol N/L, respectively. The model simulation 

results showed that the calibrated Sumo2ACOX model could properly simulate the kinetic 

activities of methanogens and digester overall performance, for high rate digestion process; 

while Sumo2 model overestimated the digester performance when digester volatile solids 

loading was higher than 0.5 g VSS/L/d. 

Objective 4: Evaluate the overall impact of dynamic sludge characteristics and THP 

conditions on full-scale operation of THP-AD facility.  This included evaluation of: (i) 

gelation behavior of sludge, (ii) degree of solubilization in THP, (iii) volatile solids 

reduction in AD, and (iv) final dewatering, at the Blue Plains AWTP. This was done by a 

detailed analysis based on a 400-day sampling study at the THP-AD facility.  
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This study was performed to evaluate the real-life dynamics in THP operational conditions 

and sludge composition on THP sludge characteristics, anaerobic digestion (AD) 

performance and final dewatering. It was found increased THP thermal dose above 6000 

ęC.min could significantly increase the gelation behavior of sludge. This was mainly driven 

by increased gelation of primary sludge and indicated the need for shorter THP reaction 

times, when higher PS/WAS (>50%) ratio sludge was treated. AD system has a probability 

of 88% to achieve above 60% volatile solids reduction when gelation factor of THP sludge 

was below 0.7, while the probability reduced to only 18% when THP sludge gelation factor 

was above 0.8. This was explained by avoiding overcooking of highly biodegradable 

primary sludge. Finally, no statistical correlation between THP sludge gelation factor and 

digestate dewaterability was found. However, lower dewatered cake total solids was found 

to be correlated with a higher digestate gelation factor. 

8.2. Future Research 

The THP-AD system is a promising technology for both waste reduction and energy 

recovery for WWTPs. The implementation of this technology will help the wastewater 

facilities in reaching their energy neutrality goal while meeting the solids discharge limit. 

However, there are several areas that still require further research for THP-AD system 

improvement. 

Recuperative thickening has been shown as a promising technology for increasing digester 

throughput for THP-AD system. However, there are several factors that still need to be 

taken into consideration before implementing the technology. First of all, the 

implementation of recuperative thickening would involve a significant capital cost 

investment, and a cost-benefit assessment needs to be conducted to compare the cost of 
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building new tanks against potential digester performance improvement. Second, if 

polymer dewatering is selected as the strategy for solids separation, the detailed operational 

cost versus final dewatering improvement capability needs to be evaluated in order to 

project the pros and cons of recuperative thickening on the digestate dewaterability. Finally, 

implementing recuperative thickening would significantly increase the digester biomass 

concentration and digester sludge viscosity, thus increase the required mixing capability. 

The increase in required mixing needs to be taken into consideration before implementing 

recuperative thickening.  

On the other hand, the digester with THP still has numerous opportunities for further 

intensification. The reasons of THP-AD not reaching the ultimate gas production goal 

remains unknown. Further investigation of the potential process limitation reactions or 

inhibition factors is required for further evolution of the technology. Also, current 

mathematical models still require improvements for proper THP-AD process simulation. 

Detailed process information is still needed for better calibration of model kinetic 

parameters, inhibition factors, conversion factors, correlation factors, etc. Future research 

work should aim for the collection of such information for model improvement. Currently, 

inhibitory free ammonia concentration is reported over a wide range. This can be attributed 

to selection of different free ammonia calculation methodology, as well as variations in pH 

measurement, in-situ versus ex-situ. To minimize the error of estimated free ammonia 

concentration, calculation methodologies that consider the non-ideal solution should be 

used, and pH of the digestate should be either measured within the digester or immediately 

after the digestate is collected. 
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Although the thermal hydrolysis improves the sludge biodegradability and the rate of 

biogas production, the THP process is still limited by the antiquated design of anaerobic 

digestion facilities. Optimizing downstream digestion configurations such as increasing 

digester OLR could improve the efficacy of the thermal hydrolysis system. Future research 

should focus on testing the boundary of treatment limits of THP-AD in terms of various 

inhibition factors.  
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Figure A1. Lab-scale anaerobic digester set-up used in this study. 
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Figure A2. All five l ab-scale anaerobic digesters used in this study. 
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Table A1. Summary of volume information used for RT digester in both Phases. 

Phase Polymer 

solution 

volume (mL) 

Digester 

effluent volume 

(mL) 

Supernatant 

after RT 

procedure-

excluding 

polymer 

volume (mL) 

Feed 

Volume 

(mL)  

I  210 1000 333 666 

II  420 2000 666 1332 
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Table A2. Influent fractionation applied and adjusted general stoichiometry factors for Sumo2ACOX model calibration for both 

experimental Phase. 

Symbol Name Value Unit  

Influent Characteristics 

frVSS,TSS Fraction of VSS/TSS 73 % 

frSCCOD,TCO

D 

Fraction of filtered COD (SCCOD, 1.5 µm, incl. colloids) in total COD (TCOD) 15.45 % 

frSCOD,TCOD Fraction of flocculated filtered (SCOD, wo colloids) COD in total COD (TCOD) 15.45 % 

frVFA,SCCOD Fraction of VFA in filtered COD (SCCOD, 1.5 µm, incl. colloids) 10.5 % 

frSU,SCCOD Fraction of soluble unbiodegradable organics (SU) in filtered COD (SCCOD, 1.5 µm, 

incl. colloids) 

25 % 

frXU,TCOD Fraction of particulate unbiodegradable organics (XU) in total COD (TCOD) 28 % 

frXOHO,TCOD Fraction of heterotrophs (OHO) in total COD (TCOD) 0 % 

frXE,TCOD Fraction of endogenous products (XE) in total COD (TCOD) 0.0001 % 

frCU,CCOD Fraction of colloidal unbiodegradable organics (CU) in colloidal COD (SCCOD-

SCOD) 

0.0001 % 

frSNHx,TKN Fraction of NHx in total Kjeldahl nitrogen (TKN) 6.44 % 

frSPO4,TP Fraction of PO4 in total phosphorus (TP) 3.3 % 

frN,XU Fraction of N in particulate unbiodegradable substrate (XU) 14 % 

frP,SB Fraction of P in readily biodegradable substrate (SB) 0.1 % 

frP,XU Fraction of P in particulate unbiodegradable substrate (XU) 2.5 % 

frN,SB Fraction of N in readily biodegradable substrate (SB) 4 % 

General Stoichiometry  

iCV,XB COD of biodegradable substrate in volatile solids 2.2 g COD.g 

VSS-1 

iCV,XU COD of particulate unbiodegradable organics in volatile solids 1.8 g COD.g 

VSS-1 
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iCV,SU COD of soluble unbiodegradable organics in volatile solids 0.63 g COD.g 

VS-1 

iCIT,BIO Inorganic carbon content of biomass 0.35 g TIC.g 

COD-1 

iCIT,SB Inorganic carbon content of SB and SU 0.32 g TIC.g 

COD-1 
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Table A3. Sumo2ACOX parameters used related to the new processes (Table 2-8) applied in the model. 

Symbol Name Default Unit  

Ordinary heterotrophic organism kinetics (OHO)     

µOHO Maximum specific growth rate of OHOs 4 d-1 

µFERM,OHO Fermentation growth rate of OHOs 0.3 d-1 

bOHO Decay rate of OHOs 0.62 d-1 

ɖOHO,anox Reduction factor for anoxic growth of OHOs 0.6 unitless 

KVFA,FERM,AS 

Half-saturation of VFAs in fermentation of 

OHOs (AS) 50 

g COD.m-

3 

KSB,ana,AS 

Half-saturation of rb substrate in fermentation 

by OHOs (AS) 5 

g COD.m-

3 

VFA acidoclastic methanogen organisms kinetics (AMETO)     

µAMETO Maximum specific growth rate of AMETO 0.3 d-1 

bAMETO Decay rate of AMETOs 0.03 d-1 

KVFA,AMETO,AS Half-saturation of VFA for AMETOs (AS) 400 

g COD.m-

3 

KiVFA,AMETO,AS Haldane inhibition of VFA for AMETOs (AS) 99999 

g COD.m-

3 

KO2,AMETO,AS Half-saturation of O2 for AMETOs (AS) 0.05 g O2.m-3 

KNOx,AMETO,AS Half-saturation of NOx for AMETOs (AS) 0.05 g N.m-3 

KiNHx,AMETO,pH,AS Half-inhibition of NHx for AMETOs (AS) 2500 g N.m-3 

KiNH3,AMETO,pH,AS Half-inhibition of NH3 for AMETOs (AS) 0.024 mol N.L-1 

LoginhNH3,AMETO,slope Logistic slope of NH3 inhibition of ACOX 120 unitless 

pHlow,AMETO pH inhibition low value for AMETOs 4.5 pHunit 

pHhigh,AMETO pH inhibition high value for AMETOs 9.5 pHunit 

VFA oxidizer organisms kinetics (ACOX)     

µACOX Maximum specific growth rate of ACOX 0.26 d-1 



181 
 

bACOX Decay rate of ACOXs 0.03 d-1 

KVFA,ACOX,AS Half-saturation of VFA for ACOXs (AS) 400 

g COD.m-

3 

KiVFA,ACOX,AS Haldane inhibtion of VFA for ACOXs (AS) 99999 

g COD.m-

3 

KO2,ACOX,AS Half-saturation of O2 for ACOXs (AS) 0.05 g O2.m-3 

KNOx,ACOX,AS Half-saturation of NOx for ACOXs (AS) 0.05 g N.m-3 

KiNHx,ACOX,pH,AS 

Logistic half-inhibition of NHx for ACOXs 

(AS) 2500 g N.m-3 

KiNH3,ACOX,pH,AS 

Logistic half-inhibition of NH3 for ACOXs 

(AS) 0.024 mol N.L-1 

LoginhNH3,ACOX,slope Logistic slope of NH3 inhibition of ACOX 120 unitless 

pHlow,ACOX pH inhibition low value for ACOXs 5.5 pHunit 

pHhigh,ACOX pH inhibition high value for ACOXs 9.5 pHunit 

Hydrogenotrophic methanogen organisms kinetics (HMETO)     

µHMETO Maximum specific growth rate of HMETO 1.3 d-1 

bHMETO Decay rate of HMETOs 0.13 d-1 

KH2,HMETO,AS Half-saturation of H2 for HMETOs (AS) 0.1 

g COD.m-

3 

KO2,HMETO,AS Half-saturation of O2 for HMETOs (AS) 0.05 g O2.m-3 

KNOx,HMETO,AS Half-saturation of NOx for HMETOs (AS) 0.05 g N.m-3 

pHlow,HMETO pH inhibition low value for HMETOs 4.5 pHunit 

pHhigh,HMETO pH inhibition high value for HMETOs 9.5 pHunit 
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Table A4. Sumo2ACOX processes additions to the plant-wide Sumo2 model for simulation of anaerobic digestion at increased free 

ammonia levels caused by thermal hydrolysis pretreatment. 

Process Rate Expression 

SB fermentation with 

high VFA (OHO 

growth, anaerobic) 

µFERM,OHO,T*XOHO*LogsatSVFA,KVFA,FERM*MsatSB,KSB,ana*MinhSO2,KO2,OHO*MinhSNO

2,KNO2,OHO*MinhSNO3,KNO3,OHO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,KC

AT*MsatSAN,KAN*BellinhpH 

SB fermentation with 

low VFA (OHO 

growth, anaerobic) 

µFERM,OHO,T*XOHO*LoginhSVFA,KVFA,FERM*MsatSB,KSB,ana*MinhSO2,KO2,OHO*MinhSN

O2,KNO2,OHO*MinhSNO3,KNO3,OHO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,K

CAT*MsatSAN,KAN*MsatSCO2,KCO2,BIO*BellinhpH 

OHO anaerobic decay bOHO,T*XOHO*ɖb,ana*MinhSNO2,KNO2,OHO*MinhSNO3,KNO3,OHO*MinhSO2,KO2,OHO 

AMETO growth 

µAMETO,T*XAMETO*HsatSVFA,AMETO*LoginhpHNH3,AMETO*MinhSO2,KO2,AMETO*MinhS

NOx,KNO3,AMETO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,KCAT*MsatSAN,KA

N*BellinhpH,AMETO 

AMETO decay 

bAMETO,T*XAMETO*(mtox,aer*MsatSO2,KO2,AMETO+mtox,anox*MsatSNOx,KNO3,AMETO*Mi

nhSO2,KO2,AMETO) 

AMETO anaerobic 

decay bAMETO,T*XAMETO*MinhSNOx,KNO3,AMETO*MinhSO2,KO2,AMETO 

ACOX growth 

µACOX,T*XACOX*HsatSVFA,ACOX*LoginhpHNH3,ACOX*MinhSO2,KO2,ACOX*MinhSNOx,KN

Ox,ACOX*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,KCAT*MsatSAN,KAN*Bellinhp

H,ACOX 

ACOX decay 

bACOX,T*XACOX*(mtox,aer*MsatSO2,KO2,ACOX+mtox,anox*MsatSNOx,KNOx,ACOX*MinhSO2,

KO2,ACOX) 

ACOX anaerobic 

decay bACOX,T*XACOX*MinhSNOx,KNOx,ACOX*MinhSO2,KO2,ACOX 

HMETO growth 

µHMETO,T*XHMETO*MsatSCO2,KCO2,BIO*MsatSH2,KH2,HMETO*MinhSO2,KO2,HMETO*Minh

SNOx,KNO3,HMETO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,KCAT*MsatSAN,KA

N*BellinhpH,HMETO 

HMETO decay 

bHMETO,T*XHMETO*(mtox,aer*MsatSO2,KO2,HMETO+mtox,anox*MsatSNOx,KNO3,HMETO*Mi

nhSO2,KO2,HMETO) 
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HMETO anaerobic 

decay bHMETO,T*XHMETO*(MinhSNOx,KNO3,HMETO*MinhSO2,KO2,HMETO) 

XB hydrolysis 

qHYD,T*XBIO,kin*MRsatXB,XBIO,KHYD*(MsatSO2,KO2,OHO+ɖHYD,anox*(MsatSNO2,KNO2,O

HO+MsatSNO3,KNO3,OHO*MinhSNO2,KNO2,OHO)*MinhSO2,KO2,OHO+ɖHYD,ana*MinhSNO3,K

NO3,OHO*MinhSNO2,KNO2,OHO*MinhSO2,KO2,OHO) 

SN,B ammonification qAMMON,T*SN,B*XBIO,kin  

SP,B conversion to 

PO4 qSPB,T*SP,B*XBIO,kin 

XE conversion qXE,T*XE 

XE,ana hydrolysis 

qHYD,T*XBIO,kin*MRsatXEana,XBIO,KHYD*(MsatSO2,KO2,OHO+ɖHYD,anox*(MsatSNO2,KNO2,

OHO+MinhSNO2,KNO2,OHO*MsatSNO3,KNO3,OHO)*MinhSO2,KO2,OHO) 
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Table A5. Modeling input parameters and output results in terms of digestion 

performance, kinetic rates, and biomass composition for Phase I.  

Parameter Unit  Conventional AD RT AD 

Modeling sludge characterization 

  Influent Effluent Influent Effluent 

Alkalinity  mg/L 1908 7120 1908 4962 

pH - 6.03 7.7 6.03 7.7 

TS % 9.07 5.4 9.07 7.3 

VS % 6.8 3.1 6.8 4.0 

tCOD g/L 123 46.4 123 65 

TAN mg N/L 465 1885 465 1324 

Performance 

VSR1 % 56 57 

COD removal % 62 63 

Biogas rate L/d 28.8 28.8 

CH4 content % 61 61 

Kinetic rates (g COD/m3/d) 

Hydrolysis rate 5376 5487 

Hydrogenotrophic 

methanogenesis rate 

1946 1983 

Acetoclastic methanogenesis 

rate 

3178 3231 

ACOX H2 production rate 0.75 2.2 

Biomass composition (g COD/m3) 

Ordinary heterotrophic 

organisms (OHO) 

concentration 

1917 2105 

Acidoclastic methanogens 

(AMETO) concentration 

3029 3862 

Hydrogenotrophic 

methanogens (HMETO) 

concentration 

767 853 

Acetate oxidizers (ACOX) 

concentration 

0.82 3.02 

COD of all biomasses 5715 6824 
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Figure B1. Key digester parameters in terms of  (a) Volatile solid reduction calculated by 

Van Kleeck method (VSR-VK), (b) COD removal efficiency, (c) methane yield, (d) 

maximum biogas production rate as observed in the 24h biogas rate profiles as indicators 
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for digestion performance, (e) digestate soluble COD and (f) VFA concentrations in 

function of total ammonia nitrogen (TAN) concentrations. 
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Figure B2. Gas production rate profiles over 24 hours (feed was added at time 0 hours) 

for all reactors at their steady state of (a) Phase I, (b) Phase II s and (c) Phase III. These 

profiles were collected on daily basis (only 1 day presented in graphs) and the maximum 

biogas production rate was extracted from those profiles to calculate average numbers as 

presented in Figure 3-2d. Details on ammonia levels for the presented reactors and phases 

can be found on Table 3-2. 
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Figure B3. (a) Cumulative gas production and (b) volatile fatty acid (VFA) concentration 

profile of all reactors during 72 hours of no feed (feed was only added once at time 0 hours). 

The test was performed at the end of phase III. The digesters in this figure were labeled 

with their free ammonia concentration and reactor label (see more details in Table 3-2). 
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Table B1. Digester operational conditions in terms of digester solids retention time 

(SRT), target total ammonia nitrogen (TAN) concentration, digester configuration and 

source of additional ammonia (RT stands for recuperative thickening). 

Reactor Phase Target TAN 

(mg TAN/L)  

SRT 

d  

Configuration Source of 

additional 

ammonia 

AD-1 I 3200 15 no-RT NH4HCO3 

AD-2 I 2200 15 no-RT No addition 

AD-3 I 1200 15 no-RT NH4HCO3  

AD-4 I 2200 15 RT NH4HCO3  

AD-5 I 1200 15 RT No addition 

AD-1 II  4200 15 no-RT NH4HCO3 

AD-2 II  3200 15 no-RT NH4HCO3 

AD-3 II  2200 15 no-RT NH4HCO3  

AD-4 II  3200 15 RT NH4HCO3  

AD-5 II  2200 15 RT NH4HCO3 

AD-1 III  5200 15 no-RT NH4HCO3+NH4Cl 

AD-2 III  4200 15 no-RT NH4HCO3 

AD-3 III  3200 15 no-RT NH4HCO3+NH4Cl 

AD-4 III  4200 15 RT NH4HCO3 

AD-5 III  3200 15 RT NH4HCO3 
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Table B2. Key anaerobic digestion performance indication parameters of all free 

ammonia concentrations operated in the study. Data is also presented visually in Figure 

3-2. 

Free 

ammonia 

(mg NH3-

N/L) 

VSR 

(%) 

tCODr  

(%) 

Methane 

yield 

(mL CH4/g 

VS added) 

Peak gas 

rate 

(mL/hr) 

sCOD 

(%) 

Total VFA  

(mg 

COD/L) 

37 ± 6 55.2 ± 

3.6 

56.7 ± 

0.1 

365 ± 34 

2022 ± 304 

2604 ± 

222 14.9 ± 4.7 

103 ± 76 52.9 ± 

7.1 

54.7 ± 

0.2 

363 ± 38 

2423 ± 267 

4179 ± 

181 26.8 ± 9.6 

128 ± 8 54.9 ± 

4.5 

51.8 ± 

0.1 

367 ± 20 

1704 ± 267 

2941 ± 

518 65.6 ± 14.3 

202 ± 71 50.7 ± 

4.2 

55.5 ± 

0.1 

358 ± 30 

1736 ± 374 

2528 ± 

294 

46.9 ± 

111.4 

211 ± 2 57.1 ± 

3.0 

54.1 ± 

0.2 

352 ± 11 

1598 ± 106 

3111 ± 

223 

110.9 ± 

45.7 

225 ± 21 53.0 ± 

5.2 

51.9 ± 

0.1 

371 ± 31 

1861 ± 340 

2822 ± 

157 17.5 ± 4.5 

226 ± 24 52.6 ± 

4.8 

51.0 ± 

0.1 

348 ± 40 

1968 ± 170 

5476 ± 

500 31.9 ± 5.7 

297 ± 29 55.3 ± 

3.6 

56.0 ± 

0.1 

371 ± 15 

1704 ± 181 

3016 ± 

358 

100.1 ± 

129.8 

396 ± 25 56.4 ± 

3.6 

55.9 ± 

0.1 

354 ± 11 

1534 ± 102 

4179 ± 

108 32.8 ± 11.1 

509 ± 59 52.7 ± 

4.8 

53.5 ± 

0.1 

354 ± 17 

1616 ± 126 

4766 ± 

840 

431.4 ± 

117.9 

549 ± 36 48.4 ± 

5.3 

53.5 ± 

0.1 

344 ± 16 

1353 ± 116 

4215 ± 

317 

252.6 ± 

34.5 

554 ± 74 50.8 ± 

4.8 

52.0 ± 

0.1 

330 ± 28 

1412 ± 63 

5842 ± 

48 

706.5 ± 

56.2 

734 ± 13 46.9 ± 

5.2 

53.0 ± 

0.1 

298 ± 12 

1002 ± 56 

4948 ± 

203 

470.3 ± 

17.7 

800 ± 

171 

43.8 ± 

6.3 

45.2 ± 

0.4 

305 ± 21 

1109 ± 124 

9025 ± 

699 

898.1 ± 

107.5 

966 ± 22 35.4 ± 

5.7 

39.3 ± 

0.1 

285 ± 10 998.7 ± 

52.3 

9484 ± 

97 

3473 ± 

48.2 
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Table C1. Influent fractionation applied and adjusted general stoichiometry factors for Sumo2ACOX model calibration for both non-

RT reactors and RT reactors. 

Symbol Name  Defaul

t value 

Used 

value 

Unit  

              Influent Characteristics 

frVSS,TSS Fraction of VSS/TSS 84 75 % 

frSCCOD,TCO

D 

Fraction of filtered COD (SCCOD, 1.5 µm, incl. colloids) in total COD 

(TCOD) 

40 25 % 

frSCOD,TCOD Fraction of flocculated filtered (SCOD, wo colloids) COD in total COD 

(TCOD) 

20 20 % 

frVFA,SCCOD Fraction of VFA in filtered COD (SCCOD, 1.5 µm, incl. colloids) 11.765 4 % 

frSU,SCCOD Fraction of soluble unbiodegradable organics (SU) in filtered COD (SCCOD, 

1.5 µm, incl. colloids) 

11.765 18 % 

frXU,TCOD Fraction of particulate unbiodegradable organics (XU) in total COD (TCOD) 14 35 % 

frXOHO,TCOD Fraction of heterotrophs (OHO) in total COD (TCOD) 5 0 % 

frXE,TCOD Fraction of endogenous products (XE) in total COD (TCOD) 20 0.0001 % 

frCU,CCOD Fraction of colloidal unbiodegradable organics (CU) in colloidal COD 

(SCCOD-SCOD) 

20 0.0001 % 

frSNHx,TKN Fraction of NHx in total Kjeldahl nitrogen (TKN) 69 5.78 % 

frSPO4,TP Fraction of PO4 in total phosphorus (TP) 58 3.3 % 

frN,XU Fraction of N in particulate unbiodegradable substrate (XU) 1 9 % 

frP,SB Fraction of P in readily biodegradable substrate (SB) 1 0.1 % 

frP,XU Fraction of P in particulate unbiodegradable substrate (XU) 0.1 2 % 

frN,SB Fraction of N in readily biodegradable substrate (SB) 4 4 % 

              General Stoichiometry  

iCV,XB COD of biodegradable substrate in volatile solids 2.2 2.2 g COD.g 

VSS-1 

iCV,XU COD of particulate unbiodegradable organics in volatile solids 2.5 2.5 g COD.g 

VSS-1 

iCV,SU COD of soluble unbiodegradable organics in volatile solids 0.93 0.93 g COD.g 

VS-1 
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iCIT,BIO Inorganic carbon content of biomass 0.35 0.35 g TIC.g 

COD-1 

iCIT,SB Inorganic carbon content of SB and SU 0.32 0.32 g TIC.g 

COD-1 
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Table C2. Sumo2 (ADM) and Sumo2ACOX (ACOX) model main parameters used. Item with ó*ô and in bold means only applied to 

Sumo2ACOX model. 

Symbol Name 

Default 

Value 

Used 

Value Unit  

Ordinary heterotrophic organism kinetics (OHO)      

µOHO 

Maximum specific growth rate of 

OHOs 4 4 d-1 

µFERM,OHO Fermentation growth rate of OHOs 0.3 0.3 d-1 

bOHO Decay rate of OHOs 0.62 0.62 d-1 

ɖOHO,anox 

Reduction factor for anoxic growth 

of OHOs 0.6 0.6 unitless 

KVFA,FERM,AS 

Half-saturation of VFAs in 

fermentation of OHOs (AS) 50 50 

g COD.m-

3 

KSB,ana,AS OHOs (AS) 5 5 

g COD.m-

3 

VFA acidoclastic methanogen organismôs kinetics (AMETO)      

µAMETO 

Maximum specific growth rate of 

AMETO 0.3 0.3 d-1 

bAMETO Decay rate of AMETOs 0.03 0.03 d-1 

KVFA,AMETO,AS 

Half-saturation of VFA for 

AMETOs (AS) 400 400 

g COD.m-

3 

KiVFA,AMETO,AS 

Haldane inhibition of VFA for 

AMETOs (AS) 99999 99999 

g COD.m-

3 

KO2,AMETO,AS 

Half-saturation of O2 for AMETOs 

(AS) 0.05 0.05 g O2.m-3 

KNOx,AMETO,AS 

Half-saturation of NOx for 

AMETOs (AS) 0.05 0.05 g N.m-3 

KiNHx,AMETO,pH,AS 

Half-inhibition of NHx for 

AMETOs (AS) 2500 2500 g N.m-3 

KiNH3,AMETO,pH,AS*  

Half-inhibition of NH3 for 

AMETOs (AS) 0.024 0.018 mol N.L-1 
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LoginhNH3,AMETO,slope*  

Logistic slope of NH3 inhibition of 

ACOX 120 120 unitless 

pHlow,AMETO 

pH inhibition low value for 

AMETOs 4.5 4.5 pHunit 

pHhigh,AMETO 

pH inhibition high value for 

AMETOs 9.5 9.5 pHunit 

VFA oxidizer organismôs kinetics (ACOX)*      

µACOX* 

Maximum specific growth rate of 

ACOX 0.26 0.26 d-1 

bACOX* Decay rate of ACOXs 0.03 0.03 d-1 

KVFA,ACOX,AS*  

Half-saturation of VFA for 

ACOXs (AS) 400 400 

g COD.m-

3 

KiVFA,ACOX,AS*  

Haldane inhibition of VFA for 

ACOXs (AS) 99999 99999 

g COD.m-

3 

KO2,ACOX,AS* 

Half-saturation of O2 for ACOXs 

(AS) 0.05 0.05 g O2.m-3 

KNOx,ACOX,AS* 

Half-saturation of NOx for ACOXs 

(AS) 0.05 0.05 g N.m-3 

KiNHx,ACOX,pH,AS* 

Logistic half-inhibition of NHx for 

ACOXs (AS) 2500 2500 g N.m-3 

KiNH3,ACOX,pH,AS*  

Logistic half-inhibition of NH3 for 

ACOXs (AS) 0.024 0.024 mol N.L-1 

LoginhNH3,ACOX,slope* 

Logistic slope of NH3 inhibition of 

ACOX 120 120 unitless 

pHlow,ACOX* 

pH inhibition low value for 

ACOXs 5.5 5.5 pHunit 

pHhigh,ACOX* 

pH inhibition high value for 

ACOXs 9.5 9.5 pHunit 

Hydrogenotrophic methanogen organismôs kinetics (HMETO)      

µHMETO 

Maximum specific growth rate of 

HMETO 1.3 1.3 d-1 

bHMETO Decay rate of HMETOs 0.13 0.13 d-1 
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KH2,HMETO,AS 

Half-saturation of H2 for HMETOs 

(AS) 0.1 0.1 

g COD.m-

3 

KO2,HMETO,AS 

Half-saturation of O2 for HMETOs 

(AS) 0.05 0.05 g O2.m-3 

KNOx,HMETO,AS 

Half-saturation of NOx for 

HMETOs (AS) 0.05 0.05 g N.m-3 

pHlow,HMETO 

pH inhibition low value for 

HMETOs 4.5 4.5 pHunit 

pHhigh,HMETO 

pH inhibition high value for 

HMETOs 9.5 9.5 pHunit 

Conversion kinetics      

qHYD Rate of hydrolysis 2.0 1.4 1/d 
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Table C3. Sumo terminology description. 

Symbol in Sumo  Description 

µ Maximum Specific Growth Rate 

T Temperature 

S Soluble  

K Half-saturation Constant 

Logsat Logistic Half-saturation  

Msat Saturation Term 

Minh Inhibition Term 

Bellinh pH inhibition Term 

b Decay Rate 

X Particulate Matter 

ɖ Reduction Factor 

Hsat Haldane Term 

a Aerobic 

ana Anaerobic  

ɗ Arrhenius coefficient 

f Diffusion factor 

FERM Fermentation 

OHO Ordinary Heterotrophs Organisms 

Anox Anoxic 

MEOL Methanol 

PAO Polyphosphate-accumulating organisms 

PHA Polyhydroxyalkaoate 

AOB Ammonium Oxidizing Biomass 

NOB Nitrite Oxidizing Biomass 

AMX  Anamox Biomass 

AMETO VFA Acidoclastic Methanogen Organisms 

HMETO Hydrogenotrophic Methanogen Organisms 

ACOX VFA Oxidizer Organisms 

CAT Strong Cations 

ASSIM Assimilation 

SPB Phosphate Converting Biomass 

XE Particulate Endogenous Substrate 

HYD Hydrolysis 

FLOC Flocculation 

IS Ion Strength 

BOD Biochemical Oxygen deman 

COD Chemical Oxygen demand 

GAO Glycogen Accumulating Organisms 

XSTR Struvite 

NHx Total Ammonia 

HFO Hydrous Ferric Oxide 

Vivi  Vivianite 

H Enthalpy 

PP Stored Polyphosphate 
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Table C4. . Main calibration results: non RT reactor. 

Parameter Influent  Effluent 

data 

Effluent 

model 

Model 

error  

0 mg/L of NH4HCO3 addition 

Total solids (%) 9.3 5.16 4.99 -3.3% 

Volatile solids (%) 7.2 3.16 3.08 -2.4% 

pH 6.0 7.82 7.87 0.6% 

Total ammonia nitrogen 

(mg-N/L) 

498 

2264 2338 3.3% 

Free ammonia (mg-N/L) 0.46 128 200 56.8% 

Total COD (mg/L) 138766 62766 61324 -2.3% 

Soluble COD (mg/L) 27720 4180 5618 34.4% 

Volatile solids reduction (%) N/A 55.7 55.1 -1.1% 

1000 mg/L of NH4HCO3 addition 

Total solids (%) 9.3 5.26 5.38 2.2% 

Volatile solids (%) 7.2 3.3 3.46 4.9% 

pH 6.0 7.93 7.94 0.1% 

Total ammonia nitrogen 

(mg-N/L) 

1498 

3220 3391 5.3% 

Free ammonia (mg-N/L) 1.38 226 280 24.2% 

Total COD (mg/L) 138766 67888 70142 3.3% 

Soluble COD (mg/L) 27720 5476 5883 7.4% 

Volatile solids reduction (%) N/A 52.6 48.5 -7.8% 

2000 mg/L of NH4HCO3 addition 

Total solids (%) 8.9 5.42 5.62 3.7% 

Volatile solids (%) 7.1 3.65 3.65 -0.1% 

pH 6.0 8.24 8.00 -2.9% 

Total ammonia nitrogen 

(mg-N/L) 

2467 

4220 4168 -1.2% 

Free ammonia (mg-N/L) 2.27 508 388 -23.6% 

Total COD (mg/L) 12950 70330 75877 7.9% 

Soluble COD (mg/L) 23931 9024 6442 -28.6% 

Volatile solids reduction (%) N/A 43.8 44.9 2.6% 

3000 mg/L of NH4HCO3 addition 

Total solids (%) 9.2 5.6 5.90 5.4% 

Volatile solids (%) 7.2 3.9 4.09 4.9% 

pH 6.0 8.41 7.96 -5.4% 

Total ammonia nitrogen 

(mg-N/L) 

3512 

5220 5022 -3.8% 

Free ammonia (mg-N/L) 3.23 800 429 -46.3% 

Total COD (mg/L) 132000 79862 80329 0.6% 

Soluble COD (mg/L) 23317 9484 9875 4.1% 

Volatile solids reduction (%) N/A 35.4 38.2 8.0% 
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Table C5. Validation results: RT reactor. 

Parameter Influent  Effluent 

data 

Effluent 

model 

Model 

error  

0 mg/L of NH4HCO3 addition 

Total solids (%) 9.3 5.1 4.98 -2.4% 

Volatile solids (%) 7.2 3.34 3.55 6.2% 

pH 6.0 7.51 7.59 1.1% 

Total ammonia nitrogen 

(mg-N/L) 

498 

1249 1200.00 -3.9% 

Free ammonia (mg-N/L) 0.46 45 68.00 51.1% 

Total COD (mg/L) 138766 55716 54105.58 -2.9% 

Soluble COD (mg/L) 27720 2603 2947.51 13.2% 

Volatile solids reduction (%) N/A 56.2 59.41 5.7% 

1000 mg/L of NH4HCO3 addition 

Total solids (%) 9.3 4.97 5.04 1.4% 

Volatile solids (%) 7.2 3.3 3.55 7.6% 

pH 6.0 7.93 7.86 -0.9% 

Total ammonia nitrogen 

(mg-N/L) 

1498 

2093 2125.00 1.5% 

Free ammonia (mg-N/L) 1.38 190 187.64 -1.2% 

Total COD (mg/L) 138766 57376 56055.16 -2.3% 

Soluble COD (mg/L) 27720 2822 2892.30 2.5% 

Volatile solids reduction (%) N/A 56.5 55.33 -2.1% 

2000 mg/L of NH4HCO3 addition 

Total solids (%) 8.9 5.11 5.15 0.8% 

Volatile solids (%) 7.1 3.65 3.77 3.2% 

pH 6.0 7.94 7.88 -0.8% 

Total ammonia nitrogen 

(mg-N/L) 

2467 

3134 3157.14 0.7% 

Free ammonia (mg-N/L) 2.27 282 201.85 -28.4% 

Total COD (mg/L) 12950 60732 57707.28 -5.0% 

Soluble COD (mg/L) 23931 2941 2858.08 -2.8% 

Volatile solids reduction (%) N/A 55.3 52.17 -5.7% 

3000 mg/L of NH4HCO3 addition 

Total solids (%) 9.2 5.19 5.30 2.1% 

Volatile solids (%) 7.2 3.8 3.96 4.2% 

pH 6.0 8.25 7.90 -4.3% 

Total ammonia nitrogen 

(mg-N/L) 

3512 

4109 4250.00 3.4% 

Free ammonia (mg-N/L) 3.23 688 219.41 -68.1% 

Total COD (mg/L) 132000 62602 59151.83 -5.5% 

Soluble COD (mg/L) 23317 4215 3200.00 -24.1% 

Volatile solids reduction (%) N/A 53.2 50.66 -4.8% 
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Appendix  D
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Table D1. Observed volatile sludge reduction based on THP thermal dose and gelation factor of THP sludge (based on 400 days full-

scale data from Blue Plains Advanced WWTP). (Data can also be found in Panel Figure 6-2, Figure 6-3 and Figure 6-4) (PS: primary 

sludge; WAS: waste activated sludge; VS: volatile sludge; TS: total sludge; GF gelation factor; sCOD: soluble COD; VSR: volatile 

sludge reduction). 

 Overall data 

set 

PS/WAS>50% PS/WAS <50% VS/TS>78% VS/TS <78% 

 THP sludge 

GF  

THP sludge GF THP sludge GF THP sludge GF THP sludge GF 

Probability (%) of:  <0.7 >0.8 <0.7 >0.8 <0.7 >0.8 <0.7 >0.8 <0.7 >0.8 

sCOD >29000 (mg/L) 70 40 70 38 78 61 70 45 60 40 

VSR > 55% 88 55 100 68 85 60 81 81 50 60 

VSR > 60% 80 22 100 15 78 39 72 82 12 28 

VSR > 65% 50 10 42 5 68 18 55 68 5 0 

Cake TS > 32 (%) 68 48          82 65       58      35        61 40       78      72 

 Digestate GF Digestate GF Digestate GF Digestate GF Digestate GF 

  <0.4 >0.4 <0.4 >0.4 <0.4 F>0.4 <0.4 >0.4 <0.4 >0.4 

Cake TS > 32 (%) 78 42          80 40       45     28       58 37       88      42 

 

Table D2. Summary of THP operational condition, THP feed condition and digestate composition related to good and bad dewatering 

performance. 

 Cake total sludge < 32% Cake total sludge > 32% P value from t-test 

THP applied thermal dose (ęC*mins) 8634 ± 4493 8353 ± 4660 0.5457 

Primary to waste activated sludge ratio (%) 47.2 ± 8.0 52.2 ± 9.1 0.0054 

Volatile to total sludge ratio (%) 80.2 ± 2.9 76.6 ± 3.8 0.0029 

THP sludge soluble COD (mg/L) 27127 ± 8534 29388 ± 2919 0.1507 

THP sludge gelation factor 0.82 ± 0.24 0.76 ± 0.13 0.2662 

Digestate sludge gelation factor 0.52 ± 0.33 0.34 ± 0.08 0.0007 

 


